Instituto de

UAM-CSIC

UNIVERSIDAD AUTONOMA DE MADRID

TESIS DOCTORAL

Anomalous Transport in
Hydrodynamics and Gauge/Gravity
Duality Out of Equilibrium

Autor: Director:
Jorge FERNANDEZ PENDAS Dr. Karl LANDSTEINER

9 de octubre de 2019






iii

Many things can happen in four years, but none of them has as much of an impact
on you as the people you meet along the way.

I would like to start thanking Miguel Angel Ramos Osorio, who acted as a guide
in the first days of my scientific career. Miguel Angel, I learned from you the impor-
tance of professional honesty and excellence. You left us too early, but will always
be remembered.

Much of this thesis would not be the same without my supervisor, Karl
Landsteiner. My way of understanding physics has been forever altered by our dis-
cussions. Karl, I know how lucky I am by having you as my advisor. Your patience,
respect and trust are a happy anomaly.

My scientific brother, Christian Copetti, has been the best possible teammate.
As in a doubles game, one stayed in the net as the other served. I hope I have
contributed to your growth as much as you have contributed to mine.

I would also like to thank all the rest of my collaborators. Yan Liu and Matthias
Kaminski deserve a special mention because they have also been international ref-
erees for this thesis. Along with Matthias, I should also thank all the people from
Tuscaloosa that made my stay one of the most interesting periods of the PhD. An-
gela, Casey, Jana, Markus, Roshan... thank you for your hospitality and considera-
tion.

All the people that have been members of the IFT in the last years are responsible
for creating the right atmosphere for this thesis to be completed. However, I would
like to especially thank Thomas Biekotter, Ifiaki Lara, Javier Martin, Diego Medrano,
Sebastidn Montes, Javier Rodriguez-Laguna, Sara Saa and Nadir Samos for your
friendship and the long conversations... about everything. Good luck to everyone!

I am eternally grateful to Francisco Fernandez and Diego Gutiérrez for their
friendship during our shared year in Madrid and their capability to make those
stressful times fun. I must confess that during the last four years I have missed
those lunches at Plaza Mayor.

Another close friend that shared some months with me in Madrid, although our
friendship started long before, is Fafa. Our mutual support during times of uncer-
tainty stays with us forever. With him, I would also like to mention the rest of my
non-Physics-related friends. You are too many to be included here, but achieve-
ments like this can only be made with a solid network of support.

My family has taught me so many things it is impossible to sum them all up here.
Your generosity and commitment have always shined a light on my path, and they
are an endless source of confidence and happiness. I love you so much!

I have saved the last words of gratitude for my partner. Paula, you have been
understanding and supporting me for almost nine years now, and I can safely say
that your contribution to this thesis is almost as important as mine. Your strength
and enthusiasm are my inspiration every day. Russian physicist Lev Landau once
said, “It is important to do everything with passion, it embellishes life enormously”.
My life is certainly more beautiful with you.

Thank you! Danke schon! Grazie mille! #f#f! jMuchas gracias!






Summary

Anomalous transport has been a topic of great interest in the last decade. New dissi-
pationless contributions to the charge and energy currents arise due to the existence
of a chiral anomaly, which is the breaking at the quantum level of the chiral symme-
try.

Those transport phenomena are studied using holography because they are ex-
pected to be important in experimental setups at strong coupling. Moreover, we
know that the anomaly has the same value independently of the energy scale, so we
can expect to extract the universal behavior of anomalous transport by performing
our computations in the nonperturbative regime. Therefore, in this thesis we use the
AdS/CFT correspondence to study different features of anomaly induced transport.
Let us now summarize the content of each chapter.

In Chapter 1, anomalous transport is presented in relation to the experimental
setups in which it appears and the content of the other chapters is summarized. In
Chapter 2, all the theoretical background required for this thesis is introduced. In
particular, the chapter includes sections for anomalies, relativistic hydrodynamics,
linear response theory and holography. Both Chapters 1 and 2 serve as an introduc-
tion.

In Chapter 3, we explore how symmetries in gravity can be exploited to simplify
the computation of anomalous transport coefficients. In holography, the radial coor-
dinate of AdS is dual to an energy scale for the field theory. Therefore, holographic
renormalization group flows can be better understood through radially conserved
charges. It has been shown in previous works that the bulk gauge and diffeomor-
phism symmetries can be used to find conserved quantities associated to the charge
and heat currents. However, the application to anomalous transport is cuambersome,
because Chern-Simons terms in the action break gauge invariance and, moreover,
the gravitational Chern-Simons involves a higher number of derivatives. Neverthe-
less, we show that conservation laws can still be derived and they allow to obtain
the field theory observables in terms of quantities evaluated at the horizon.

In Chapter 4, we study a case in which it becomes evident that the construction of
membrane currents from Chapter 3 is necessary to compute the charge and energy
currents. Translation symmetry breaking is introduced through the use of spatially
linear scalar field backgrounds and a further coupling between the scalars and an
electromagnetic field is included to produce disorder on the charged sector. The
result we find is that the electric conductivity can vanish for certain values of the
translation symmetry breaking couplings, and the chiral magnetic and chiral vor-
tical conductivities are not affected by the inclusion of momentum relaxation and
charged disorder. This is to be expected from the dissipationless nature of anoma-
lous transport.

In Chapter 5, we study the holographic model of Weyl semimetals that was pro-
posed by our research group some months before the beginning of this PhD. Its
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main feature is the appearance of a topological quantum phase transition between
a topological phase with nonvanishing anomalous Hall effect and a trivial phase
without such effect. Our work has focused on studying the universality of this phase
transition as a function of the free parameters of the model and then extending the
computation of the anomalous Hall effect in the vector current to the analogous con-
tribution in the axial current. As a result, we find that the phase transition appears
for a large region of parameter space, and the axial Hall effect can be found to give
the expected value once a renormalization of the external axial fields due to their
coupling to the scalars is considered.

In Chapter 6, we extend the study of anomalous transport to out of equilibrium
setups. In order to do that, we use generalized Vaidya metrics with momentum
relaxation to induce sudden changes in the energy and charge of the system. As a
result, we find that the chiral magnetic effect presents a significantly large equilibra-
tion time that depends on the length of the Vaidya quench and the momentum re-
laxation parameter. We expect this to give some hints on the phenomenology of the
quark-gluon plasma produced in heavy ion collisions. In particular, we propose an
explanation of why the experimental results from the RHIC collider in Brookhaven
seem to be more compatible with anomalous transport than the ones from the LHC
in Geneva.

In Chapter 7, a discussion in English and Spanish of the work done and the
results obtained in this thesis is included. Finally, a list of all the references cited in
the chapters closes the thesis.
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Resumen

El transporte anémalo ha despertado gran interés en la dltima década. Nuevas con-
tribuciones no disipativas aparecen en las corrientes de carga y energia como conse-
cuencia de la existencia de una anomalia quiral, que es la rotura a nivel cudntico de
la simetria quiral.

La holografia permite estudiar estos fendmenos de transporte porque se espera
que sean importantes en sistemas experimentales en acoplo fuerte. Ademads, se sabe
que la anomalia tiene el mismo valor independientemente de la escala de energias,
asi que podemos extraer el comportamiento universal del transporte anémalo a
través de calculos en el régimen no perturbativo. Por tanto, en esta tesis usamos
la correspondencia AdS/CFT para estudiar diferentes aspectos del transporte in-
ducido por anomalias. A continuacién resumiremos el contenido de cada capitulo.

En el Capitulo 1, presentamos el transporte anémalo en relacién a los sistemas
experimentales en los que aparece y resumimos el contenido del resto de capitu-
los. En el Capitulo 2, se introduce todo el aparataje teérico necesario para esta tesis.
El capitulo posee secciones sobre anomalias, sobre hidrodindmica anémala, sobre
teoria de respuesta lineal y sobre holografia. Ambos Capitulos 1y 2 sirven de intro-
duccién.

En el Capitulo 3, exploramos cémo las simetrias en gravedad pueden ser usadas
para simplificar el calculo de los coeficientes de transporte anémalo. En holografia,
la coordenada radial de AdS es dual a una escala de energia de la teoria de cam-
pos. Por tanto, los flujos del grupo de renormalizacién hologréfico se pueden en-
tender mejor utilizando cargas conservadas radialmente. En trabajos previos se ha
mostrado que las simetrias gauge y de difeomorfismos del bulk permiten encontrar
cantidades conservadas asociadas a las corrientes de carga y calor. Sin embargo, la
aplicacion de estos resultados a transporte anémalo es completa porque los térmi-
nos de Chern-Simons de la acciéon rompen la invariancia gauge y, ademas, el tér-
mino Chern-Simons gravitacional incluye un ntimero mas alto de derivadas. Pese
a estas dificultades, mostramos que se pueden derivar leyes de conservacién y es-
tas permiten la obtencién de los observables de la teoria de campos en términos de
cantidades evaluadas en el horizonte.

En el Capitulo 4, estudiamos un caso en el que se hace evidente la necesidad de
utilizar las corrientes de membrana del Capitulo 3 para calcular las corrientes de
carga y energia. La simetria translacional esta rota a causa de que los campos es-
calares presenten un perfil lineal en las coordenadas espaciales, y otro acoplo entre
los escalares y el campo electromdgnetico es responsable de producir desorden en
el sector cargado. Como resultado de la no conservacién del momento y de la in-
clusién de desorden, la conductividad eléctrica se anula para ciertos valores de los
pardmetros de rotura de simetria translaccional, mientras que las conductividades
quiral magnética y quiral vorticial no cambian. Esto tltimo es esperable a partir de
la naturaleza no disipativa del transporte anémalo.
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En el Capitulo 5, estudiamos el modelo holografico de semimetales de Weyl que
fue propuesto por nuestro grupo de investigacién algunos meses antes del inicio del
doctorado. Su principal ingrediente es la aparicién de una transicién de fase cuan-
tica entre una fase topolégica con efecto Hall anémalo no nulo y otra fase trivial que
no presenta tal efecto. Nuestro trabajo se centra en el estudio de la universalidad
de la transicion de fase, teniendo en cuenta su dependencia de los pardmetros libres
del modelo, y en la extension del célculo del efecto Hall anémalo en la corriente vec-
torial a la contribucién analoga en la corriente axial. Como resultado, encontramos
que la transicién de fase aparece para una gran regién del espacio de pardmetros y
que el efecto Hall axial tiene el valor esperado una vez consideramos la renormali-
zacion de los campos axiales externos por su acoplo a los escalares.

En el Capitulo 6, extendemos el estudio de transporte anémalo a sistemas fuera
del equilibrio. Con este objetivo, utilizamos métricas de Vaidya generalizadas con
la conservacién del momento rota para producir cambios repentinos en la energia y
carga del sistema. Como resultado, encontramos que el efecto quiral magnético pre-
senta tiempos de equilibraciéon largos que dependen de la duracién de los quenches
y del pardmetro de relajacion del momento. Creemos que esto puede aportar pistas
sobre la fenomenologia del plasma de quarks y gluones producido en las colisiones
de iones pesados. En particular, proponemos una explicacién de por qué los resulta-
dos experimentales del colisionador RHIC de Brookhaven parecen mas compatibles
con la existencia de transporte anémalo que los resultados del LHC de Ginebra.

En el Capitulo 7, se incluye una discusiéon en inglés y castellano del trabajo he-
cho y de los resultados obtenidos en esta tesis. Por tltimo, una lista de todas las
referencias citadas en los capitulos cierra la tesis.
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Chapter 1

Introduction

Anomalies represent the breaking at the quantum level of a classical symmetry. Ex-
actly half a century has passed since they were first found. Anomalies are known
to be an essential feature of the quantum field theory formalism and it is thus nec-
essary to study them properly in order to grasp the physics of a model. However,
only recently they have been understood as the source of quantum transport (see
[94, 102] for reviews).

According to this, anomalies produce macroscopic effects in systems with an im-
balance of chiral fermions. Anomalous transport phenomena represent new contri-
butions to charge and energy currents proportional to magnetic field and vorticity,
and one of their most interesting properties is that they are dissipationless.

The fact that they are nondissipative means that they do not contribute to the
entropy production and they do not alter the capability of the system to produce
work. Since work can be computed as the dot product of force times displacement,
this can be seen in simple terms from the fact that both magnetic field and vortic-
ity are orthogonal to the force they produce. More rigorously, their dissipationless
nature can be seen from the fact that the transport coefficients are even under time
reversal and, therefore, they only appear on the hermitian part of the response func-
tion from linear response theory. We will come back at this when we review linear
response in Section 2.3.

The precise form of the transport coefficients is given by the following expres-
sions

2
= CH5p , CHHS

2772 772 @,
2 3 2
2 _ eUUs 3 wus M5 ousTe\ |
]e——znzB—i—( 5 taat 3 )w, (1.1)

where e represents the charge of the fermion, y is the vector chemical potential, us
is the axial chemical potential, B is the magnetic field and & is the vorticity. These
results are only a part of all the anomalous transport coefficients. In particular, we
have restricted ourselves to transport associated to the global axial anomaly. How-
ever, they are sufficient to gain some intuition about anomalous transport.

The expressions given by (1.1) can be better understood using a qualitative pic-
ture in which we analyze whether the fermions of different charges and helicities
align or anti-align with the sources. A graphical representation can be found in Fig-
ure 1.1, where we treat separately the terms proportional to the magnetic field and
the terms proportional to the vorticity. All this discussion fits perfectly the results
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FIGURE 1.1: Qualitative picture of the chiral magnetic and chiral vorti-

cal effects through a representation of the alignment or anti-alignment

of the fermion vectorial properties with the magnetic field and vorticity
for the different charges and helicities.

seen by substituting the charge e by 1 and expressing the chemical potentials in
terms of the left-handed and right-handed chemical potentials, as u = (pp + pur)/2
and p5 = (ur — pr)/2. The argument and the graphical representation of Figure
1.1 are inspired by Figures 1 and 2 of [139], but we also extend it here to the energy
current, noticing that this should be equal to the momentum density.

This qualitative argument works as follows. An external magnetic field tends
to align the magnetic moments of all the particles in the fluid. However, the
fermions feel this alignment differently depending on their charge and helicity.
Those with positive charge have their spin parallel to the magnetic moment and,
therefore, parallel to the magnetic field. Those with negative charge, on the con-
trary, have their spin anti-parallel to the magnetic field. However, helicity makes
reference to the alignment of spin and momentum. This means that left-handed
fermions possess a motion parallel to their spin while the momenta of right-handed
fermions anti-aligns with their spin. The energy current can be simply taken to be
the momentum density, because of the symmetry of the energy-momentum tensor
i.e. Ty; = Tj. Thus, positively-charged left-handed and negatively-charged right-
handed fermions give a contribution aligned with the magnetic field, while the other
two combinations of charge and helicity anti-align. On the other hand, the contri-
bution to the charge current can be found to be proportional to the multiplication
of momentum times charge, so in the end the charge current separates the fermions
according to their chirality.

If we look at the transport coefficients associated to the vorticity, there is an anal-
ogous argument. The spins tend to align with the vorticity. Therefore, the momenta
are parallel to the vorticity for left-handed fermions and they are anti-parallel for
right-handed fermions. As a result, the energy current, which reduces to the mo-
mentum density, behaves like momenta for the different species and separates the
fermion according to their chirality. The charge current, however, can be obtained
as the charge times the momenta. As a consequence, the current aligns with the
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vorticity for negatively-charged left-handed fermions and positively-charged right-
handed fermions, while it anti-aligns for the other two combinations of charge and
helicity.

For a long time, these contributions to the currents were not considered in relativis-
tic hydrodynamics because they required parity breaking. They were first proposed
in the late 1970s by Vilenkin [147], who connected them to the parity violation as-
sociated to neutrinos in the context of the Standard Model. Fermions in a rotating
system were considered in these works and they were found to produce a current
along the axis as a result of the coupling of their spin to the angular momentum.
Thus, for a chiral imbalance like the one associated to neutrinos this would give rise
to a net current. Vilenkin also extended this result to magnetic fields [146] and, after
this, there were some sporadic works that studied anomalous transport.

However, not much attention was paid to them until they were rediscovered
more than twenty years later in different contexts almost simultaneously. From
holography to hydrodynamics, passing by kinetic theory, several works started a
new era of interest on the topic. One of the most well-known works is that of Son
and Surowka, where a systematic study of the consistency of the hydrodynamic ex-
pansion allows them to find that terms proportional to magnetic field and vorticity
are not only possible but required in order to satisfy the local version of the second
law of thermodynamics [130].

Although it could fix most of the transport coefficients, the entropy current
method used in [130] kept some of the coefficients undetermined. In particular,
they were the ones proportional to the temperature squared. However, some years
later, it was found that the unfixed coefficients were actually related to the mixed
gauge-gravitational anomaly [107]. This seemed particularly striking because that
part of the anomaly is of higher order in derivatives, so a contribution from it in the
low momentum expansion of hydrodynamics was expected to be subleading. With
holography, however, the connection to the gravitational contribution of the chiral
anomaly was confirmed [108] and it is now a well-established result. A particularly
notable aspect of this link to the mixed gauge-gravitational anomaly is that it has
been measured in a condensed-matter system recently [57].

In fact, anomaly induced transport appears in many condensed matter systems.
For example, a family of systems whose transport phenomena can be explained by
the axial anomaly are Weyl semimetals. This exotic state of matter, whose quasipar-
ticles are chiral fermions, presents anomalous Hall effect. Although this transport
phenomenon was known before its connection to the anomaly and it is called like
that because it does not require the application of an external magnetic field, the
naming seems to be premonitory.

The Weyl spinors that describe the quasiparticles of Weyl semimetals always
appear in pairs. The band structure of Weyl semimetals, then, is characterized by
pairs of cones in which each cone is associated to one of the fermions in a pair. The
axial anomaly gives rise to a contribution in the charge current orthogonal to the
electric field, and the transport coefficient associated is proportional to the difference
between the chemical potentials of the cones in a pair and the separation of the
nodes in momentum space. In Chapter 5, we further comment on a holographic
model of Weyl semimetals.
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However, these are not the only experimental system where anomalous trans-
port is expected to be of crucial importance. The most famous one is actually heavy
ion collisions. The interest of heavy ion collisions is that they allow the study of
strongly interacting matter in a system that is expected to behave qualitatively dif-
ferent from smaller setups like collisions of protons. The system that results after
the collision is typically anisotropic due to the almond shape of the overlapping
region of the two colliding objects. However, some experimental results are quite
surprising.

First of all, the average shape of the resulting system is indeed that of an al-
mond but, when analyzed per-event, the anisotropy can be extreme. Furthermore,
the strongly interacting matter that appears due to the collision of the ions behaves
like a fluid and, moreover, it begins to do it a tiny amount of time after the collision
happens. Quite surprisingly, it can be very well approximated by ideal hydrody-
namics. Thus, it must possess a very small viscosity to entropy ratio, which can be
related to a strong coupling among the constituents of the fluid. This ideal fluid of
strongly-interacting matter is known as the quark-gluon plasma. It is the part of the
QCD phase diagram that appears at high temperature and quark chemical potential
[131].

However, it is not clear whether ideal hydrodynamics represents the whole story.
The spectators, the parts of the colliding ions that keep their trajectory, produce a
strong magnetic field that decreases rapidly in time. In principle, due to the highly
out of equilibrium nature of heavy ion collisions, there might be chiral imbalances
in the quark-gluon plasma produced by the QCD contribution to the axial anomaly
and in that case the chiral magnetic effect would give an important contribution to
the transport inside the plasma. So far, no clear experimental evidence seems to
confirm the appearance of anomaly induced transport in heavy ion collisions but
the results from Relativistic Heavy Ion Collider (RHIC) at Brookhaven seem to be
more compatible with it than those from the Large Hadron Collider (LHC) at CERN,
in Geneva.

Heavy ion collisions are highly out of equilibrium processes and in Weyl
semimetals the out of equilibrium behavior features a very interesting phenomenon
called negative magneto-resistivity [129]. Therefore, it might seem reasonable to
study nonequilibrium anomalous transport from these applications to experimental
setups. However, there is a theoretical motivation too. A result known as Bloch the-
orem states that any gauge current must vanish in equilibrium [154]. As a result, it
seems quite clear that anomalous transport is deeply related to non equilibrium.

Moreover, anomalous transport is also expected to play a significant role in astro-
physical systems. Already from the early works about parity violating transport in
the 1980s, these currents were connected to the existence of cosmic magnetic fields
[139]. Furthermore, anomalous transport has been proposed as an explanation for
neutron star kicks [92]. Neutron stars possess much higher velocities than the star
from which they form and there are many available explanations for this behavior
in the literature. The main issue making it difficult to choose among the different
possibilities is that it is still not clear whether there is a correlation between the in-
crease in velocity and any of the other vectorial magnitudes involved, like the spin
or magnetic fields. However, the results in [92] could in principle explain the obser-
vations even at the quantitative level, giving rise to velocities of the correct order of
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magnitude.

Let us conclude these enumeration of the applications of anomalous transport
to experimentally accessible systems with a very recent one related to quantum in-
formation. Since this is very far from the scope of the thesis, we will not comment
much on it. However, the basic motivation for proposing anomalous transport as a
new tool for quantum computation is exploiting the topological protection and non
dissipative nature of the chiral magnetic effect in order to obtain qubits with longer
coherence times than the currently available ones [95].

The gauge/gravity duality has proved itself to be a very valuable technique for
studying anomalous theories at strong coupling. Anomalies are introduced in
holography simply adding Chern-Simons terms to the action [49, 17], and then the
usual holographic dictionary can be used to systematically compute n-point func-
tions. As we will see in Section 2.3, retarded Green’s functions can be related to
linear responses, so in holography weak coupling gravitational computations allow
us to compute transport coefficients at strong coupling. Since anomalies do not get
renormalized, we do not expect the anomaly induced transport to depend on the
energy scale. Furthermore, in this language nonequilibrium is introduced very nat-
urally. It just corresponds to time dependence on the gravity side.

In this thesis we include our work done using the gauge/gravity duality during
the four years of PhD. Along the different chapters of the thesis, we make connection
between the anomalous transport and the holographic RG flow, we establish the
independence of the transport coefficients on momentum relaxation and disorder
parameters, we study the holographic model of Weyl semimetals and we analyze
the out of equilibrium dynamics of the chiral magnetic effect.

These chapters are simultaneously varied and internally connected, although we
could separate them in two parts. The first one is mainly of theoretical interest. It
involves Chapters 3 and 4, which are based on [36, 38], respectively. The connec-
tion to the holographic RG flow from Chapter 3, which is quite technical due to the
construction of conserved currents in gravity through Wald’s procedure, allows us
to link different arguments from the literature and find a simple way of computing
anomalous transport coefficients from quantities evaluated at the horizon. Then,
this discussion is supplemented in Chapter 4 with a first nontrivial example where
the new contributions to the stress tensor, which were proposed in the previous
chapter just from considerations about the niceness of their RG transformations, are
shown to give an important contribution. As a result, it can be seen that momentum
relaxation and disorder do not have any effect on anomalous transport, which was
somehow expected from the nondissipative nature of these phenomena.

The other part has a more applied spirit and it involves Chapters 5 and 6, which
are based on [37, 51], respectively. In fact, the former is mainly related to a con-
densed matter system, Weyl semimetals, while the results of the latter might be use-
tul for the phenomenology of the quark-gluon plasma. As already discussed above,
Weyl semimetals present anomalous Hall effect. We can thus propose a holographic
model that describes the physics of Weyl semimetals at strong coupling. This was
done by our research group some months before this PhD started and in Chapter 5
we include some further work on the model. In particular, the universality of the
bottom-up model is checked and the results about the anomalous Hall effect are ex-
tended to its axial counterpart. In Chapter 6, on the other hand, we introduce out
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of equilibrium dynamics in holography through Vaidya metrics with momentum
relaxation and compute the one-point functions of the charge currents. The main re-
sult is that the currents take some time before they build up. Since at higher energies
the magnetic fields in the quark-gluon plasma decay earlier, we propose that such a
lapse of time before there is an anomaly induced contribution to the current might
give an explanation of why the experimental results from RHIC at Brookhaven seem
to be more compatible with the appearance of anomalous transport than those from
the LHC at CERN, in Geneva.

The projects were not developed in the order they are presented here, but we
have decided to place them in such a way that the logic of the thesis is the best
possible. The publication on which Chapter 3 is based appeared later than the one
associated to Chapter 4, but the developments of membrane currents from Chapter
3 were crucial to conclude the fact that anomalous transport coefficients are inde-
pendent of the introduction of momentum relaxation. Chapter 5 is based on my
tirst publication, which appeared at a time when the model of holographic Weyl
semimetals had just been proposed. However, it has a more applied nature so it
connected better with the last project. This last project, finally, gives rise to Chapter
6, where we include the extension to out of equilibrium contexts.

Let us close this introduction with some comments about the general structure of
the thesis. Besides the chapters about the projects, the thesis has an introduction to
the theoretical background necessary to understand anomalous transport in holog-
raphy in Chapter 2 and some concluding remarks in Chapter 7. The chapters about
our original work are based on one publication each, as discussed above, and they
all possess the same structure. First, they include a section called Motivation, where
we explain the reasons to begin the project and we relate it to other approaches in
the literature. After that, we introduce the holographic model, the techniques used
and all the details about the computations. Then, we report the results. Finally,
all those chapters end with a section called Discussion, where we comment on the
results and make some per-project concluding remarks.



Chapter 2

Theoretical foundations

All the projects covered in this thesis revolve around the same physical phenomena:
anomalous transport [102]. In order to understand the context of this work, then,
one needs to understand anomalies, relativistic hydrodynamics and linear response
theory. In the current chapter we will cover those topics and also include a brief
introduction to the formal aspects of the gauge/gravity duality.

2.1 Anomalies in quantum field theory

In modern day theoretical physics there is a big emphasis on the understanding of
symmetries. They are related through Noether’s theorem to conserved quantities,
but they also allow to classify different models and establish dualities between them.
In some cases quantum mechanical corrections can break those symmetries and in
those situations we refer to this breaking as an anomaly. Characterizing anomalies
properly is fundamental to understand the physics of the theory. Let us imagine,
for example, a theory that is scale invariant. If there is a breaking of the symmetry
at the quantum level, then the coupling constants will be allowed to run along the
renormalization group flow, giving rise to different dynamics at different energy
scales. This is for example what produces in QCD such different phenomena as
asymptotic freedom and confinement.

Although they are usually thought to be, anomalies are not necessarily patholog-
ical. The former example exemplifies this perfectly, where the physics of different
scales only arise due to an anomaly. We could say, in general, that they are not prob-
lematic for global symmetries. In those cases, the anomaly just means that the sym-
metry is no longer present at the quantum level. No particularly profound property
of the theory is broken.

On the contrary, anomalies associated to gauge symmetries are disastrous and
they have to be canceled at all costs. We will meet this type of anomalies at several
points in this section and we will consistently insist on the necessity to cancel them.
The reason why they are a big problem is that gauge symmetry is not a regular
symmetry. It is a redundancy included in order to keep our theories manifestly local
and Lorentz invariant. However, the price to pay is the introduction of negative or
zero norm states. The contribution of these degrees of freedom has to be canceled in
order to keep unitarity, but if the anomaly breaks gauge symmetry this is no longer
possible, making the theory inconsistent. The solution then reduces to canceling the
anomaly, which imposes nontrivial constraints on the theory.
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We will only be concerned here about the axial and chiral anomalies, since they
are the ones that have associated transport phenomena. The axial anomaly, which
was the one first encountered by Adler, Bell and Jackiw, is a global anomaly, while
the chiral anomaly is a gauge anomaly. We will treat them separately in order to
make this distinction clear. After that we will briefly comment on how they change
for nonabelian theories and how one can use global symmetries to constraint the
spectrum of the theory. Then we briefly discuss the gravitational anomalies and, fi-
nally, we introduce the consistency conditions and the descent equations, that allow
to obtain the anomalies in a systematic way from a differential geometry reasoning.
At the end of this section, we discuss the different definitions of the currents .

There are more topics that could be covered, like Fujikawa’s method or the re-
lation to index theorems. However, we have restricted ourselves to the more basic
topics necessary to understand the interest of our work. For more complete reviews,
the reader might resort to the books and reviews available in the literature [25, 26,
53, 72]

2.1.1 The global axial anomaly

The axial anomaly was the one that debuted the study of anomalies in quantum
tield theory. It first appeared in the literature as a contradiction between the per-
turbative computation of the decay rate of a neutral pion into two photons and the
expected vanishing of the effective coupling constant of that decay from combining
gauge symmetry and the partially conserved axial current hypothesis [24, 1]. We re-
view here their result, as a prologue to discussing the more interesting chiral gauge
anomalies in the Section 2.1.2.
Let us consider quantum electrodynamics (QED) in 4 dimensions

SoED = /d4x [1ﬁ (iv"0, —m) p — }LFWF’”/ — eyt ALy . (2.1)
It presents the well-known U(1) gauge symmetry
Y — ey, Ay — Ayt 0,
and it thus has an associated conserved current
J¥ =o'y,
the electromagnetic current. This current satisfies the continuity equation
9] =0, (2.2)
which assures charge conservation. Massless QED also has a global axial symmetry
P — ey,

whose associated current is
JE =y ysy.
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This current satisfies in general the following continuity equation

ouJt = 2imgpysy. (2.3)

This identity, known as the pseudovector-pseudoscalar equivalence, shows explic-
itly that it is only a classically conserved current in the massless limit. Both currents
are quantities that at the quantum level are to be conceived as composite opera-
tors. Anomalies in this context will appear if either (2.2) or (2.3) get a quantum
correction. The conservation of the axial current is not crucial for the survival of the
theory. However, the vector current must remain conserved after renormalization
because it is, as discussed above, associated to a true gauge symmetry.

Let us concentrate on the axial current. We take the electromagnetic field in (2.1)
to be a external field. As a result, the kinetic Maxwell term vanishes and the inter-
action term in the action will be the only surviving one involving A,. Performing
a perturbative expansion in small coupling constant e in the path integral formal-
ism, we can find an expression for the quantum corrections to the axial current’s
conservation

< 1”]5 /DQDDIP 8”5 lfd x[ (1’7”3;,7;11)1’0,3];414”]
1 2

where Z stands for the full QED partition function, Sy stands for the massive
fermion action and we have rewritten the last term in (2.1) as —eJ# A;,. We are delib-
erately abusing notation in this expression in order to avoid cluttering. Please note,
however, that every J¥ A, depends on a different spacetime coordinate and there is
an associated integral over such coordinate with each of these terms, as will be clear
below in (2.4).

It can be seen by use of properties of the gamma matrices that only traces involv-
ing an odd number of gamma matrices will contribute in the presence of the 7> from
JE, so the first correction is given by the term with ¢? in the previous expansion

Oun)) = =5 [[ates [ abT k)1 () P (xs)]) Aue2) A () +O(),
(2.4)
where T stands for time ordering. Using Feynman diagrams, it can be seen that this
contribution is given by the well-known triangle diagrams in Fig. 2.1. Since A is
now an external field, the interpretation of the path integral as the triangle diagrams
amounts to using the Wick theorem to contract the spinors from the definitions of
the currents and keeping two external field insertions. The computation of the tri-
angles is already covered in many reviews and books, so we will only comment on
the interesting aspects of it.

The integrals that have to be performed are ambiguous because they are linearly
divergent. They depend on the labeling of the fermion loop momenta and there is in
principle total freedom to choose the labeling. However, there is a simple procedure
exploiting symmetries that allows to fix the loop momenta labeling from conditions
on the external legs and get the final result.
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J’ Je

Je JY

FIGURE 2.1: Triangle diagrams contributing to the axial anomaly for
an abelian gauge field in four dimensions. The diagrams were created
using TikZ-Feynman [48].

The first step is using Lorentz invariance to write down all the possible tensor
structures that contain the two independent external momenta and one Levi-Civita
tensor. The final result of the computation in momentum space will necessarily
have this structure and we know there will be a Levi-Civita symbol present because
of having a 75 in the amplitudes. Therefore, we have turned the computation of
the triangles into the computation of the coefficients accompanying the different
tensor structures. Naively, the number of undetermined coefficients is eight, but
applying the fact that the amplitudes should be invariant under the exchange of
the two vector currents reduce them to four. Finally, from dimensional analysis it
becomes obvious that only one of the four coefficients involves a divergent integral.

At this point we need to impose some further symmetry in order to obtain a
well-defined result. Certainly, it seems reasonable to impose gauge invariance with
respect to the electromagnetic U(1) symmetry, because we have discussed we want
to preserve this symmetry. The Ward identities tell us that the two external momenta
associated to the electromagnetic currents must be transverse to the amplitude, and
this fixes the labeling of the internal momenta. In fact, this condition constrains
the value of the divergent coefficient in terms of the other coefficients and all the
independent integrals become convergent in the end. One gets to the final result,
which in real space reads

2
. - e
<aP‘]F];[> = 21m<17b75¢> + 16772 eﬂVpUPvapU . (2.5)

This is precisely the famous result known as Adler-Bell-Jackiw anomaly [24, 1].

Let us go back to the freedom of choice for the loop momenta. If one performs
the computation in general, with arbitrary shifts of the internal momenta propor-
tional to the external ones, it is straight-forward to check that one cannot preserve
at the same time the electromagnetic gauge symmetry and the global axial symme-
try. This will be much better understood in the next section when we discuss gauge
anomalies.

The anomaly (2.5) appears at first order in 7 because it is a one-loop computation.
However, one could wonder if there are also nonvanishing contributions to the axial
current’s one-point function from diagrams with higher number of loops. It was
shown by Adler and Bardeen that those diagrams do not have any contribution in
their celebrated Adler-Bardeen nonrenormalization theorem [2].
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2.1.2 The chiral anomaly

In this work we are interested on transport induced by the chiral anomaly, so we will
now move on to the study of this anomaly. It will also help us better understand the
anomaly associated to the global axial current. Hopefully, all the obscure aspects of
the previous section will become clear now.

The notion of chirality applies in general to phenomena that are not equivalent
to their mirror image. In the context of quantum field theory, it appears as a well-
defined notion for fermions in even dimensions, since the Lorentz group possesses
two unitarily inequivalent spinor representations in those situations. This produces
two different types of spinors. They receive the name of left- and right-handed
because in the massless limit they present definite helicity, which is the projection of
spin onto momentum. Parity transformations exchange one representation by the
other, reversing helicity. Therefore, if the theory is parity-invariant, there will be the
same number of left- and right-handed fermions, so chiral anomalies will only arise
in theories that break parity.

In the massless limit the theory is symmetric under transformations in which the
two sectors transform with different phases. The chiral anomaly shows up precisely
because at the quantum level only a linear combination of those two rotations can
be a symmetry. Then, we will begin our discussion considering massless fermions
in the chiral representation of the gamma matrices in 4 dimensions

o (0 1 i 0 o 0.1.2.3 -1, O
7—(12 0),7—(_@0),7—17777—( L

where i = 1,2,3 and o; stands for the Pauli matrices

U o (0 —i e (10
'mltro) i o) P 0 -1)"
The definition of the 9° allows us to define the projectors
1, 0
=Py =7 (L") p= ( : 0)¢,
00
=Pryp =< (1 = .
Yr=Pey =5 (L+7°) ¥ (0 ﬂz)w
We now take a theory of massless fermions which are coupled chirally to two
external gauge fields. One of the gauge fields, L,, couples only to the left-handed
fermion with charge q; and the other gauge field, R;, couples only to the right-

handed fermion with charge gr. The choice of this action stems from an educated
guess that will allow us to study the two chiral symmetries in play. The action reads

5= /d4x [ilp'ﬂlaylp —qupy" Ly Py — qup’YyRyPR’H .
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As already advanced in the text above, this action possesses two classical gauge
symmetries. The first one is given by transformations

¥ — Prip+ Py, Ly, — Ly +0,ar,
and its associated conserved current is
I = qupy"Pry.
The other symmetry is defined as
W — Py + e R*RPryp, Ry, — R, + 0uag,
and its associated conserved current is

Tk = qrPY" Prip.

Both of them satisfy the following classical conservation equations

ouJ} = 0uJk = 0.

Now, in order to analyze the anomaly, we need to check how these last equations
change at the quantum level. For simplicity, let us treat both currents separately.

We first consider the case in which gg vanishes. There will only be one gauge
symmetry present and, thus, only one current. From the perturbative expansion at
small g, of the path integral expression of (9, ]} ), we arrive at an equation analo-
gous to (2.4) where, instead of an axial current and two vector currents in the time-
ordered correlator, we have three left-handed currents. The chiral anomaly for the
left-handed current is thus given also by a triangle. Now, the three vertices are asso-
ciated to the left-handed coupling and the amplitude then comes with a prefactor 43 .
If we had considered vanishing 4;, and nonvanishing gr, everything would look the
same, except for the gauge couplings and projectors involved in the definition of the
right-handed currents. Those changes only amount to a slightly different prefactor
ey

lsfhe computation of the rest of the amplitude is essentially the same for both
cases, and analogous to the one for the axial anomaly in previous section. Projec-
tion operators have the property that applying them twice yields the same result as
applying them once, Pf’R = Ppr, so only one out of the three projectors survives
in each of the amplitudes. Besides that, we already commented on the fact that the
presence of one 7° is necessary for the amplitude not to vanish, so we can drop the
unity matrices in the surviving projection operators. The origin of the different sign
in the prefactors of the amplitudes is thus the sign of the ° in the projectors.

The ambiguities present in the computation of the global anomaly persist. How-
ever, the criterion to fix the labeling of the loop momenta is not obvious here, be-
cause we do not have the same symmetries. In the previous case, it was rather
obvious that the electromagnetic symmetry was the one that had to remain present,
while the axial symmetry could be broken at the quantum level. Here, we are treat-
ing the two different symmetries one at a time and both are true gauge symmetries.

Therefore, there are two possibilities that could seem physically plausible. We
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can impose Bose symmetry among the three legs because the inserted currents are
the same for the three vertices. This gives the result

<aﬂj£R> = 9q6L Rz " FuvFoo
which is known as the consistent anomaly. Please note that we include a generic
Fy,y to avoid cluttering, but this field-strength is the curvature associated to Ly, or Ry,
depending on each case.
We could also impose this current to couple covariantly to the external gauge
fields. In that case we need to enforce the Ward identity (the amplitude is transverse
to the external momenta) in two of the three vertices. This gives the result

OuJLr) = j::sz R eMTE, Fyy, (2.6)
and it is known as the covariant anomaly. More on the distinction between the con-
sistent and the covariant form of the anomaly will be said in Section 2.1.7. However,
at this point we can already notice that anomalies allow for different definitions of
the quantum currents.

Let us now revisit the axial anomaly. If we consider the case in which the chiral
gauge couplings are equal for left- and right-handed fermions (g1, = gr = g), the
action can be rearranged as

- _ Ry
§= /d4x [i’vb’YyaylP —qpr” <;> P —qpy” ( 5 > v tp}

We interpret the interaction terms as couplings to vector and axial gauge fields

Rytly . _ Ru—Ly

V=
Furthermore, we can define vector and axial currents as the quantities that couple
in this action to the external vector and axial fields, thus giving a definition of them
formally equal to the one obtained from QED in the previous section. Please note
that the gauge field that is equivalent to previous section’s A, is V). The same
notation with a vector and an axial field we are using here will be again used in
Chapters 5 and 6.
The vector and axial currents have an expression in terms of the left-handed and
right-handed consistent currents which reads

Jr=agk+gl, Ji=agt-7g". (2.8)

As will be later explained, they are expressed in terms of consistent currents because
they come from the variation of the action. Using the previous expressions of the
consistent anomaly, we can write the anomaly in this basis for a single fermion with
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chargeg = 1as

1
1
<ayj5y> —_ — 4—87T2€VVPU (FVVPPU + P;VFPU'> ;

where Fyy is the field-strength of Vi and F;V is the field-strength of Ay. This result
looks worrisome because we have two gauge symmetries that are broken at the
quantum level. However, while before we had two gauge symmetries that were
sort of equivalent, now we have an asymmetry between them.

Fortunately, each symmetry has a clear physical meaning and we can exploit
that to interpret this result. It essentially boils down to the fact that we have to
cancel the anomaly on the vector gauge symmetry at all cost. This is the current that
couples to Maxwell’s equations and consistency of the equations imposes vanishing
of the divergence of the current. However, we have in principle no need to cancel
the anomaly for the axial one so it is safe to drop axial symmetry as a true gauge
symmetry. Once we do this, we can redefine our action, and currents, with terms
that would otherwise be gauge dependent.

These terms that we add to the effective action are called Bardeen counterterms
and in general they read

FB = /d4x€VVP(7V‘uAU <L1Fp(7 + ngg) .
The variation with respect to the vector field
/ d 26075V, ( Ay (2aFp +DES, ) — aViFs, )

gives a term that isnow added to J*#. Taking the divergence of this new contribution
to the current, it is quite straight-forward to check that we must take a = —1217 and
b = 0 in order to cancel the anomaly of the vector current.

We can now take the variation of the counterterm with respect to the axial field

in order to see how the axial anomaly changes
[ dtxer e sa, (<Vi (aFos +20ES, ) +bAF)

Taking the divergence of this last term and substituting the values of a and b ob-
tained above, we can get to the final expression of the axial anomaly

ay<~7y> =0,
1

1

Please note that the first term of this form of the axial anomaly is equal to the one
we obtained for the global axial symmetry.
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2.1.3 Extension to the non-abelian case

In this section, we cover how the results change for the non abelian case. We first
consider the counterpart of the global axial anomaly to then move on to the chiral
anomaly. Only the second one is pathological so we will also discuss the anomaly
cancellation conditions at the end of the section.

We consider a fermion theory with an external non abelian gauge field. It is
very similar to the QED action (2.1), except for the fact that now the gauge field
comes with a generator of the algebra which is also present in the definition of the
conserved current, according to

Ay =AIT",  JV =gy T,

Similarly to QED, global axial transformations are also a classical symmetry in the
massless limit. They possess the same associated conserved current and the latter
also satisfies the pseudovector-pseudoscalar equivalence (2.3).

When one tries to compute the axial anomaly, the first diagrams involved are the
same ones as for the abelian case, up to group factors that appear due to the non-
abelian coupling in the vector vertices. The computation of these triangle diagrams
works in the same way as the abelian case, too. However, the result is gauge depen-
dent. It becomes then obvious that one needs to also include the next diagram: a
box diagram with three vector vertices. The final gauge invariant result reads

2
(0, J) = f—nzeﬂvwaﬂTr <AVBPAU + ?—)AVAPAU> ,
and is known as the singlet anomaly. The three diagrams involved are the ones in
Fig. 2.2 and there is no further contributions to the global anomaly.

This form of the anomaly, written as the exterior derivative of the Chern-Simons
3-form, can be arranged to be formally equal to the abelian anomaly but with the
non abelian field strengths. Moreover, the diagrams have a property with deep
consequences. There is one more diagram than for the abelian case but it comes with
a prefactor that is equal to the one for the triangles. Therefore, anomaly cancellation
imposes only one constraint for the nonabelian case.

Let’s now move on to the gauge anomaly for the nonabelian case. For simplicity, we
consider the action of a Dirac fermion coupled to external non abelian left and right
fields with the same charge g = 1. The action reads

5= / dx iy (9, —iLyT") Py + iy (3, — iRAT) Pryp]

In this theory there are two different gauge fields with associated symmetry trans-
formations

¥ —e® LT Py 4 ™R PRy,
o ind T4 —ina T ind A —inf T
L, = LﬁT” —e!"1t 9ue” ! e Lye M,

Ry = RlciTa %eia%T”ayefia%T” + eia%T”Rye—ia%T” .
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FIGURE 2.2: Triangle and box diagrams contributing to the global axial

anomaly for a nonabelian gauge field in four dimensions. The symbols

at the vertices of the loops stand for the gauge factors that need to be

included for the vector couplings. The diagrams were created using
TikZ-Feynman [48].

However, the main new ingredient is that the conservation of the current is no
longer the same, since the currents are only conserved with respect to the covariant
derivative. Therefore, the equations whose quantum corrections we need to analyze
in order to study the nonabelian chiral anomaly read

D! + fr Ly (J)" =0,
(i) + R (JR)" =0,

where f¢ is defined by the algebra [T, T?] = ifTe.

It might be convenient to use the basis introduced in (2.7) and (2.8) with the
appropriate extension to the non abelian case. In terms of these new fields and
currents, the conservation equations read

(I + fVEO + fre AL 5 =0,
Dy(J§)" = 0u(J8)" + [V JEH + fUe AL () = 0.

We start the computation of the quantum corrections to this last equation by ex-
panding perturbatively in a way analogous to (2.4), which tells us which diagrams
have to be calculated. In the abelian case, as we saw in (2.4), only terms with two
gauge fields contributed to the triangle because the third vertex was associated to
the divergence. Here, the triangle will also get contributions with three gauge fields.
Furthermore, there will be nonvanishing contributions from the box diagram and
also from the pentagon. The triangle is still linearly divergent, but the box is log-
arithmically divergent and the pentagon is convergent. All the new contributing
diagrams are depicted in Fig. 2.3, where exchange of the different equivalent legs
has to be performed in order to obtain the consistent anomaly.

These diagrams involve group theory factors coming from the different vertices.
Interestingly, as it happens for the global case, the group theory factor of the rest
of the diagrams is proportional to the one coming from the triangle. Therefore,
the anomaly could be canceled through the vanishing of the triangle prefactor. For
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FIGURE 2.3: Diagrams that have to be added to the ones in Fig. 2.2 in

order to compute the Bardeen anomaly in four dimensions. This is a

schematic representation. The appropriate group factors and external

momenta indexes should be included for the different vertices. The
diagrams were created using TikZ-Feynman [48].

nonabelian groups the anomaly coefficient reads
T |1 {1, T°}] = 0.

In fact, in those cases in which there are many chiral fermions, this anomaly cancella-
tion condition could constraint the possible charges of the particles in the spectrum
of the theory.

In this vector-axial basis we must again impose that the vector current is con-
served. A Bardeen counterterm, with a more complicated expression than the one
for the abelian case, can be added to the effective action in order to achieve that goal.
Once this ambiguity is fixed, the expression for the nonabelian axial anomaly is

(Du(T)F) =0,
(Du(J5)") =

1
~ g2 {T“ (FWFW - gpgvp,f,,

8i 32
which is popularly known as the Bardeen anomaly [18]. Please note that the first
two terms are formally equal to the abelian case, with the new field strengths

Fu =0,Vy — 9,V —i [V, V)] —i [Ay, Ad]
Fo, =0y Ay — 0y Ay —i [Vi, A —i [Ay, Vi) .

We have expressed all our results in terms of the consistent currents. Analo-
gously to the abelian case, however, the properties of the anomaly are obscure in
this vector-axial basis. We will not include here the expressions for the left- and
right-handed currents because they do not add much insight, but in terms of those
currents the consistent anomaly is obtained imposing Bose symmetry. As a result, it
would become obvious that the consistent anomaly is not covariant, as it cannot be
expressed only in terms of the field strengths of the two gauge fields. After choos-
ing the appropriate Bardeen counterterm, though, the result in this vector-axial basis
preserves vector gauge symmetry i.e. it depends on F,, but not V.
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2.1.4 Anomaly matching condition

There is a result about anomalies with very deep phenomenological implications,
the so-called anomaly matching condition [77]. In particular, it uses global symme-
tries to pose nontrivial constraints on theories that have different degrees of freedom
in the UV and the IR, like confining theories such as QCD or technicolor. It gives
nonperturbative information of the theory, like constraints on the matter spectrum
at different energy scales or signals of the appearance of spontaneous symmetry
breaking at low energies. Although it won’t be used in the rest of this thesis, let us
point out to the most important aspects of the proof by 't Hooft, so that the reader
can fully grasp the implications of this result.

We consider a theory with a gauge (local) symmetry group G; and a global sym-
metry group G,. In the context in which the matching condition was proposed,
the gauge theory was QCD and the global symmetry was flavor. The G anomaly
has to be canceled for the gauge theory to respect unitarity and the mixed anomaly
G, x G? should also be zero if we want to keep the global symmetry. However, in
principle there is no constraint on the value of the G; anomaly. If we weakly gauge
the global symmetry by coupling its Noether current to a gauge field, though, we
will also be forced to cancel it. In that case, we would be forced to supplement the
spectrum of the theory with some spectator fermions which would only be charged
under G. Nonetheless, we can guarantee the fields do not alter the dynamics of the
original theory by keeping the gauge coupling small.

In the IR, the relevant degrees of freedom are the G; bound states and the spec-
tator fields. However, the latter give the same contribution in the UV and in the IR
because they are weakly coupled. In fact, the matching condition still holds in the
limit when the gauge coupling goes to zero and the spectator fields decouple. There-
fore, the global anomaly of the microscopic degrees of freedom have to match those
of the IR composite fermions. If the global symmetry were spontaneously broken at
low energies, then the same arguments would still hold but the Goldstone bosons
would also have a contribution.

In fact, from this work a new terminology for anomalies has been introduced
in the literature. The name 't Hooft anomalies refers to those anomalies which are
associated to global symmetries that, precisely because they are anomalous, cannot
be gauged.

2.1.5 Gravitational anomalies

Gravity is another gauge theory. If we expand around a flat background

Suv = Nuv + ZKhyv ,

diffeomorphisms are generated by a vector gauge parameter

1
h]u/ — hyv + E (a}lgv + avgﬂ) .
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It is straight-forward to check that invariance under these gauge transformations
amounts to the conservation of the energy-momentum tensor

9, T" = 0.

Thus, a gravitational anomaly would arise if this conservation equation obtains
quantum corrections. Since this is a gauge symmetry, its associated anomaly has
to be canceled.

In principle, gravity does not couple differently to fermions with different he-
licity. However, CPT transformations must be a symmetry of any physically viable
theory. These transformations reverse the helicity of fermions for 4k dimensions and
they preserve it for (4k 4+ 2) dimensions. Thus, analogously to the discussion that
chiral anomalies only arise in parity breaking theories, gravity will have a contribu-
tion to the chiral anomaly only in 4k dimensions. In (4k + 2) dimensions, though,
pure gravitational anomalies can appear. We will only consider the former case here.

The gravitational contribution to the chiral anomaly is actually a mixed
anomaly. We can therefore use a Bardeen counterterm to impose the cancellation
of the diffeomorphism anomaly at the expense of a nonvanishing anomaly for the
chiral currents, much in the same way we did it for the vector and axial anomalies.
The role of the gauge field is played here by the Levi-Civita connection and the role
of the field strength is played here by the Riemann tensor.

Then, when one performs the perturbative expansion in the path integral ex-
pression for the one-point function of the divergence of the chiral current in a
theory of a fermion coupled to an external graviton, it can be seen that the first
contribution is given by a triangle where the other two vertices are populated by
energy-momentum tensors. The result for the gravitational contribution to the chi-
ral anomaly is

(VuTlg) ==+ "R gy RF ppr (2.9)

76872

The triangle will only include one generator of the non abelian gauge theory, so
the cancellation condition in a theory with Ny right-handed fermions and Ny, left-
handed fermions is

NR Np

Y TrTg— ) TrT{ =0.

i=1 i=1
If the gauge field is abelian, this reduces to the sum of the right-handed charges
minus the sum of the left-handed charges. Interestingly, this anomaly cancellation
condition gives rise to nontrivial constraints for the viable models of nature, like the
one on the hypercharges of the Standard Model [4].

2.1.6 Consistency conditions and descent equations

Let us begin with the fermion effective action
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where the gauge field is A, = A} T". Considering that functional derivation of the
effective action with respect to the gauge field inserts minus the current operator
JiT = Ppy* T, if we now take the gauge variation of the effective action the result
is

5T = /dd (W(s AL = —/ddx<]V'”>5€AZ.
The gauge variation of the gauge field reads
5€Aa — a‘ue +fabCAb c = (D‘ue)

so substituting it in the previous equation, integrating by parts and recognizing the
anomaly as the divergence of the current’s one-point function, we can finally obtain
the relation between the effective action and the anomaly

0T = /dde“D (Jr /ddxea.Aa[ ].

The anomaly is then the gauge variation of the fermion effective action. Thus, one
should in principle be able to compute chiral anomalies by constructing the appro-
priate effective actions.
The composition of two infinitesimal gauge transformations has to satisfy that
5515€2 — 562561 - 5[61,62} .
Applying this relation to the effective action sets constraints on the possible anoma-
lies

/ddxeg&z«‘la o /ddxeli(SEl-Aﬂ - /ddx [el’ez]a-Aﬂ'

which are called Wess-Zumino consistency conditions [150].

If a generic effective action I' is a local functional, then there will be no anomaly
associated to it, because it could be canceled by the addition of local counterterms.
Any potential anomaly that is the variation of a functional automatically satisfies the
consistency conditions. However, only if the functional is nonlocal we obtain non-
trivial solutions to the consistency conditions and we can really talk about anoma-
lies.

It can be seen that a nontrivial solution to the consistency conditions is generated
by invariant polynomials in an even-dimensional (D = 2m) space

P(F) = Y cnp(TtF")P,

np<m

where F stands for the field strength of the gauge field. These quantities possess nice
mathematical properties: (1) they are closed forms, and (2) they are gauge invariant.
The former means, thanks to the Poincaré lemma, that they are also locally exact

TrF" = dCUzn_l ,

and wyy,—1 is the Chern-Simons (2n-1)-form. With the help of the second property
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and this last equation, it can also be shown that the gauge variation of the Chern-
Simons form is closed and, therefore, locally exact

Sewrn 1 = dagy 2. (2.10)

Going back to the Wess-Zumino consistency conditions, we can take the re-
quired (2n-2)-dimensional nonlocal action to be given, up to a constant ¢, which
can eventually be found matching the perturbative computation, by the integral of
the Chern-Simons (2n-1)-form

F[A] = Cn/ Worp—1 -
Man—1

The integration is over a (2n-1)-dimensional manifold M with boundary. Please
note that, although it is nonlocal in the (2n-2)-dimensional physical space, it is per-
fectly local in (2n-1) dimensions. From this effective action, the resulting anomaly

1S
/ Ga.Aa[A] = / Xoy—2.
oMoy, o oMy, 2

While it satisfies the Wess-Zumino consistency conditions because of being the vari-
ation of a functional, it is a nontrivial solution thanks to the nonlocality of the effec-
tive action. This nice recursive structure that allows us to obtain all the necessary
quantities from the anomaly polynomial is known as the descent equations [134,
135, 158].

Both « and w are defined modulo an exact form

Nop—2 — Qop—2 +dBon—3,
W1 — Wop—1 +dyon—2,

because the exterior differential is nilpotent. Then, the gauge variation of w inherits
this ambiguity

OeWpy_1 — 0eWop—_1 + 6edYon—2 = ewon_1 + dbeYon—2,

and due to (2.10), it can be seen that the anomaly is thus also defined modulo addi-
tion of the gauge variation of a (2n-2)-form

Kop—2 — Ap—2 + APon—3 + OeYon—2.

It is important to note that, in spite of these ambiguities, the invariant polynomial is
unique. In the same way that the freedom to choose y;,_» does not alter wy,_1, the
choices of both B,,,—3 and 2,2 do not change P(F). In other terms, different forms
of the anomaly actually refer to one particular anomaly polynomial. In Section 2.1.7,
we will comment more on this and try to make a connection to the different physi-
cally reasonable choices of the chiral anomaly we proposed above.

Here, we have included only cases where there is a single gauge symmetry.
However, generalizations to more complicated polynomials involving several dif-
ferent field strengths can be easily done. The resulting anomalies are called mixed
anomalies, like the gravitational contribution to the chiral anomaly from (2.9). In
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fact, this mathematical structure constraints the appearance of anomalies, imposing
properties for which we only had physical explanations. The simplest example is
that chiral anomalies only appear in even dimensions. What is usually explained
because those are the dimensions in which the notion of chirality is defined, it can
be here understood because the field strengths in the polynomial are 2-forms. An-
other property that can be inferred from the descent equations is that pure gravi-
tational anomalies only appear for 4k + 2 dimensions. What is usually explained
because CPT reverses the helicity of the fermions in 4k but preserves it in 4k + 2, it
can be seen here because the Riemann tensors always appear in pairs in the invari-
ant polynomials. Therefore, pure gravitational anomaly polynomials only appear
for D = 4k.

The discussion about the descent equations appears usually in the literature re-
expressed using the BRST formalism [22, 21, 20, 143]. Essentially using general
properties of the BRST operator s like nilpotency and the fact that it anticommutes
with the exterior derivative, it can easily be seen that the Wess-Zumino consistency
conditions reduce in this language to the vanishing of the BRST operator acting on
the anomaly. In this context, the descent equations are obtained through extensive
use of the so-called Russian formula, that states that the field strength remains the
same under the following substitution: the exchange of the exterior derivative d by
d + s and the addition to the gauge field of the Faddeev-Popov ghost that is intro-
duced in the definition of the BRST operator.

2.1.7 Consistent and covariant currents

The anomaly that can be obtained through the descent equations is called consistent
anomaly because it satisfies the consistency conditions. We can therefore define
the consistent current as the current whose divergence is equal to the consistent
anomaly. However, in general this form of the anomaly, and subsequently of the
current, is not gauge covariant.

It can be shown that there exists a term that can be added to the consistent current
that makes the associated anomaly be gauge covariant [19]. This term receives the
name of Bardeen-Zumino polynomial. The new form of the current after adding
this polynomial to the consistent current is called covariant current and the quantity
equal to its divergence receives the name of covariant anomaly. It is indeed gauge
covariant. Contrary to the consistent current, that is inserted as an operator through
functional variations with respect to the gauge field, this current cannot be obtained
through variations of the action and it will only couple to matter covariantly.

Moreover, one could even define from the anomalies a current with no apparent
anomaly, whose divergence is zero. We call this current a conserved current. Prob-
ably it is not surprising at this point that this current is neither the variation of an
action nor covariant.

In the abelian case, the difference between the consistent and covariant anomaly
amounts only to a factor of three. For the non abelian case, though, the difference is
more evident. While the covariant anomaly can be written as the exterior derivative
of the Chern-Simons form and therefore it is only a function of the field strengths,
the consistent anomaly cannot be written solely in terms of gauge covariant quanti-
ties.
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The fact that we already introduced a consistent anomaly when discussing the
triangle diagrams might be intriguing. Actually, the way the different versions of
the anomaly first appeared in this text was through different choices in the label-
ing of the loop momenta. In particular, the consistent anomaly appeared imposing
Bose symmetry. However, as counterintuitive as it might seem at first thought, this
makes perfect sense. The consistent current is inserted from variations of the effec-
tive action and one expects that the triple variation with respect to the gauge field is
symmetric under the exchange of the different insertions.

In the perturbative computation there were two kinds of ambiguities. We can
try to make a connection between these ambiguities and the ones faced in the con-
struction of the anomaly from «y,_,. The first kind of ambiguity, associated to the
choice of momenta inside the loop, was exploited to construct the meaningful con-
sistent and covariant currents, but it is actually related to 82,3 and the fact that the
anomaly is defined up to exterior derivatives. From the construction using the de-
scent equations, it becomes obvious that the Bardeen-Zumino polynomial is actually
one particular choice of B,,,_3 but there are infinitely many:.

In an analogous way, the Bardeen counterterm is associated to one particu-
lar choice of 7yp,_». The standard use of the Bardeen counterterm is to move the
anomaly around the different gauge sectors involved. In particular, we used it to
preserve the vector symmetry instead of the axial one, or to preserve diffeomor-
phisms instead of axial gauge symmetries. But one could in principle use the choice
of 2,2 in as many ways as desired.

By this time, our choice of notation for the currents has probably become obvi-
ous. However, since we will make extensive use of it in Chapter 3, let us stop here
and discuss it. At the classical level, there is only one kind of current, the Noether
current. Therefore, we have chosen to call these currents J#, supplemented with sub-
scripts in those cases in which there were several present. However, at the quantum
level one can use different definitions of the currents. In particular, along the text
we have used calligraphic letters for the consistent currents J# and we have also
used J# for the covariant current. There are several equations in which we abused
notation, though, by using J# inside expectation values and correlators without re-
ferring to the covariant current. It was done in those cases in which we had not yet
decided one particular quantum current definition and we wanted to refer to the
quantum mechanical computation of the classical conservation equations.

2.2 Relativistic hydrodynamics

Hydrodynamics allows us to study the behavior of fluids. In more concrete terms,
it can be understood as a low energy effective theory that is valid when the length
scales of departure from equilibrium are large compared to the mean free path. It
therefore allows for an expansion in small momenta such that there will be a hier-
archy in the different contributions depending on the number of derivatives they
involve. However, it is not an effective theory in the usual sense because there is no
such thing as a well-established effective action, even if this is a very active field of
research.

The relativistic form of hydrodynamics applies when the velocities involved are
large. Its formalism and equations were thought to be well-known by the middle of
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past century [47, 101], but the results about anomalous transport have changed our
considerations. In the next sections we will concentrate on relativistic hydrodynam-
ics (see [98, 125] for reviews). Particularly, we will cover how the conserved currents
can be defined in terms of the hydrodynamic variables and which are the equations
of motion associated to them, how the second law of thermodynamics arises in our
formalism and, finally, how this formalism is modified by anomalies.

2.2.1 Conserved currents

In the hydrodynamic regime, there is a local notion of equilibrium. It is a good ap-
proximation to assume that there is a region around any point that is sufficiently
close to equilibrium. This means that one can define for each of those points a tem-
perature T and a chemical potential p that will satisfy the usual thermodynamic
relations. If we want to understand the system we need to try to monitor the con-
served quantities associated to these thermodynamic parameters.

Our formalism must be invariant under the action of the Poincaré group, since
we are interested in relativistic hydrodynamics. As a consequence, the conserved
quantities associated to the thermodynamic parameters appear now in the form
of conserved currents. It is possible to match them to the Noether currents if one
knows the field theory describing the microscopics of the system. In this context,
the conservation equations of the currents play the role of equations of motion.

We will consider in the rest of the section the simple case in which only the
energy-momentum tensor T"" and a U(1) current J# appear. The stress tensor TH"
can be understood as the conserved current associated to spacetime translations and

its conservation law reads
ay T}/ll/ == 0 .

It is symmetric, a property that is automatically satisfied when we define it as the
variation of the action with respect to the metric, and the conserved currents cor-
responding to the remaining symmetries of the Poincaré group, M = x#T"* —
xVTH*, are trivially conserved from the symmetry of the energy-momentum tensor.
Therefore, they do not give any information and we can safely drop them from our
discussion.

The other conserved current J# also satisfies a conservation law

9" = 0.

In hydrodynamics it is usually assumed that the theory is parity-symmetric and J#
is a vector current, with parity-even charge density. However, we could in principle
be interested in an axial current or consider a microscopic theory that breaks parity.
As a consequence, some terms that are not usually considered in the literature could
appear. This will be the case of those associated to anomalous transport. However,
we first cover the construction of TV and J# in a parity invariant theory for peda-
gogical reasons and only consider the possibility of including parity odd terms in
the section about anomalous hydrodynamics.

We can check the number of degrees of freedom, which is independent of the
specific structure of the conserved currents. For d spatial dimensions, conservation
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of the energy-momentum tensor gives d + 1 equations and conservation of each vec-
tor current gives one equation. For our case with only one current it is thus enough
to use d + 2 quantities. On the contrary, if one looks at the energy-momentum tensor
and the current, they have (d +1)(d +2)/2 and (d + 1) independent components,
respectively. Thus, we need a prescription to parametrize the conserved currents
in terms of the d 4 2 variables and to find a meaningful set of the latter. The usual
choice is a local temperature T(x), a local chemical potential y(x) and a local fluid
velocity 7(x), but one might take a different set of quantities. We stick to this choice
in this introduction.

2.2.2 Constitutive relations

We call constitutive relations the resulting form of T#" and J# after expressing all the
coefficients in terms of T, y and 7. Before moving on to finding the constitutive rela-
tions let us make a remark. In all the expressions from now on, and also on the ones
given above for the conservation equations, we will assume a flat background and
include partial derivatives. The extension to curved spacetime should be straight-
forward by taking covariant derivatives instead. Since the covariant derivative of a
scalar is equal to its partial derivative, in practice there will only be changes when
the differentiation acts on the velocity.

Let us use Lorentz invariance to propose a general definition of the energy-
momentum tensor and the current only according to the possible tensor structures.
We can introduce a timelike velocity four-vector u* and decompose the energy-
momentum tensor and the current into transverse and longitudinal components us-
ing the projector P*¥ = ¢"¥ + u#u". The components of this four-vector in natural
units are u# = y(1,7), where v = 1/4/1 — |7]? is the Lorentz factor. The decompo-
sition of energy-momentum tensor and current in their most general form reads

T = Eulu” + PPY 4 gtu’ 4 q"ul 4 tH", (2.11)
Jh = Qut +vt. (2.12)

The coefficients &£, P and Q are scalars, the vectors g and v# are transverse to u,
and the tensor "' is transverse, symmetric and traceless. We could always recover
the coefficients using u,u, and Py, as projectors in the longitudinal and transverse
direction, respectively.

We already advanced the existence of a derivative expansion due to the devia-
tions from equilibrium being small. In particular, it consists on a expansion in pow-
ers of derivatives of the hydrodynamic variables T, u and u,,, in which ideal fluids
are represented by zeroth order terms and any contribution in higher orders will be
subleading. For example, viscous and dissipative terms appear all at first order, and
so does anomalous transport. If we try to build the coefficients in (2.11) and (2.12)
in terms of the hydrodynamic variables, it can be seen that g#, v¥ and """ necessarily
contain derivatives. Therefore, ideal hydrodynamics can be fully expressed in terms
of the scalar coefficients £, P and Q.

For static equilibrium, we find T = diag(e, p,p, p) and J# = (p, 0), where e,
p and p are equilibrium energy density, pressure and charge density, respectively.
After performing the Lorentz transformation corresponding to a constant velocity



26 Chapter 2. Theoretical foundations

u" and promoting the variables involved (€, p, p and u*) to slowly varying fields, it
can be seen that the scalar coefficients in the constitutive relations can be identified
for ideal fluids with a local version of the thermodynamic variables. £ is the local
energy density, P is the local pressure, Q is the local charge density and u* is the lo-
cal fluid velocity. Furthermore, we can use the appropriate equation of state p(T, i)
to obtain the first law of thermodynamics € = —p + Ts + up for these variables,
where s = dp /9T is the entropy and p = dp/du. Moreover, thanks to the introduc-
tion of the entropy in this way, we can also find a second law of thermodynamics
in this language. In particular, one can rearrange the longitudinal component of the
energy-momentum conservation and the current conservation with the help of the
thermodynamic relations to give

dy(sut) =0. (2.13)

This equation must be interpreted as the conservation of the entropy current i.e.
the entropy does not increase or decrease in ideal hydrodynamics. However, there
could be in principle other zeroth-order terms that produced the non-conservation.

Terms with one derivative have to be taken into account next in the low momen-
tum expansion, but there is an ambiguity that does not appear in ideal hydrodynam-
ics. When one defines the hydrodynamic variables out of equilibrium as fields, there
could be many out of equilibrium definitions of the variables that give the same
value in equilibrium and only differ from each other by gradients. For example,
one could write £ = €(T, u) + f¢(9T,du, du), where € is determined by the equation
of state in equilibrium and f¢ represents the gradient corrections that depend on
the local temperature, local chemical potential and local velocity. This is a conse-
quence of the fact that there is no operator whose expectation value gives the local
value of any of the hydrodynamic variables, as these have no first-principles micro-
scopic definition and are not well-defined out of equilibrium. However, T#"(x) and
J#(x) do have a microscopic definition. Thus, the different definitions of the hydro-
dynamic variables must be understood as all the possible parametrizations of the
conserved currents. The only important thing that all those different redefinitions
of the parameters have to satisfy is that the stress tensor and the current remain
unchanged. The choice of parametrization is called frame in hydrodynamics.

In particular, one could make a frame transformation

T(x) = T(x)+6T(x), u(x)— pu(x)+ou(x), ut(x)— ut(x)+out(x),

where 6T, éu and Jdu are first order in derivatives. If one imposes for this redefini-
tion that 7"V and J¥ remain constant, the only coefficients of the constitutive rela-
tions that are not invariant under the redefinition are g# and v#, and their change is
proportional to Ju/.

This has two very important consequences. First of all, we can choose the frame
to our convenience from the definition of the velocity. Two very usual choices are
those for which either v# or g* vanishes, and they are called Eckart and Landau
frames, respectively. The former implies no charge flow in the local rest frame of the
fluid and the latter implies no energy flow. A further option is the frame that we
will use in the rest of the thesis, which is the laboratory frame. It represents how the
motion of a fluid is seen by an observer that does not move alongside the fluid.
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The other consequence is that, since the scalar coefficients are invariant under the
redefinition, we can easily represent the transformed gradient corrections in terms of
the original ones and choose an off-equilibrium definition of T and u such that two
out of the three scalar coefficients reduce directly to the thermodynamic variables.
In the literature it is common to fix £ = € and Q@ = p and keep P unfixed yet.
Others just look for combinations that are independent of the chosen frame, but this
will not be our approach.

As a result, only determining P, t#¥ and a certain combination of 4" and v# is
left to obtain the constitutive relations for first-order hydrodynamics. However, we
can use Lorentz symmetry to constraint the possible tensor structures that involve
one derivative while being scalars, symmetric transverse traceless tensors or trans-
verse vectors, and then impose the hydrodynamic equations to find the constitutive
relations. It can be seen, just as a consequence of Lorentz covariance, that in the
constitutive relations there will appear one free coefficient for the scalars, two for
each vector and one for the tensor. With this, the equation of state p(T, ) can give
an expression for € and p in terms of T and y, and the rest of the coefficients in
the constitutive relations can eventually be computed as correlators of the current
and energy-momentum tensor using linear response theory, which we review in the
next section. We will discuss in that section that the physics described by those
transport coefficients must be frame invariant and, therefore, the choice of frame
doesn’t change their value but only the place where they appear in the constitutive
relations.

For any order in the derivative expansion, the number of non-vanishing trans-
port coefficients is not as large as the number of independent tensor structures that
one can write down consistent with Lorentz symmetry. Therefore, further physical
conditions are necessary. In particular, a local form of the second law of thermo-
dynamics helps reducing the number of independent vector structures by one. For
a thermal equilibrium state with constant velocity, the entropy current is S# = su#
and satisfies (2.13) at zeroth order. However, this entropy current should also have
gradient corrections that are functions of the hydrodynamic variables and vanish in
equilibrium, giving as a result a local version of the second law of thermodynamics

95" > 0.

This entropy current is not uniquely defined, but the positivity of entropy produc-
tion constraints the transport coefficients.
We can use the thermodynamic relation Ts = p + € — pp in its covariant form,

TSV — puy — Tﬂvuv — y]y ,

to get a form for the entropy current in terms of the coefficients we have been dis-
cussing
1 H Ly K
St=ls+=(E—€)—=(Q—p)| u'+ =g" — =v#,

roE—e)-K@-p|uw+ g -1
which is quite easily proved to be frame invariant. It is not surprising now that
frames with £ = €, Q = p and either v or g* equal to zero are especially convenient,
since this expression simplifies a lot.
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2.2.3 Anomalous hydrodynamics

We have already covered some generalities about relativistic hydrodynamics but we
have not yet said anything about how hydrodynamics and chiral anomalies com-
bine to give anomalous transport phenomena, like the well-known chiral magnetic
and chiral vortical effects. These contributions have not been considered in the pre-
vious section because we were assuming we were working with a vector current
in a parity symmetric theory. However, terms proportional to the vorticity and the
magnetic field are not only possible but required for a parity-breaking theory, and
are of the same order of dissipative terms.

One could for example focus on a four-dimensional fermion theory that suffers
from a gauge anomaly and a mixed gauge-gravitational anomaly. This would in
general mean anomalous terms that depend on the connections would arise in the
conservation equations of hydrodynamics

' =Pa(AT), 3T =F"\+Qa(AT).

Please note that these expressions must be understood as vacuum expectation val-
ues in the presence of quantum contributions like the anomaly. In particular, we
are here considering the possibility that an anomaly given by P4 breaks gauge sym-
metry at the quantum level and an anomaly given by Q4 breaks diffeomorphisms.
Furthermore, we make use of the covariant form of the currents because they are
good observables, precisely due to their covariance.

For convenience, we consider an effective action for which diffeomorphisms are
conserved, i.e. Q4(A,T) vanishes. According to what we discussed in Section 2.1,
with only one external gauge field present the covariant anomaly for the chiral cur-
rent reads

0]l = —xe"P7Fy Foy — AP Tr (RywRoo) -

However, the last term must be dropped in first-order hydrodynamics because it
involves two more derivatives than the rest of the contribution, amounting in total
to four derivatives.

At this point, one could postulate the possibility that terms proportional to the
vorticity and the magnetic field appear in the constitutive relations, as part of g# and
v#. In particular, if we consider the energy current J&' = T#g, then

]VZO'BBV+O'VaJH+...,
P =Bt + Eywh + ...

The magnetic field and the vorticity, given respectively by
K 1 wvpo
B - §€ uy.Fpg' 7
- 1o, o
wh = —5eu,dpuig,
involve one derivative, so they appear at the same order as viscous and dissipative

terms. There could also be an Ohmic contribution in the constitutive relations, pro-
portional to E¥ = FFu, and thus also first order in derivatives. However, it does
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not have an anomalous origin so we do not consider it here.

The transport coefficients associated to the magnetic field and the vorticity are
even under time reversal. This can be seen from the fact that charge and energy
currents, magnetic field and vorticity are all odd under time reversal. As a result,
these transport phenomena do not contribute to the entropy production and are
dissipationless. We will come back to this in the next section about linear response
theory.

The specific values of the coefficients o3, and ¢, depend on the frame choice.
In this work we compute the one-point functions in the laboratory frame. However,
it was shown by [130] for the Landau frame that most of the unknown coefficients
above are uniquely fixed by demanding consistency of the hydrodynamic expan-
sion in terms of the chiral anomaly coefficient x. In particular, they could calculate
those coefficients by imposing the satisfaction of the local form of the second law
of thermodynamics. The anomaly produces a new contribution to the divergence
of the entropy current of the form —C%E - B that could have either sign. This is
not the right behavior, since the entropy current must grow. Therefore, they include
terms proportional to the vorticity and the magnetic field in all the possible vectorial
degrees of freedom and use them to prevent the divergence of the entropy current
from a negative value.

For our choice of frame [116, 132], the coefficients read

16
op = —8ku, oy =20p = — (81{;12 +’yT2) , Cy=— (?K,‘u‘3 +2pt’yT2> ;

The undetermined coefficient y was linked in [107] to the mixed gauge gravitational
anomaly for massless fermions
v = 6471\

Therefore, terms including only dependence on y are coming from the chiral
anomaly, while the ones containing T? are coming from the gravitational anomaly.
All the results have also been confirmed at strong coupling through holographic
methods [119, 17, 49, 124, 155, 108, 79, 91, 67, 89, 133]. The universality of the con-
tributions from the gravitational anomaly in the hydrodynamic expansion is some-
what surprising, since the gravitational anomaly itself only enters at third order in
derivatives. In fact, strictly speaking the mixed anomaly is not part of the conserva-
tion equation of the current in first-order hydrodynamics, as we discussed above.

An interesting feature of these transport phenomena is that they are related to
the anomalies through the anomaly coefficient. Therefore, they do not require the
anomaly to be switched on. For the mixed anomaly this might seem obvious, be-
cause we are seeing that the anomaly itself is of higher order in derivatives and it
still has a contribution, but it is also true for pure gauge anomalies. In particular, the
appearance of the coefficients proportional to x does not require the appearance of
parallel electric and magnetic fields simultaneously. As long as the anomaly coetffi-
cients are nonzero, there is anomalous transport.
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2.3 Linear response theory

A systematic way of monitoring how a system reacts to changes in its environment
has to be found in order to study transport phenomena. The tool we have at hand
for this purpose is called linear response theory and we introduce in this section
some of the basic ingredients that define it.

The modeling of the outside influence is different for classical and quantum sys-
tems. In classical contexts, the changes in the outside are described by forces that
are defined as those terms in the equations of motion that are not dynamical and
we can know at all times. In principle, these equations of motion do not need to be
derived from a Hamiltonian and they can include friction.

However, in quantum mechanical cases, like the ones we are interested in, the
outside influence is described by a new term in the Hamiltonian

6H(t) = ¢i(t) Oi(t), (2.14)

where there is an implicit sum in the index i. The analogous part to the force here
is the source ¢;, which we can tune as we please, and linear response theory allows
us to model how the changes in this quantity alter the different observables O;. For
simplicity we will make all the discussion of linear response theory in the context
of quantum mechanics and only in the end we will turn to quantum field theory to
make the connection with the rest of the work.

If we wanted to know in general how the observables change under the influence
of the sources, we would have to solve the full theory. However, we can simplify
the problem by assuming that the changes in the source are small and therefore the
variation on the one point functions of the observables is linear

8(0(1) = [ dt iyt )py(¢) (215)

Rigorously, this has to be understood as the leading term from a Volterra series in
small ¢;. This equation serves as the definition of the response function x;;(t,t').

From now on, we will mostly work in frequency space, so let us include for
completeness the definition of the Fourier transform

400 ot +o0 da) it
flw)= [ detf), flo= [ e plw). 216)
If we assume that the response function is invariant under time translations, i.e.
only depends on time intervals and not time itself (x;i(t,t') = x;;(t —t')), it can be
seen that the response gives

5(0i(w)) = xij(w)¢j(w),

which means that different frequencies do not mix. This feature would be spoiled
if we also considered higher order corrections beyond linear regime. However, in
this section we restrict ourselves to the study of linear response functions that are
invariant under time translations, and we will use the notation x(t) = x(¢,0).
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Let us consider for simplicity that there is only one source in the perturbation of
the Hamiltonian. As a result, we can drop all indexes and it is easier to analyze the
mathematical properties of the response function, which can unveil in some cases
very interesting physical properties too. For example, if the source is real and the
associated observable is a Hermitian operator, i.e. it has real eigenvalues, then we
know from (2.15) that x(¢) must be real too. Furthermore, due to the properties of
the Fourier transform, this means that

x(-w) =x"(w). (2.17)

Another interesting property is that the real and imaginary parts of the response
function contain different physical information. They can be computed as

Rex(w) = 5 (x(w) + x"(w)) = 5 (x(w) + x(-w)) ,

1
>
(@) ~ X" (@) = 5 (x(@) ~ x(~@)) ,

NI DN -

iImy (w) =

where we have used (2.17) to get to the last expressions. If we manipulate them

Rex(w) = 5 [ dt (6<x(t) + (1)) = 5 [ dte (x(6) + x(~1))
iTmy () = % [t (et — (o)) = % [ et (e(t) = x(=1) .

the first thing that becomes evident with these expressions is that the real part is an
even function in w and the imaginary part is odd. In addition, the imaginary part
treats differently the real space response function depending on the sign of time.
Therefore, it is not invariant under time reversal and it must contain information
about dissipative processes. On the contrary, the real part is time reversal invariant.
This is the reason why the real and imaginary part sometimes receive the name of
reactive and dissipative, or absorptive, part, respectively. Please notice that we dis-
cussed above on the nondissipative nature of anomalous transport from the fact that
the transport coefficients were even under time reversal. They would thus appear
on the real part.

In this context of linear response theory, causality reduces to the vanishing of the
response function x(t) for negative times. This condition has interesting implica-
tions for the response function in frequency space. If we consider the definition of
the inverse transform from (2.16), it becomes evident that all the frequencies have a
contribution for each value of time t. In order to perform the integral of the inverse
transform, we can analytically continue it to the complex plane and the integration
can be done by closing the contour with a semicircle of infinite radius in the upper
half-plane. The choice of the upper half-plane stems from the fact that the result
must vanish for negative time:

| 1|1m efi(|w\ei9)(f\t\) _ | 1|1m e—sin9|w||t|+icos(9|w\|t| —0, for6 ¢ (O, 7.[).
w|—oo w|—0

As a result, we can infer using Cauchy’s residue theorem that the response function
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is analytic in the upper half-plane, and this property originally stems from imposing
causality.

There are further relations between the real and imaginary part of the response
function, which can be obtained from these properties and some basic complex anal-
ysis. We will skip the derivation here, though. They are called Kramers-Kronig
relations and they read

Foo dw Imy(
Rex(w P/ T oW — w) !

+o dw' —Re
fmp(w P/ T w’)E w 2) ’

where P stands for the principal value. There is another version of the relations
that shows how the dissipative part contains all the information about the response

function o g Tl
. ®dw Imy(w
X(w)_/—oo T w—w—ie’

Let us now go back to the perturbed Hamiltonian (2.14). The full Hamiltonian
reads
H = Hy+ JéH.

We want to treat the problem in the interaction picture. Thus, we need to define a
unitary time evolution operator

. ot I 44/
U(t to) = Te_szo SH(t')dt )

which will satisfy by construction Schrodinger’s equation with the associated
Hamiltonian. This operator will give the time evolution of the states

[W(t))r = U(t, to)|(to))1,

and of the density matrix

pi(t) = Ut to)pr(to)U (1 to) (2.18)

if the states are described by it. We are implicitly assuming in all this discussion that
ty — —oo and the interaction was not switched on at that time. From now on, we
will drop the subscript I denoting we are in the interaction picture .

Using (2.18), we express the one-point function of any operator as

(04(1) = Tr (p())Oi(1)) = Tr (p(to) U~ (£, t0) Oi( Ut o) ) -
It can be expanded perturbatively in small source
() =Te (plto) (41 +

= (O0;()) + z/t: dt' ([0H(t'), Oi(t)])g + -,

tdt’ [6H(t'), Oi(t)] + .. ) ) ,

fo
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where the notation (...)p means an equilibrium average with the unperturbed
Hamiltonian Hy. If we now drop the higher terms in the ellipsis and we extend
the integration from t to 4-co with the use of a Heaviside function, we can compare
this equation to (2.15) and obtain the response function in a quantum theory

xij(t —t') = —i0(t — ') ([Oi(1), O;(t)]), -

This result is known as the Kubo formula [100]. The computation of the response
thus reduces to the computation of this correlator.

2.3.1 Transport coefficients revisited

Once we have introduced the Kubo formalism, our aim is to use linear response
theory to compute transport properties in quantum field theory, so we generalize
all the quantities to not only depend on time but also on space. The generalization
is sort of trivial, changing the arguments ¢ by x = (t,¥) and w by k = (w, k) except
for the step function in the Kubo formula. One can easily recognize that all the
correlators now turn into Green'’s functions, as it is usual for quantum field theory,
and, in particular, the one in the Kubo formula is a retarded Green’s function.

Let us now consider a free theory of a boson (or a fermion) that couples to a
external gauge field

O0H = A, J".

This will help us show how to compute transport coefficients in a simple setup.
Applying the Kubo formula, we could monitor the changes in the current due to
variations of the source as

sy =i | :’° POt — ) ([T (), ] ()] )y Av(x')

Rewriting this expression analogously to (2.15) and Fourier transforming it, we ob-
tain

0 = N = [t [T b (- x) A, ()

[e0]

+o0 400 . , .y
_ / d4x/ d4xlezk~(xfx )va(x _ x/)ezk~x Av(x’)
=Xuv(k)Ay(k), (2.19)

where we introduce the notation k - x = wt — k - ¥ and the dependence in k simply
means that it is a function of (w, k). We are now ready to apply the Kubo formalism
to a particular example.

The natural first choice is the response to an electric field, the well-known Ohm’s
law. In the gauge in which Ay = 0, which simplifies this computation greatly, the
electric field is defined in real and momentum space as

Ei(x) = —0tAi(x), Ei(k) = iwA;(k).
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We can suppose the transport coefficient associated to Ohm’s law is a generic con-
ductivity 0;;(k) and the current then reads

(Ji(k)) = 0ij(k)Ej(k) .

If we now substitute this in (2.19) and express everything in terms of A;(k), we find

(Ji(k)) = aij(k)icwAj(k) = (Ji(k))o + xij(k) A;j (k) .

Finally, we can obtain an expression of the transport coefficient by functional varia-
tion with respect to the source

1 d*k /oK)
0ij(k) = iw <Xi]'(k) +/ (27)4 <(5Aj(k) >0> '

The second contribution is sometimes called contact term. We have introduced the
integrals to drop the Dirac deltas that arise because of functional differentiation. If
we wanted the DC limit, it would be safe to take k = 0 in this expression and then
carefully take the limit of w going to zero. In other cases in which the momentum
appeared explicitly, like responses to the magnetic field, we would instead have to
take the limit for k — 0.

At this point one might be tempted to think that the functional derivative with
respect to the sources could insert new currents in the correlators. However, these
expectation values are computed using the unperturbed Hamiltonian Hy. Therefore,
the sources are not present, and no current is inserted. Nevertheless, the expressions
of the currents can in principle depend on the sources and that is precisely why
contact terms like (50 /d¢)( can sometimes survive.

The expressions of the currents are in some cases more complicated than in this
version of the Ohm’s law. Imagine, for example, relativistic hydrodynamics [98]. We
know how to couple the conserved currents: the energy-momentum tensor couples
to the metric g,,y, which we take as a perturbation around flat space g,y = 7,0 + Iy,
and the current couples to the gauge field A,. We can therefore relate the different
transport coefficients to combinations of correlators of these currents by taking per-
turbations around a certain background an expressing the hydrodynamic variables
in terms of the external sources hVV and A u- Froma hand waving argument, the con-
served currents [# and T"" are inserted in the correlators by variations with respect
to A, and hy,, respectively.

However, we have seen above there is an ambiguity in the choice of frame in
relativistic hydrodynamics, which means there is not only one form for the trans-
port coefficients. In particular, the different definitions of the transport coefficients
amount to different combinations of the components of the response function. How-
ever, the physics of the system must be the same independently of the description
and the result should not depend on the choice of the velocity field. Indeed, the
arbitrariness of the flow velocity translates into the possibility to always express
the transport coefficients independently of correlators of the velocity. The latter can
always be eliminated, and the transport coefficients are expressed in terms of the
correlators of the conserved currents only, as discussed in [6].
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Regarding linear response computations, there is a simple way of reinterpreting
the dependence on the velocity [107]. We can always go to the rest frame of the
fluid, which is defined by u* = (1,0,0,0), at the expense of the appearance of a
gravitomagnetic potential hyp; = (Ag); due to the boost. This gives u, = (1, Ag)
and allows us to write the local fluid velocity as 7 = Ag. Thus, thanks to this trick
all the dependence on the velocity at the constitutive relations can be recasted as
dependence on the metric, which does have a conserved current associated to it. As
a result, we can easily find the components of the response functions that give the
transport coefficients in relativistic hydrodynamics.

Before finishing the section about linear response, we include for completeness
the application of the Kubo formalism to the computation of some of the anomalous
transport coefficients in the laboratory frame. We will focus on the chiral magnetic
and chiral vortical effects on the U(1) current. The constitutive relation for the elec-
tromagnetic current reads

(J'(x)) = ape™d;Ax(x) + oveaoe(x)

where the first transport coefficient op is the one associated to the chiral magnetic
effect and oy is related to the chiral vortical effect. We first substitute the velocity by
the gravitomagnetic field and Fourier transform this expression

(J'(k)) = oneikj Ax (k) + ove'kikjho(k) .

Please note that the only sources that we need to consider are Ay and hg;. Using
now the Fourier transformed definition of the response function we find another
expression for the current

<]i(k)> = <]i(k)>o + xij(k)Aj(k) + xioihoj (k) ,
where
xijll) = =i [ axe () ([1'), FO)]),
ey — i A ikex i 0j
xioi(k) = =i [ aixe () {[J1(x), TU0)]) -
Equating both expressions we get a relationship among the transport coefficients,
response functions and the equilibrium expectation value of the current. In the con-
text of the chiral anomaly, the current |’ is the usual fermion current, so variations of
the current with respect to the sources will give no contribution. Therefore, we can

safely obtain the transport coefficients taking functional derivatives with respect to
the sources. The final result for constant magnetic field and vorticity gives

o = —ilim e’ Xij(O/ k)
k=0 2kl
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With these equations we conclude the review of linear response theory. We will be
able to apply it to strong coupling dynamics when we find a way to compute the
Green’s functions in the context of AdS/CFT. We now move on to cover the basic
aspects of the correspondence.

2.4 Holography

More than forty years ago, several authors established what got to be known as
black hole thermodynamics [30]. Different quantities associated to black holes
could be reinterpreted as thermodynamic variables and satisfy the same equations.
Among the different new thermodynamic relations that were proposed, one stood
as particularly intriguing: the area of the horizon played the role of entropy for the
black hole. It was first proposed by Bekenstein, as a proportionality relation. How-
ever, Hawking managed to fix the expression to

G kpA
BH 4:6%,

in its seminal work about the thermal radiation emitted by black holes that now
receives his name [74]. In that paper, one of the major puzzles in modern theoretical
physics was also first encountered, the so-called information paradox, which is an
extremely interesting topic that would require a whole new thesis by itself. The
result of the Bekenstein-Hawking entropy got a solid confirmation when a string
theoretical computation gave the right result for a class of five-dimensional extremal
black holes [136]. The result was then reproduced with similar techniques for many
other classes of black holes, but such a computation for the Schwarzschild black hole
is still missing.

The Bekenstein-Hawking entropy is especially striking because it seems to indi-
cate that all the information about the 3-dimensional black hole is actually stored in
its 2-dimensional horizon. It also saturates the Bekenstein bound, which was pro-
posed few years later [23] and establishes a maximum of entropy that can be stored
in a finite region of space with a finite amount of energy.

This lead to the proposal of the holographic principle as a property of string the-
ory and, supposedly, any theory of quantum gravity. According to the principle, the
information about any region would be encoded on its lower-dimensional bound-
ary. It was first proposed by 't Hooft [76] and further developed by Susskind in
the context of string theory [137], although Charles Thorn had been holding similar
ideas for some time [140].

The most prolific realization of the holographic principle so far has been the
AdS/CFT correspondence. Its successes are so abundant and profound that it has
somehow convinced the high energy physics community that the holographic prin-
ciple is a property to be expected from any theory of quantum gravity. In what
remains of this chapter we will try to cover all the basic necessary aspects of it.
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2.4.1 Brief review of the AdS/CFT duality

The AdS/CFT conjecture states that conformally invariant theories in d dimensions
are equivalent in the large N limit to supergravity on d + 1 dimensional AdS space
times a compact manifold. In those cases in which the compact manifold is a sphere,
the dual theory is maximally supersymmetric.

The paradigmatic example is that of 4-dimensional N/ = 4 super Yang-Mills
theory, which is dual to Type IIB superstring theory in AdSsxSs. This example was
already studied in detail in the original paper of the duality [114]. In fact, one can
make an intuitive early check of the duality by matching the symmetries of both
theories. First of all, the isometry group of AdSs is SO(4,2), which becomes evident
if we express AdS as an embedded hyperboloid

X245+ a3 — x5 — % = —a?
in R*?, whose metric is ds?> = dx? + dx3 + dx3 — dx3 — dx*|. Regarding Ss,

the isometry group is SO(6). Therefore, as a result, the total isometry group is
SO(4,2) x SO(6) on the gravity side. Appropriately, for the CFT the SO(4,2) com-
ponent comes from the conformal group, and the SO(6) is the internal R-symmetry
relating the six scalar fields and four fermions, thus matching the isometry group
of the gravitational theory. Moreover, though it is not as simple to show, there is a
further matching between the 32 supersymmetries of both sides.

It is also instructive to check how the free parameters of both theories relate to
each other. On the gravity side, the relevant dimensionless parameters are the string
coupling g5 and the curvature scale in units of the string length L/I;. There exists
a relation to the gauge coupling gy and the rank of the gauge group N from the
CFT, that can be better understood in terms of the 't Hooft coupling A = ¢%,,N. Itis
given by

L4
E X /\, (2.20)
A
—. 2.21
8s X N ( )

We must remark that, though most of the community nowadays expects the duality
to hold for the whole range of parameters, the limit in which it was found, and the
one which we will be using in our work, is that of large A and even larger N. On one
hand, A > 1 guarantees that L is large in string units and, therefore, there are no
stringy corrections to the geometry. On the other hand, N > A > 1 makes the string
coupling small and, therefore, the quantum corrections become irrelevant. Further-
more, in this limit it becomes manifest that the AdS/CFT duality is a strong/weak
coupling duality: it allows us to study gauge theories at strong coupling via weakly
coupled gravity theories.

Some more examples of theories that satisfied the duality were already given in
the original paper by Maldacena. Moreover, since the conformal field theory is ob-
tained as the projection at infinity of the bulk gravitational physics, one could obtain
more general nonconformal field theories by modifying the boundary conditions
from those of AdS. This suggested the existence of a more general gauge/gravity
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duality and somehow anticipated one of the nicest features of the duality. Holog-
raphy establishes an equivalence between the holographic direction and an energy
scale, thus geometrizing the renormalization group flow in a very natural way. The
boundary of AdS would correspond in this picture to the UV of the gauge theory
and, consequently, the AdS asymptotics (with its SO(4,2) isometry group) would be
associated to an ultraviolet fixed point from which the renormalization group would
flow. In Chapter 3 we explore this idea of holographic renormalization group in the
context of anomalous transport.

The full computational power of the AdS/CFT duality was uncovered when a
prescription to compute correlators of the CFT was finally proposed [153, 64]. One
tirst establishes the equivalence between the partition functions of each side. In fact,
in the weak coupling limit in which gravity becomes classical, the partition function
of the bulk is essentially the exponential of the on-shell action. In this matching of
partition functions, the one associated to the gravity side can be seen as a function
of the boundary conditions, much in the same way it is a function of the sources of
each operator for the field theory

Zgravity [$ = Plaaas] = <e_f¢O>CFT /
where we denote the bulk fields by ® and their boundary values by ¢, to clearly
make the connection to the sources of (2.14). The different correlators can be ob-
tained by functional differentiation with respect to the sources and they will then
be interpreted as propagation in the bulk of the associated fields with appropriate
boundary conditions fixed by the sources. Furthermore, this gives an interpretation
to the form of the bulk fields near the boundary.

The boundary of AdS is a regular singular point. This means that it appears as
singular in a very particular way at the level of the equations of motion for the bulk,
but it has regular asymptotic solutions. Those series solutions around the boundary,
obtained using Frobenius method, possess only two independent modes. Therefore,
a generic field ® can be approximated as

O=r2(p+..)+r 2 (p+...).

The exponents A are different depending on the particular field, but we can go
back to the equivalence of the partition functions to interpret the different quantities
in this asymptotic expansion. In particular, it can be shown that ¢ plays the role of
the source, ¢ is proportional to the expectation value of the operator and A is its
conformal dimension.

The bulk field corresponding to a certain inserted operator is found using sym-
metries, since both objects should have the same Lorentz structure and quantum
numbers. For example, we can go back to the examples relating linear response
theory with anomalous hydrodynamics. External gauge fields are source for cur-
rents associated to global symmetries, and they can be seen as the boundary values
of dynamical gauge fields in the bulk. Similarly, the projection on the boundary of
bulk gravitons is the source for the energy-momentum tensor. Moreover, all this
construction can be generalized to cases with multiple operators sourced simulta-
neously and the mixing of the operators translates to interactions between the fields
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in the bulk.

So far we have discussed the part of the holographic dictionary that refers to op-
erators, but we have not commented on the states. The two simplest cases are pure
AdS, which corresponds to the vacuum of field theory, and an AdS black hole, which
is dual to a thermal state. The temperature of the thermal state can be obtained as
the Hawking temperature of the black hole and, if there were chemical potentials
present, they are computed as the difference in the zero-component of the gauge
field between the boundary and the horizon. This computational definition can be
better understood if we interpret the chemical potential as the potential that must
be overcome to bring a charge from the boundary to the horizon.

In this discussion of the holographic dictionary we have decided not to include
many details or mathematical expressions for the sake of brevity. While the duality
is the central technique in all of our projects, our true aim is to understand anoma-
lous transport phenomena. Thus, we are not really interested on the correspondence
itself. However, we perform many holographic computations in the rest of the chap-
ters, so the practical workings of the duality will still become explicit below. If the
reader is interested on finding more details on the theoretical aspects of the duality,
she could find them in the plethora of available reviews and books [3, 7, 80, 118].

The gauge/gravity duality has proved itself as a technique of invaluable com-
putational power in contexts where there was no other available tool. In particular,
it allows to study the perturbatively inaccessible field theory regime of strong cou-
pling through simpler gravitational computations. Thus, it has somehow brought
the long-waited expectation of comparing string theory to experiments. As a conse-
quence, it has been extensively applied to contexts as varied as QCD [31], hydrody-
namics [81] or condensed matter physics [156]. In those cases in which it was possi-
ble to perform the computations at both sides of the correspondence, the agreement
has been perfect. Another of the reasons why application of holography have been
so popular is that out of equilibrium physics, which are usually difficult to study,
are very simply implemented thanks to the duality, as it will become manifest in
Chapter 6: they reduce to time dependence on the gravity side.

There has been some criticism along the years on the extensive applications of
holography. Some of the most prominent arguments against them, and the duality
in general, are that the correspondence is still a conjecture and not a theorem, that
it could not describe the universe because we observe the universe to be dS and not
AdS, that super Yang-Mills is not really QCD or even that the nonsupersymmetric
bottom-up models usually used in applications to condensed matter theory pos-
sessed unstable vacuum solutions [120]. In our projects however our approach has
been to assume the duality to be true and perform computations in general relativity
in order to gain intuition about general features of the anomaly induced transport
phenomena in strong coupling regimes. Furthermore, although we used nonsuper-
symmetric models in all of our projects, we expect all the presented computations
to be reproducible in supersymmetric theories.
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2.4.2 Anomalies in holography

Chiral anomalies are included in holography through the addition of Chern-Simons
terms to the action [49, 17], like

S— S+ /ddﬂxw/—glcs [A,F,T,R].

This must be understood in the context of the anomaly inflow picture, where these
Chern-Simons terms, that are local terms in the bulk, play the role of the nonlocal
effective action of the dual field thoery. However, what is somehow peculiar in
the context of AdS/CFT is that we will be performing all the computations in the
bulk and, therefore, those Chern-Simons terms have a contribution in the relevant
equations of motion.

All the anomalies in holography are 't Hooft anomalies, as they are associated
to global symmetries of the dual field theory. Otherwise, they would have to be
canceled for the theory to be consistent. However, it is important to note that they
are associated to bulk gauge symmetries and the associated fields are true gauge
tields.

We will consider in the following a very rich structure of anomaly effective ac-
tions. In general, the possible abelian chiral anomalies in five-dimensional holo-
graphic theories can be characterized as: U(1) x U(1)? anomalies, like the Adler-
Bell-Jackiw anomaly from (2.5); U(1)® anomalies, which would be the global ver-
sion of the gauge anomaly from (2.6); and mixed gauge-gravitational anomalies,
like the one from (2.9). We now comment on the second and third types, because
they illustrate all the interesting aspects.

In a four-dimensional field theory, the bulk Chern-Simons action that gives rise
to a pure U(1)? anomaly and a mixed gauge-gravitational anomaly reads

Ics = eMPIT A, (g FyoFrr + ATt (RVPRW)) , (2.22)

where F,, is the field-strength of A, and Ry, is Riemann’s tensor expressed as a 2-
form. We have implicitly introduced a notation we will use in the rest of this thesis:
boldface is used when referring to forms whose internal indexes are dropped.
The dynamics are not affected by the addition of a total derivative to the action.
In particular, we can use this freedom to move the anomaly from one sector to an-
other. We explicitly work it out for the mixed anomaly, since we will later use the
form of the anomaly for which diffeomorphisms are anomalous. The total deriva-
tive is
—4AV, <€llvp(7TAyTr <l"pagl"T + %FPFUFT)) . (2.23)

If we add it to (2.22), it gives

2
I/CS - geyvpaTAvapPO’T + ZAeyV‘DUTPvar (rpang + grprng)
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or in terms of the curvatures
1
Iés — geyvpgTAﬂprFO'T -I_ /\eyV‘DO—TFI/“/Tr (FPRUT - gr‘orgrqj> . (2.24)

This has no effect on the bulk dynamics but it modifies the definition of the current
operators. While the physical content of them is the same in both descriptions, their
interpretation is slightly different in the two cases.

In holography the notion of consistent and covariant currents is very transpar-
ent, and completely analogous to quantum field theory. Chapter 3 is devoted to
understand the different definitions of the currents and their use in the context of
the holographic renormalization group flow to simplify the computations. Thus, we
will not include much detail here, but let us briefly comment on them for the sake
of completeness of this introductory chapter. The consistent current in holography
is the one that is obtained by projecting at the boundary the variation of the on-shell
action with respect to the associated gauge field. The covariant current, on the other
hand, is always obtained from the consistent current as the result of subtracting the
gauge variation of the consistent current from itself. In general, the redefinitions of
the current can be done through the use of counterterms, like the total derivative
in (2.23). In fact, this particular one is the extension to holography of a Bardeen
counterterm that moves the anomaly from the gauge sector to the diffeomorphism
sector.

We conclude the theoretical introduction with this brief review of anomalies in
holography. It is now time to move on to the original content of this thesis.
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Chapter 3

Holograhic renormalization group
approach to anomalous transport

Holographic renormalization group (RG) flows are better understood with the help
of radially conserved quantities. Since the radial coordinate is dual to an energy
scale, those quantities do not get renormalized. Finding them will allow us to find
exact relations between their values at different points along the holographic direc-
tion.

We are interested in field theories whose global symmetries are anomalous. This
means that their associated bulk gauge invariance will be broken by Chern-Simons
terms. However, one could still play with the definition of the currents in order to
find quantities with suitable conservation laws. We will introduce then what we
call membrane currents, that possess a nice behavior with respect to the RG. Their
conservation laws can then be used to characterize the anomalous transport in terms
of the currents at the horizon.

In this project we make a special emphasis on gravitational anomalies. They
arise due to Chern-Simons terms that are higher order in derivatives and, conse-
quently, the whole construction of the currents becomes more intricate. However,
it can be performed successfully and it helps us better understand the anomalous
gravitational transport coefficients.

The chapter is based on [36]. It is organized as follows: in Section 3.1 we put
our work in context and motivate it; in Section 3.2 we review the construction of the
membrane currents and the Wald procedure, and we then apply it to a nonanoma-
lous preliminary example; in Section 3.3 we use the constraint equations of the bulk
theory to propose a definition of membrane currents and we compute the radially
conserved fluxes for anomalous theories; in Section 3.4, we extract the anomalous
transport coefficients from the radially conserved quantities, and, finally, in Section
3.5 we sum up the chapter and include some concluding remarks.

Let us make some comments about notation and conventions before moving on
to the actual content of the chapter. Since we will be treating the radial AdS coor-
dinate separately because of its role as an energy scale, we need to perform a d + 1
decomposition using the ADM formalism [11]. As reviewed for example in [121],
this simplifies if we use the Fefferman-Graham gauge for the bulk metric

ds? = di® + yupdx®dx?, (3.1)
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where the asymptotic AdS expansion reads

Y= Fy) AV e T 4
I . . (0)
n this expression v, i
CFT.

The spacetime is subsequently foliated with surfaces X of constant # and it thus
makes the renormalization group interpretation very transparent. This gauge fixing
can only be consistently imposed near the boundary and it might produce artifi-
cial singularities near the horizon, so we will switch to a slightly different coordi-
nate system in that region. The new radial coordinate R will be implicitly defined
through asymptotics in Section 3.4. At some points the ADM decomposition of
some of the quantities might not be explicit, but all the results can be recovered by
the use of identities —sz = K, and FZA — Kb, where K,;, stands for the extrinsic

;
curvature on those hypersurfaces . and is given in Fefferman-Graham coordinates

by Kap = %a?’)/ab'

We use Greek indexes like u and v to denote bulk tensors, while tensors on the
boundary X are denoted with Latin letters a, b, etc. When confusion may arise,
quantities intrinsic to & are denoted by hatted names, like R,,.s. This choice of
indexes is also used in the rest of the thesis. The bulk covariant derivatives are
denoted by V, and the membrane covariant derivatives by D,. In much of the
formal discussion we employ an on-shell formalism. Then, we denote equality up
to equations of motion by the = symbol.

must be interpreted as the (curved) background metric of the

3.1 Motivation

During the last years there has been a renewed interest in the dynamics of gravi-
tational theories on null horizons. The first works date back to the early days of
the membrane paradigm, according to which the geometric fluctuations of the null
geometry can be seen as hydrodynamic modes through the projection of Einstein’s
equations [141]. However, in the context of holography this construction receives
a new interpretation because the radial coordinate of AdS spacetime can be inter-
preted as an energy scale for the dual theory [75, 50, 126]. The relationship can only
be established explicitly in some particular cases, but they suggest that fluctuations
of the horizon geometry could be related to the low energy physics of the dual field
theory.

This intriguing feature can only be studied quantitatively if a relation between
the one-point functions and the horizon data is known, which typically requires the
solution of the bulk dynamical equations. Even then, it is sometimes not straight-
forward to disentangle the contribution due to the horizon from the rest of the bulk.
However, in some special cases the relation can be established and the dual field
theory observables are fully expressed in terms of quantities evaluated at the hori-
zon. In [82], the authors considered homogeneous neutral backgrounds and were
able to show that some particular combinations of bulk fields were independent of
the radial coordinate in the low momenta zero frequency limit, which is also called
DC limit. This observation allowed them to compute general responses in that limit
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in terms of horizon fluctuations, showing perfect agreement with the usual results.
According to this technique, there was no necessity to know the dynamics of the rest
of the bulk.

Later works have been able to extend this mechanism to more general theories,
notably [43, 45, 46]. The most interesting result is the realization that the radially
conserved quantities are really the fluxes of certain currents through constant radial
coordinate hypersurfaces . The integration over the hypersurfaces in those fluxes
explains in a very natural way why the responses could only be computed through
this procedure at the DC limit. Besides this, these works were also able to show
that this reasoning applies to the U(1) current, but also to the dual heat current if
the spacetime was stationary, thus giving a prescription to compute responses in the
energy current.

Although the connection was pointed out later [111], the conserved fluxes are
closely related to the Komar charges of general relativity. They are rigorously de-
tined by the Wald procedure [148] and this method allows one to obtain a closed
(d — 1)-form k, that does not vanish on-shell, from the variation of the action under
gauge transformations or diffeomorphisms. The closure relation of this quantity im-
plies under certain conditions that its fluxes through the hypersurfaces ¥ introduced
above are conserved radially and those fluxes are related to the fluxes of the mem-
brane currents. In the last years, this link has been used to compute DC responses
in many gravitational theories.

As already said, holography has been used extensively to study transport phe-
nomena induced by anomalies [102]. Most work has been devoted to analyzing
the DC responses sourced by magnetic field and vorticity in four dimensional field
theories that possess an anomalous U(1) symmetry. Holography has been partic-
ularly useful linking part of the transport coefficients to the mixed gauge gravita-
tional anomaly [107]. As already discussed, this relation is surprising because the
gravitational contribution to the axial anomaly seems to appear at higher order in
derivatives, and therefore it would not be expected to contribute at leading order
in the hydrodynamic expansion. While the way this result arises in quantum field
theory is a little bit obscure, in holography it can be understood as coming from
a purely extrinsic term that appears when the five-dimensional action is projected
onto the four-dimensional spacetime where the dual theory lives.

This contribution from the gravitational anomaly has received further attention
in different contexts. Various arguments have been developed from the point of
view of effective field theory to fix the coefficients only from equilibrium considera-
tions [89, 88, 87]. In holography it has been seen it could arise as horizon fluctuations
in [33] and the relation to the dual one point function was given from the bulk equa-
tions of motion in [13]. Furthermore, it was recently showed by various authors [56,
55] that a part of this contribution can be explained through the matching of the
global gravitational anomalies.

In this work we connect the aforementioned two lines of research, i.e. holo-
graphic conserved charges and anomalous transport. In order to do so, we need
to extend the membrane paradigm to Chern-Simons theories, looking for quantities
that satisfy constraints formally equal to the usual field theory Ward identities, and
show that these match the conserved quantities given by the fluxes of the Komar
charges. The Wald construction becomes complicated for these theories because the
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Chern-Simons actions are noncovariant, but we make use of previous work from
[138, 29, 12].

Since there have been many similar works in the last years, let us conclude this
section with a discussion on how our work relates to the references in the literature:

e The general conservation equations for the U(1) currents were already derived
by [65, 60] by direct analysis of the equations of motion, which allowed them to
prove the universality of the U(1) transport. When compared to the work pre-
sented in this chapter, ours extends the discussion to energy fluctuations and
formalizes the connection between the conserved quantities and the anoma-
lous Wald construction. Such an use of the dynamical equations to relate the
value of the CFT currents with horizon fluctuations was previously hinted by
the work of [13].

e The connection between the conserved fluxes of [43] and the Wald construction
is not new. However, to our knowledge it was formalized recently [111], while
the work this chapter is based on was being completed. Its application to
the anomalous theories had yet to appear. We formalize such extension and
identify the conserved fluxes as the suitably defined membrane currents of the
theory.

e The constraint equations were already analyzed in the near horizon region in
[33]. However, an explicit link to the membrane currents was missing.

3.2 Membrane currents and conserved charges

3.2.1 Membrane currents

We start giving a procedure to obtain membrane U(1) currents and a membrane
stress tensor. We can define them as fields living on a spacelike hypersurface which
are asked to satisfy relations formally equal to the usual field theory Ward identi-
ties. We can resort to the usual constraint equations of the bulk theory to find them
as projections of bulk fields onto the hypersurfaces. In principle, they might need
to undergo holographic renormalization to avoid singularities. However, the coun-
terterms added do not change the form of the Ward identities or the DC transport
properties, so we will no further comment on them.

The constraint equations appear as components in the equations of motion, usu-
ally associated to the radial direction, so they are expected to hold all along the bulk.
However, they only possess a clear interpretation in the boundary, where they are
equivalent to the field theory’s Ward identities. We use this intuition to propose that
the constraint equations in other points of the foliation must be interpreted as Ward
identities in the effective theory description at low energies and exploit it for our
purposes.

Let us therefore introduce a hypersurface X of constant radial coordinate 7. We
consider a generic action containing a metric and a gauge field. Only later we will
introduce particular examples. If we want to obtain the constraints for an arbitrary
value of 7, we cut the radial integration of the action at the associated . The on-shell
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variation of the action evaluated at such a hypersurface reads

5Sy — /Z Al =7 <%t”b(5'yab+ ]”5Aa> , (3.2)
Where one can Write
2 68
= =%, 3.3
Vb 5')’1117 ( )
55
L (3.4)

T /7oA.

It becomes evident from (3.2) that if one takes X to be the boundary, one recovers the
usual definitions of the energy-momentum tensor and the gauge current according
to the holographic dictionary.

The constraints are then found by considering the gauge and diffeomorphism
variation in (3.2), and they read

D,J* =0,
Dat™ — F**J, = 0.

We can see they are formally equal to the Ward identities for the U(1) current and
the stress tensor in standard field theory.

These membrane observables may be defined at every X, but they are in gen-
eral non trivially related between one surface and the other. Finding such a rela-
tion would still involve the solution of the dynamical equations. In terms of these
membrane currents, though, the equations of motion can be expressed as first order
partial differential equations.

3.2.2 Wald construction and conservation laws

Relating the full membrane currents between different membranes requires solving
the equations of motion, as we have just commented. We can however exploit some
symmetries to connect them partially. In particular, there are conserved charges that
can be used to relate the zero modes of these currents between different membranes.
They can be derived through the Wald construction as follows.

We first consider the variation of the bulk action

55y = / E6d + do (3.5)

with respect to the set of fields ®, which gives us the equations of motion E. The
result is only defined up to a total derivative. The d-form 6 on which it acts is called
the presymplectic form.

Now suppose that the variation is made with respect to a diffemorphism gen-
erated by ¢ and a gauge variation generated by «, such that 6 = 6z + J,. From
now on we include subscripts ¢ and « to denote which contributions arise for each
transformation. The variation of any form with respect to diffeomorphisms is given
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by
5§w = ﬁgw = igdw +d (igw) ’ (3.6)

where L; is the Lie derivative with respect to the generator ¢. The second identity
is known as Cartan formula and it is a quite remarkable result, because it relates
interior product, exterior derivative and Lie derivative.

We now go back at (3.5) and assume the action is covariant, that it has no anoma-
lies. Applying (3.6) to the Lagrangian L, the first term gives no contribution because
Lisad + 1 form and we can write

o¢L = digL. (3.7)
Using this, we can rewrite the variation of the action as an on-shell closure relation

d]é,tx =0

for the Noether current
Jeu = Qg,a — igL. (3.8)

This current has various ambiguities, as pointed out by Wald [148]. In particular, we
can add to it an exact form dk without spoiling its closedness

]C,a — ]Aér,a = 9§,a — Z'gL + dké"“ .

We can fix this ambiguity by demanding that it is zero on-shell
fC,oc = O 4

which can always be done because | is locally exact on-shell due to Poincaré’s
lemma. This vanishing of the Noether current implies also that k is closed on-shell
when the gauge transformations or diffemorphisms leave the background solution
invariant. This particular choice of k is called Komar form. We briefly review how it
can be done in the following.

Let us first consider pure gauge transformations. The transformation of the
gauge field is given by 6, A = dua, so a transformation that leaves the field invariant
will be defined by a constant a. For such transformations the presymplectic form
vanishes identically. This happens because all its contributions include one varia-
tion of the fields and it is therefore proportional to da. Then, plugging this in (3.8)
we get our desired closure relation

0=J,=dk,, fora = const.

The closed form k can be integrated on a (4 — 1)-dimensional hypersurface and one
recovers the Gauss law. However, in holography we can make a different use of
this quantity. If we integrate the Komar form on a d dimensional hypersurface X of
constant 7, this integral gives the flux of k, through >. Expressed in components,

these fluxes read
= / dix /=g (nk"P7) (3.9)
)

where k" is the Hodge dual of k., n* is a vector normal to £ and Pﬁ is an orthogonal
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projector onto . In the Fefferman-Graham gauge, they reduce to n = d; and P}} =
dy,- Due to the simplicity of this form, we will sometimes omit them for the sake of
clarity.

The closure relation in terms of the Hodge dual of k, reads ayklj” = 0. It allows
us to find an expression for the radial derivative of the fluxes

9,17 = /Z axdy (V=k)

where we have introduced the induced metric . In most cases, when the surface
terms go to zero sufficiently fast, the right-hand side vanishes giving rise to a radial
conservation equation for the fluxes. We will see below that the evaluation of that
integral requires some extra care when some DC modes are present. In the context
of holography this radial conservation can be interpreted as an RG equation for I°.
More on this will be commented below.

In the case of diffeomorphisms the natural generalization is to impose a Killing
condition on the set of bulk fields £Lz® = 0, which assures invariance under diffeo-
morphisms. This is slightly different from the trivial gauge transformations given
by constant a because it is not guaranteed that Killing equations are satisfied for
generic backgrounds. Thus, the construction of the diffeomorphism charge imposes
nontrivial restrictions on the possible solutions.

The presymplectic current is by construction proportional to the variation of the
tields, so it vanishes on-shell if there exists a Killing vector. The extra term in (3.8)
proportional to the Lagrangian can always be written as a total derivative as long as
L is covariant. Because of Poincaré’s lemma, (3.7) induces that locally

gL =dlz.
Then, one can define a new quantity ké = kg — (z which is a closed (d — 1)-form
0= Jg = dkz.
In a similar way to the gauge case, one can define a flux H? by integrating k’ on a d

dimensional surface
H — / d'x./—g (nﬂkéWP;l) . (3.10)
)

Analogously to I, we can express the radial derivative of the flux as
onH = [ dtxdy (V=)
b

Due to our application to systems in equilibrium, we must take our Killing vec-
tor associated to time translations, i.e. { = 9. Fortunately, this choice allows us to
apply the construction to the heat current and, subsequently, to the energy current.
Therefore, this result is usually presented as a spatial flux H'. For these components
the term proportional to the Lagrangian in the Noether current gives no contribu-
tion.

The holographic importance of this construction becomes apparent once the con-
served fluxes are written as functions of our previously defined membrane currents.
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We will now work out in detail the case of Einstein-Maxwell theory. This will allow
us to better understand the workings of the construction for simpler theories before
moving on to cases with anomalies.

3.2.3 Preliminary example: Einstein-Maxwell theory

Let us consider Einstein-Maxwell theory with cosmological constant in d + 1 space-
time dimensions. The action is given by

1 dtl, /—= Ty /g

where .
— [ g9 v/ —7vK .

is the Gibbons-Hawking counterterm, which assures a well defined variational
problem at a general Cauchy surface. The coupling G is Newton’s constant and
L represents the AdS length.

Using (3.3) and (3.4), we can obtain

1

= — (K”b 7“”1() , (3.12)
a oL a WY pa

] = Znyﬁpv = —Tl}lP Pl/ . (313)

which are the Brown-York tensor and the membrane current, respectively.

We can also recognize the presymplectic form from (3.5). For this theory and, in
general, for any action that depends on the gauge field only through the curvature,
the presymplectic form associated to gauge transformations is given by

oL
9[)( a—PdDC

whose Hodge dual reads
oL

B _
O = 257

oy .

The equations of motion read Vy% = 0. Therefore, we can easily exploit the

ambiguity in the definition of the Noether current in order to make it vanish on-
shell. If we add V, k%" to it, for

oL
K = —2 o
the Noether current finally gives
. oL
J = —2aV, =0.
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Let us now make the connection between the fluxes (3.9) for k%" and the current
(3.13). One can immediately see that both results match for « = 1. Therefore, the
radially conserved flux I” is, as noted by [44], just the flux of such currents

= —/dex\/—_'y]“.

By construction, it coincides with the flux of the dual CFT’s U(1) current when £
is equal to the boundary. The fact that it does not change along the holographic
direction means that we are able to obtain the dual theory’s result completely in
terms of the horizon data

Diffeomorphisms require a more involved computation. For theories depending
only on the curvatures R% W and F,, the presymplectic current is

oL
ST, +2—FA,.
vo aFl/ﬂ/ v

oL
o =2
T

For the Einstein-Maxwell theory, in particular, 6 is given by [83]

oL

Qg prmg 167_[Gg]/“/g‘00- (vP(Sg]/g' - VVégpg) + ZFW&AV .
Particularizing for diffeomorphisms, it becomes
oL = LVV (VVeh — vieY) -I—ZB—L (Vu(ApEP) + Fyplf) . (3.14)
4 167tG aFyv P b

The Noether current can be constructed by adding ¢¥L to this term. Then, to find the
Komar form we look for a total derivative that added to the Noether current makes
it vanish on-shell. A careful rewriting shows that the derivative of

Y = Lv[ﬂg‘/} + Anl” JL

= 1
¢ 4nG OF. (.15

reduces the Noether current to a linear combination of Einstein and Maxwell equa-
tions and one arrives to the spatial flux density

. 1 . ,
2nyk P = —o—=K"G, + AT,
where we have used that in Fefferman-Graham coordinates V& = —K%¢,, if &7 is

radially independent.
At this point we are ready to compute the conserved flux associated to diffeomor-
phisms (3.10). It coincides with one half of the flux of the membrane heat current

H — %/dex\/—_7<tib§b+ACCC]i> _ %/dex\/—_'yQi. (3.16)

On the conformal boundary, this result gives the dual theory’s heat current flux. The
factor of 1/2 could be absorbed in a redefinition of ¢.
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In this discussion we have in principle considered the Einstein-Maxwell La-
grangian. However, in our computations of the membrane currents and the presym-
plectic currents we have not assumed any particular dependence on the field-
strength F,,. On the contrary, we have assumed the gravitational dependence to
be that of the Einstein-Hilbert action. Therefore, strictly speaking, all the expres-
sions would remain valid if we performed the construction for other Lagrangians
which are functions of the curvature F,, and possibly to uncharged matter too.

The construction of the Komar charges would remain unchanged under the ad-
dition of counterterms to the action like the ones used for holographic renormaliza-
tion. This is a consequence of the on-shell nature of the construction. Furthermore,
this assures that, as long as the charges are finite on the horizon, their associated
one-point functions need no renormalization.

Another way of understanding it is that one can usually rearrange the equations
of motion in order to find divergence free currents that are equivalent to k*V, like it
was done for gauge transformations in the seminal work [82]. For diffeomorphisms,
finding these divergence free currents is usually more cumbersome. It always re-
quires considering Einstein’s equations dotted with the Killing field ¢ and using
various identities related to Lie derivatives, as in [43].

The construction for anomalous theories is slightly different. We now move on
to cover how it can be extended to such cases.

3.3 Extension to anomalous theories

In holography anomalies are introduced in a very natural way by adding to the ac-
tion Chern-Simons terms, as discussed in Section 2.4.2. Extra care is needed, though,
when dealing with gravitational contributions to the anomaly [128]. When the con-
straints of the gravitational side are ADM decomposed, it can be seen that they do
not match field theory’s Ward identities due to some extra terms containing the ex-
trinsic curvature. Fortunately, these terms do not survive once AdS asymptotics are
imposed.

However, there is no reason to suppress these extrinsic contributions away from
the conformal boundary. Furthermore, in this work we propose a way to inter-
pret the resulting Ward identities. Our approach is looking for a redefinition of the
membrane currents that allows us to obtain constraints for every constant radial
coordinate hypersurface that are formally equal to the usual field theory Ward iden-
tities. We exploit the freedom to choose the definition of the current operators in the
presence of anomalies and look for new currents that possess nice properties from
the point of view of the RG. The way to choose a particular definition is by adding
certain local counterterms in the boundary, but this does not affect the form of the
Komar charges. This suggest that there exists a certain “preferred choice” in the
definition of the currents from the point of view of the holographic RG.

Besides that, a theory that contains gravitational Chern-Simons terms does not
have in general a well defined variational problem due to the presence of higher
derivatives. This is of course extremely problematic for the construction of the space
of solutions. This point is usually overlooked in holography because the gravita-
tional anomaly coefficient A is subleading in the large N expansion and therefore
the variational problem may get corrected by other subleading terms. As far as we
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are concerned, understanding the stability of such solutions requires some more
work. Related issues have been studied in AdS/CFT in the context of topologically
massive gravity (TMG) [127]. In particular, [113] showed the presence of finite mo-
mentum instabilities for charged black-holes in five dimensions. In Appendix C of
[36] we comment on how these works on TMG can be linked to the modifications
of the membrane currents, but we will not include such discussion in this docu-
ment because it is a detour from our main purpose. Since imposing asymptotic AdS
boundary conditions from the beginning guarantees the stability of the solutions,
we will take such boundary conditions and not make further efforts to study the
definition of the Cauchy problem .

In the following we build on the construction from the previous section in or-
der to find the different currents and their relation to the Komar charges. We will
see that it is precisely the extrinsic terms that carry the relevant information regard-
ing anomalous transport. We mainly focus on four dimensional field theories but,
since the equations are known to follow a general structure, we will keep a general
notation, as in [12].

3.3.1 Equations of motion and presymplectic current

Let us consider a (d + 1)-dimensional gravitational theory of the form

1 d+1 2N\ d+1
S :ﬁ/d txy/—¢ (R—?) +/d Hx/—gLmat
+/dd+1x«/—glcs [A,F,T,R] + Sci, (3.17)

where L+ denotes the matter Lagrangian and I¢g is the bulk Chern-Simons action
as defined in (2.22). We have also included Sgp, which is the Gibbons-Hawking
term given by (3.11) and is included to make the variational problem well-defined
for the Einstein-Hilbert action. The matter Lagrangian is taken again to be a function
of F,;y only, although uncharged scalars could be added too. The presence of charged
matter, on the contrary, would spoil the simple structure we will encounter below
for the long wavelength limit of the theory, as will become evident in Chapter 5.

Let us now take the variation of the action to obtain the equations of motion and
the presymplectic current

Slcs = ( S OF + 5 20A ) + (5o doT + =20T )

Integrating by parts leads to

0] ol
=M wo ST ZCs ¢S
dlcs = TH6A, + E 5ryv+d( SF A+ adr(sr),
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where
H=2C5 9
ol ol
v, =es _ gy, Dles
BFW BRW v

and X# is known as the Hall current. The usual form of Einstein’s equations is
obtained as the variation with respect to the metric and the Chern-Simons action
in (3.17) is a function of connections and curvatures, as opposed to Icg[A,dA, T, drI].
Therefore, we need to rearrange the second and fourth terms such that the equations
of motion appear contracted with variations of the metric and the derivatives are
taken with respect to R and not dI'. The final result for the variation is

I B}l
Slcs = THA, — V, ZMPsg,, + V), 2B£5AV + =BT, + 2%Peg, )

where
YHUP — % (EMYP 4 EFPV — EPHY)

is the spin current. From the full variation of the action we can obtain the equations
of motion

aLmat N
2V, T TV, (3.18)
GH — Agh =TI + V,zme, (3.19)

where T is the matter stress tensor. We have also found the Chern-Simons part of
the presymplectic current

p— 2_5 A, + 7¢es I, +> app g 2

In the five dimensional theory (2.22), the Hall and spin currents read

YH — Key“ﬁ'}’(stﬁF,Y& ,
TP = 2\t PIOE s RYP. 5.

In general both currents are covariant expressions even if they come from a non-
covariant action. This intriguing feature motivated a series of works on the exten-
sion of the Wald construction to theories with a noncovariant Lagrangian [138, 29,
12]. Their construction includes a large part of the technical tools we use in this
work and it was key to us in order to extend our results past perturbation theory.
We review it below and include the explicit derivative of the Komar charges in the
relevant cases.
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3.3.2 Anomalous membrane currents

The explicit form of the constraint equations can be found through variation of the
on-shell action. In theories supplemented with gravitational Chern-Simons terms
there is in general no counterterm a la Gibbons-Hawing that makes the variational
problem well defined. There are instabilities of the Ostrogradski type because of
the appearance of higher derivatives, but it is even more worrisome the fact that an
ill-defined variational problem can spoil the unitarity of the dual theories. All the
effects it might have are still not clear, but some cases have already been studied,
like the one in AdS; [127].
The on-shell variation takes the general form

1 1 R
58Sy = /2 déx\/ = (Et’zb&yab + Euﬂbmb + 1751, + J”d/h) , (3.21)

where the precise form of the various quantities depends on the choice of Chern-
Simons action. We separate the variation with respect to the connection from the
one with respect to the induced metric because, while t*’ only contains gauge and
diffeomorphism invariant quantities, I, might not be covariant if anomalies are
present.

The presence of the connections A and I' in the Chern-Simons action spoil the
gauge and diffeomorphism invariance of the theory. This leads to an anomalous
variation of the action

_ al al
o d cs cs 9
555 /Zd /= (“aAy+Aary)’ (3.22)

where the variation 4, which includes simultaneously gauge transformations and
diffeomorphisms, is defined as

0A =dua,

ST =dA+ [AT],
such that (A)! = 9,¢* is the connection’s gauge parameter. The anomalous varia-
tion (3.22) must be equal to (3.21) when the variations of the fields are particularized

to gauge transformations and diffeomorphisms.
Let us now treat the gauge and diffeomorphism cases separately.

Anomalous gauge constraint

The consistent current J* is given by

1 oS L ol
a _- g at CSs a
=~ 98 _, + pe. 3.3
j /—r)/ 5 4[2 1’1]4 ( aF‘uV aFyy) v ( )

Integrating by parts the gauge variation of (3.21) and equating it to (3.22), we get the
anomalous constraint for the consistent current

aICS
—ny—aAy .

D,J° = (3.24)
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This constraint has a slightly different interpretation depending on whether a pos-
sible gravitational anomaly lies in the diffeomorphism sector, like in (2.24), or in the
gauge sector, like in (2.22). For pedagogical reasons, we treat both cases separately
in the following.

Let us consider the first case, in which the mixed anomaly lies in the diffeomorphism
sector. No gravitational characteristic class appears on the right hand side of (3.24),
but the definition of the consistent membrane current picks up some contribution
from the Chern Simons term. In particular, the constraint now reads

K

bed
3€a ¢ Fuchdr

D.J * =
and we can decompose the consistent current in three different parts

J" = 2ny%1’3 + Jésk + Iz -
“l/ll/

The first one is the contribution that we already obtained for the Einstein-Maxwell
theory and comes from the first term in (3.23). It is present in all the possible defini-
tions of the current and it has no ambiguity associated because it is not produced by
the anomaly. The other two parts come from the ADM decomposition of the Chern-
Simons contribution to (3.23). Contributions involving extrinsic curvatures are col-
lected in the extrinsic Chern-Simons current [¢.¢r, and [z, is the usual Bardeen-
Zumino polynomial needed to define covariant currents, which we can recognize as
the purely intrinsic part.

For the theory with mixed anomaly introduced above, the Bardeen-Zumino
polynomial receives two contributions from the gauge and gravitational sectors,
such that Jz; = J}} + J;. The different parts of the current are given by

Jésk = _8A€adeK£DCK§'
4
]1114 _ 5KeabchbFCd,
A A 2’\ £, A
]IZ — 4AeadeTr (Fbacl“d + gl"bl"cl"d) .

Since ] is a well-known result, let us now make some further comments only on
the relevant aspects of the different gravitational contributions.

Among the parts coming from the gravitational anomaly, the extrinsic current is
the only one which is first order in spacetime derivatives. That makes it a good can-
didate to encode the anomalous horizon fluctuations involving the vorticity. How-
ever, a simple asymptotic analysis shows that J¢.;; vanishes identically at the con-
formal boundary [12]. Thus, any relevant effect must be dynamically generated
inside the bulk. Furthermore, the extrinsic current is perfectly diffeomorphism and
gauge invariant from the point of view of the membrane %, so it cannot contribute
in any way to the anomaly. Nothing prevents it from having physical consequences,
though.



3.3. Extension to anomalous theories 57

The intrinsic contribution Jg can be seen to give rise to the mixed anomaly, ac-
cording to
DaJf = Ae™Tr (RpRey) -

Therefore, the mixed anomaly can be moved to the gauge sector by a Bardeen coun-
terterm of the form

PN 24 A
By = — / A=y AaJf = — / d%x /= 1™ A, Tr (rbacrd + 5rbrcrd)
by b
(3.25)
In that case the consistent current loses its J3 contribution, while the extrinsic part

remains as a defining feature of the membrane current. We could therefore write the
resulting constraint equation as

K A A
D, <j” _ ]{1) = 2" EyFog = ATt (RypReq) (3.26)

which is formally equivalent to the usual consistent form of the U(1)> anomaly plus
the mixed gauge-gravitational anomaly.

Let us now consider the other case, which is also the usual approach to this theory
in the literature. We consider from the beginning a Chern-Simons action (2.22) that
is diffeomorphism invariant, like in [108]. The right-hand side of the constraint
equation now obtains a contribution from the gravitational sector that reads

BICS

n‘uW s —)\eadeTI‘ (Rabﬁcd) - Dﬂ]éSK *
M

grav

and one has to add a counterterm explicitly dependent on the extrinsic data

Scox = /dex\/_—'yAa]éSK - —/dex\/_—y&\e“deAaK{:Dch, (3.27)

in order to recover the correct Ward identity and obtain the correct definition of the
membrane currents.

Without the inclusion of such a counterterm the horizon physics are the same.
However, one might feel tempted to explain the anomalous fluctuations as a re-
sponse to the “thermal” anomaly

Athermal = 647T2T2Eg 7y

where E; and B, are the gravitoelectric and gravitomagnetic fields on the horizon,
as for example in [33]. We prefer not to think about it this way, since this is not a
true anomaly, as it comes from the divergence of a physical current and it is state
dependent.

At this point we can go back to the different possible definitions of the anomalus
currents discussed in Section 2.1.6. We can define for each membrane a consistent



58 Chapter 3. Holographic RG approach to anomalous transport

current J? that is obtained as the on-shell variation of the action
1 6Sq
vV =Y 0 Aa ’
a covariant current J* whose variation under gauge transformations and diffeomor-
phisms is zero

gt =

a_
50&,@ ] =0,
and even a conserved current J7,,,; whose divergence is zero
a
D a] cons — 0

The explicit expressions, considering the possibility of adding a Bardeen countert-
erm cBy to the action, read

0L ma
ja 21’11,, aF + ]CSK + ]A (1 - C) G (328)
Lmat a
] =2n ny 81—“ P +]CSK/ (3.29)
Jeons = ]a+]12+§]?4- (3.30)

The factor 3/2 in the definition of the conserved current depends on the dimen-
sionality of the theory. In general it can be extracted by writing the covariant U (1)?
anomaly as a total divergence.

Anomalous diffeomorphism constraint

The diffeomorphism constraints allow us to define a consistent membrane stress
tensor. We might encounter problems in the construction due to the presence of
higher derivative terms. These terms vanish at the boundary due to the asymptotic
AdS boundary conditions but they could in principle have a contribution inside
the bulk. We will treat the metric and the extrinsic curvature, which is essentially
given by a radial derivative of the metric, as independent fields and this will help
us achieve our goal of defining valid membrane currents.

Since the variation under diffeomorphisms of the different fields is given by the
Lie derivative with respect to the diffeomorphism generator ¢, we can use the fol-
lowing formulas

LeYap = Daly + DyGa,
LeAn =00 (Ag") + Fu”,
L:Kap = ¢ DcKyp + Dol Kep + Dy Kie -
This allows us to extract the diffeomorphism constraints as the terms proportional

to the Killing field ¢” in the on-shell variation of the action (3.21) under diffeomor-
phisms

5zS5 = /Z dlxy/ = (D@ — F.J, + AD.T + A%) &, (3.31)
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where we have defined for convenience
@ﬂb _ tub + u”CKf:’ + Dy (ld(ba) + l(adb) _ l(ab)d> ,
1
Ab — _zuacDbKaC,

and J? is given in (3.28). Furthermore, if we divide the stress tensor into the
Einstein-Hilbert and anomalous parts, as in t** = 4, + t4°, we get the following
expressions

b=, (Z”b” n ZW) , (3.32)

yab — oy [ Oles - 9lcs ’
aRyavb aRyabv

which follow from the ADM decomposition of the radial component of the presym-
plectic current (3.20). The remaining part of the stress tensor t4%, is given by (3.12).

Let us now assume a counterterm cBy, where By, is given by (3.25), has been
added to the action in order to move the anomaly to the gauge sector. Apart from
the consistent current, as above, this only affects @ in the following way

@ab N @ﬂb — ¢Dy (ld(ba) + l(adb) _ l(ab)d) - 40/\€mnp(aDe (AmRnpb)e) )

The constraint equations are then derived by equating dSy, in (3.31) to the consistent
diffeomorphism anomaly .A?, which is obtained from the second term in (3.22) when
it is also rearranged as a term proportional to ¢, plus total derivatives. The resulting
constraints take the general form

C' =D,0% — F*J. + A'D. g+ A" — (1 —c) A" = 0. (3.33)

This form of the consistent constraint suggests that ®*” must be interpreted as the
consistent membrane stress tensor. For the particular theory we have chosen, the
anomaly is

Ab = 2/\’ybc\/%_,yaa (\/—_’yedef $F,0 frgc) :

We can also exploit the freedom to define different operators in anomalous theo-
ries for the stress tensor. The covariant stress tensor T%, for example, can be found
reexpressing the Ward identity in terms of covariant quantities. In order to do this,
we need to drop from the stress tensor the explicit dependence on the gauge field A,
and also the dependence on the noncovariant variation with respect to Christoffel’s
connection 1%, as in

Tab _ @llb . (1 . C)Dd <ld(ba) + l(adb) . l(ab)d) _'_4C)L€mnp(aDe (AmRnpb)e) ]
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The final expression for the covariant membrane stress tensor is simply
T% = " + " K?. (3.34)

and its associated Ward identity, written also in terms of the covariant current (3.29),
reads
D.T® — F¥J, + AP 4 27/ D, (FCdR“bef> —0.

The last term of this equation, which is the result of combining the consistent
anomaly with the pieces that distinguish consistent operators from covariant oper-
ators, must be interpreted as the covariant diffeomorphism anomaly. We can intro-
duce inside the definition of the membrane stress tensor a term that cancels the last
total derivative in the constraint equation. We propose this must be the conserved
stress tensor T2 . analogous to the conserved current, which reads

Tf(?ns = lgp+ 2/\GCdechdRabef .

As the energy-momentum tensor now contains an antisymmetric part, we have
ended up with a Lorentz anomaly for this definition of the membrane stress ten-
SOT.

From the intuition gained in the preliminary example from Section 3.2.3, we
know that the quantity that appears in the conserved flux associated to diffeomor-
phisms is the heat current. Therefore, it will prove more convenient for our purposes
to work with the heat current which we define as

Q" = 0% + AT (3.35)
Its conservation is only spoiled by the diffeomorphism anomaly
D,Q" = (1 —c)Auc. (3.36)

The right-hand side can always be cancelled by taking ¢ = 1, which is the choice of
counterterms that moves the anomaly completely to the gauge sector.

We have proposed a new definition for the heat current (3.35) as the result of
exchanging t*;, by ©%, in the usual definition, given for example in (3.16). However,
this new definition produces a constraint, given by (3.36), that is formally equal to
the usual field theory’s constraint for the heat current. We thus understand this as a
consistency check for our proposal of ®,;, as the membrane consistent stress tensor.

Analogously to the other membrane currents, we can define a conserved heat
current Q%,,; which is divergence-free. We will skip the construction here but it can
be found in Appendix A of [36]. The final result reads

1
V=

Now that all the different relevant quantities have been derived, let us introduce
the explicit expressions for the Chern-Simons action given by (2.24). The different

Qéons = ®abgb + AL T —(1—c) CJ (V _'Ylbach) e C)l(ab)c/\lcz-
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components of the membrane stress tensor read

1
= — g <K —Kq™),

150 = —8Ae"" (2D, K} By + 1 Ky Fym — FpnK'KS )

uab _ 8)\€mnp(aanKZ) ,

10 = 20"V Fyy T

Before moving on to the construction of the Komar charges, let us make some
remarks on the form of the constraint equations (3.33). First of all, it is important
to notice that our candidate © for the consistent membrane stress tensor does not
coincide with the well-known Brown-York prescription

o £ 2 05, ,
\/__’Y 5’71117

precisely due to the additional term coming from the extrinsic curvature contribu-
tions. One may wonder if this is an artifact of the way in which we have organized
the various fields in the constraint equation, since one could in principle include
the modification into a redefinition of AL. However, as we have already discussed,
that term is necessary in the definition of the heat current (3.35) to obtain the right
constraint.

Another important consistency check for our proposal is that it gives the right
near boundary limit for the dual stress tensor (T”;), which is easily computed from
(3.21) using that asymptotically K%, = 59", plus subleading terms. No other con-
tributions arise as long as strictly AdS boundary conditions are imposed

(T%) = lim /= (% + ) = lim /— (t”b + u”Cch> = lim /—70"%.

Furthermore, holographic renormalization would give no contribution to the new
terms in the definition of the membrane stress tensor.

Yet another check can be performed by moving the anomalies entirely to the
gauge sector and using the asymptotic expansion to compare to the known results
for the bare stress tensor. The result from [117] is recovered.

Our prescription has been already applied successfully to systems where mo-
mentum relaxation is introduced in the presence of a mixed gauge gravitational
anomaly. In this case, the higher derivative corrections stemming from u* are cru-
cial for the restoration of the symmetry of the mixed two point functions in the
presence of a magnetic field. This will be covered in Chapter 4.

However, the most interesting aspect of it is that the constraint equations (3.33)
are expected to hold all along the bulk. In general, they just differ from the usual
Ward identities due to the contribution A?, which is only guaranteed to vanish in the
conformal boundary. Such difference takes a suggestive form if we think of u*’ as
the expectation value of an independent operator, associated with the mode excited
by the extrinsic curvature. From our point of view this is reflected in the constraint
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equation, where
b b
A ~ U ac D Ka c

appears in the form [ operator times d(source) ], also presented for example by J*F?,.
This structure suggests that this second operator, even if turned off at the confor-
mal boundary, dynamically gets an expectation value as we slide through the bulk.
This is somehow similar to the reasoning in [127], where such operator was indeed
shown to survive at the conformal boundary for general solutions and lead to loga-
rithmic correlators with the canonical stress tensor in AdSs;.

In the following section we match the membrane currents defined here to the
conserved fluxes related to diffeomorphisms and gauge transformations.

3.3.3 Anomalous Wald construction and conservation laws

The construction of conserved fluxes associated to diffeomorphisms and gauge
transformations in Chern-Simons theories is mainly taken from [12, 29] where the
subtleties of the construction are also discussed at length. It is important to keep
in mind that all the construction can be derived by explicitly using the equations of
motion (3.18) and (3.19) and assuming the background solution to posses a Killing
vector field. This is important because of two reasons that have already been pointed
out. First, it makes the construction independent of the choice of counterterms used
to define the membrane currents, and, second, the charges are consequently inde-
pendent of any holographic renormalization procedure to remove divergences.

In the presence of bulk Chern-Simons terms the Wald construction is known to
be plagued by ambiguities [29]. These are due to the lack of covariance for the bulk
action, which introduces various subtleties in the extraction of the Komar form k"
from the Noether charge. In particular, the Chern-Simons terms give further con-
tributions to the on-shell vanishing Noether current Jz, which are proportional to
the gauge parameters « and A. One can however still derive the conservation equa-
tion for the appropriate fluxes once a particular gauge is chosen. The charges thus
derived are not covariant, but a covariant prescription for the differential Noether
charge was given in [12], which allows one to unambiguously define the Wald en-
tropy at a bifurcation surface. We will follow instead the ideas of [29] and the re-
marks in (5.3) of [12] which are closer in notation to the construction of Section 3.2.2.
The price to pay will be a noncovariant expression for k¥, which from our perspec-
tive is a feature rather than a bug. In fact, it allows us to link the flux conservation
to the RG properties of the conserved current and the conserved stress tensor.

We are using the construction introduced in section 3.2.2 as a base, so we will
only point out the differences. Again, the variation of the Lagrangian may be written
as

(5(L-|—Ics) = EéD +df.

However, when the variation is taken with respect to diffeomorphisms (¢) or gauge
transformations («), the Lagrangian does not change simply as a Lie derivative due
to the lack of covariance of the Chern-Simons terms. Indeed a further piece E¢ ,
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arises because of the inflow of the consistent anomalies

5z oL = digL,
5§,o¢ICS = diglcs + d‘EC,uc p

where

and, as before, (A); = 9,¢". The new contribution appears as a total derivative.
Therefore, it is still possible to define a Noether current

Jew = O0z0 — iz (L+ Ics) — Egq,

that is closed on-shell
dJzu =0.

Inspired by Section 3.2.2, we can define an improved current ]A,;,,X that vanishes
on-shell through the addition of a total derivative. The interest of defining Jz , is
that, according to the case without anomalies, it can be used to find conserved fluxes
once ¢ or a are chosen to preserve the solutions. In this case, Eg/,x introduces some
subtleties because it is proportional to the gauge parameters instead of their deriva-
tives. Once this is solved, though, most of the construction is essentially equal.

This issue can be circumvented introducing a (d — 1)-form y such that

Bea —dy = By an (3.37)

where E' only depends on the gauge parameters through their exterior derivative.
Please notice this is not an on-shell identity, both sides must be equal independently
of the equations of motion. The existence of a solution to this equation is conve-
niently guaranteed by the closedness of the anomaly polynomials. Rearranging the
on-shell vanishing current, we get

Jew = Oga — ig(L+ Ics) — B ap + Ak o, (3.38)

where
/@',zx = ké‘,ﬂé —Y
is the new candidate for the Komar form.

The importance of making the first three terms of the on-shell vanishing current
(3.38) be proportional to dae and dA becomes evident now. We can choose da =
dA = 0 and cancel that part of Jz,, subsequently obtaining the necessary closure
relation

dK}, = 0.

More details on the generality and coordinate dependence of this construction can
be found in [29]. We now treat separately the cases of gauge transformations and
diffeomorphismes.
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Anomalous gauge charge

The gauge contribution to the presymplectic current can be obtained combining the
presymplectic current of 3.2.3 with (3.20). It can be written as

oL E)ICS
o =2 0
@ (BFW + aF,u,) v

while the anomalous term is given by

YA,

=1 _
L—J‘X i

and the Noether charge is defined as the sum of both contributions
Jo = 0x — By .

We must look now for a surface term k%' such that if we add its derivative V, k%" to
the Noether current, the latter vanishes on-shell. The result is

oL oI
wo CS
ko = —2u (E)FW * BFW) ’

and the new Noether current reads

. oL ol ol oL
w_ B cs _9cs _ 1
Jo =« ( 2VV_8FW ZVVSPW _E)Ay) o <ZVV_BFW —1—ZA) .

This last expression vanishes on-shell according to (3.18).

We still need to rearrange the Noether current, such that the dependence on the
gauge parameter of all the terms apart from the Komar charge is only through its
derivative. Let us particularize (3.37) to our case and express the right-hand side
with the explicit dependence on V ,a to give

aICS
bl SR o mip )
as . Vuy 2N a

From the structure of Chern-Simons terms, we know that there exists a quantity ¢/V

that satisfies
aICS _ K

9A, ~ 3

In particular, the value of this quantity is

€]/“/pUT.F1/pP(7T — VVK#U .
2
E}“/ - ?KGFVPUTA‘DFO'T

Using this, we can fix the form y in the gauge case to be

yt = alh .
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For the Chern-Simons action in (2.24), one gets
1 a _ 4 pHvpa
E]A — ny PV .

At this point, one might find intriguing that this term is precisely the one required
to define a conserved current from a consistent current, according to (3.30).
The complete Komar charge can be written as

oL dlcs
fuv _ _ pHv
Ka 2 (BFW + BFW) o

and it indeed gives rise to the conserved current
uw pa __ a
n]/lky Pv - _]cons :

As already discussed for the non anomalous case, if the fields decay fast enough at
the boundary of %, the closedness of kj, makes the flux of the gauge charge on X
radially conserved. In the context of the holographic RG, this conservation for the
flux can be reinterpreted as the conservation of the flux of the conserved membrane
current J2,,.

af’/zddx\/ —YJeons = 0.

We commented above that the Wald construction could be followed for anomalous
cases but only at the expense of ending up with a noncovariant Komar charge. The
noncovariance becomes now obvious when we present the result in terms of the
noncovariant conserved current J§,,;. This is not a major obstruction for our goal,
since we will be able anyway to recover the gravitational anomalous transport from
horizon fluctuations. However, for particular cases the continuity equation of the
Komar form does not simply reduce to the radial conservation of the flux of the
conserved membrane currents, due to the appearance of surface contributions. In
those cases the extraction of the transport coefficients becomes more cumbersome.
In particular, as we discuss below, those surface contributions appear for the
U(1)% anomaly. It was shown by [60] that it is a consequence of having a constant
magnetic field present. In that same reference, the authors show that the results for
the anomalous conductivities remain valid in a large number of theories in which
the field strength appears in higher powers. From our Komar charge construction
the difference between those theories would be introduced through the 0L, /9F
contribution and we would expect all those terms to vanish at the horizon in the
absence of external electric fields once infalling boundary conditions were imposed.
Another point made in [60] is that massive vector fields in the bulk, possibly
in the form of a Stiickelberg field, alter the form of the conservation equation and
the conductivities receive nontrivial bulk corrections. It can be seen at the level of
the equation of motion because the Maxwell equation is no longer a total derivative
and, therefore, the bulk gauge field obtains an effective mass and the dual current
acquires an anomalous dimension, ceasing to be conserved. In our construction,
this behavior can be seen because, in the presence of a Stiickelberg field 6, there is
no choice for the gauge parameter that leads to an invariant transformation, since
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0,0 = a # 0. Thus, there is no way to make the presymplectic form vanish on-shell
and the Komar form fails to be closed. One particular case in which this happens
will be discussed in Chapter 5. In that example, we interpret the corrections to the
axial conductivity due to charged scalar fields as an infrared screening of the axial
charge.

Anomalous diffeomorphism charge

The construction in the case of diffeomorphisms is slightly more involved due to the
higher number of terms we need to take care of. We go on assuming mixed anoma-
lies to lie in the diffeomorphism sector, according to (2.24), because the gravitational
sector then depends only on field strengths and behaves better in the presence of
constant background magnetic fields. The gauge sector, though, presents in this
case some subtleties due to the asymptotic divergence of the vector potential A,,.
The presymplectic current 0z can be obtained from the Einstein-Maxwell part in

(3.14), which we call here M, and the Chern-Simons contribution from (3.20). The

¢
final result is
em , 9lcs /. . dlcs , . .
9@’ :Qg + ﬁ (dlérA + Zé’F) + W (dz(;l‘ + zgdl” +dA + [A, F])
+ ZPHY () dalt (3.39)
The anomalous term is
. Aalcs
=6 ar '

which supplements the presymplectic current to give the Noether current.
We need to add a total derivative dk; to the Noether current

]Aé' = 95 — ié (L + Ics) - :C + dkg, (3.40)

such that it makes the current vanish on-shell. Similarly to the presymplectic cur-
rent, which we decomposed in an Einstein-Maxwell part and a Chern-Simons part,
we introduce the notation that k; has a part denoted by kgM that is equal to (3.15)

and a part stemming from the Chern-Simons action that needs to be worked out.
The explicit expression of the Hodge dual of kg is, in components,

POF,,

aRo'p]/“/ '

HEY = (REMY — 320 (B0 20 Z) + 8P Ay EES 4+ V07 @41

Regarding the vanishing of the Noether current, it works as follows. On one hand,
the first anomalous term in (3.41) combines with the last term in (3.39) to give the
spin current. On the other hand, the rest of (3.41) combines with the rest of the
Chern-Simons presymplectic current to give Maxwell’s equations, after some ma-
nipulations using identities between differential forms.

Following the previous discussion for the gauge case, we add and subtract to
(3.40) the total derivative of y*". If we find a y*" that makes the dependence on the
gauge parameter of the rest of the Noether current be only through derivatives, we
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will have the on-shell conserved quantity

KM — v yyv )

We thus need to fix y#V. It can be done once a particular theory is picked, as dis-
cussed in [29]. We take again the theory to be given by (2.24), so the anomaly is taken
to be in the diffeomorphism sector. However, the search for the Komar charges is an
on-shell construction and the equations of motion do not change under the addition
of total derivatives to the Lagrangian, so this choice has no physical significance.
One might wonder why we have insisted on this choice in all the discussion when in
the literature about anomalous transport the anomaly is always taken in the gauge
sector.

The reason why we choose this anomaly becomes evident in the next step, in
which we construct the y* for our particular theory. If we chose a Chern-Simons
action like (2.22), y*¥ would be zero, but the last term in (3.41) would give a gauge
dependent contribution

VPCO‘M ~ eyvaﬁryA'yRU—paﬁv‘Dgg’ .

This form is troublesome for the constant magnetic field analysis required to recover
the anomalous transport coefficients. The linear coordinate dependence of a gauge
connection of the form A; « ei]-kxf B* would make manipulations through Stokes
theorem subtle and ill-defined.
There will only be contribution to E from the mixed anomaly, which can be ex-
pressed schematically as
Ics = AFACS(T).

For this choice,

dlcs 2) _
a—r—AF/\ (R—l" ) = AFAdT,
and the relation for y now reads
dlcs -
AGr =S

so it becomes evident that iy can be
y = AAF AT,

whose explicit expression in components is
Y = NPT T AL

The final Komar charge is given by kK’ = k — y, whose flux over each constant ra-
dius hypersurface can be related to the RG equation for the membrane heat current.
We need to take a static solution, for which ¢ = 0, is a Killing field, and compare the
expression for this charge to the membrane stress tensor ®". Let us take a look at
the explicit form of n, (k’g)V"Pﬁ after ADM decomposing it. We express it separated
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in different terms that match the different contributions of the membrane currents,
asin

dlcs 1 1

(k?ﬁ + épApfy) ny Py = _Et%bHéb - EAbej”/
1 1

—Eéb (Z”bv + Zb””) ny Py = —Etﬁbgb,

1. b dlcs 1 , 1
_ - U oc_“rCS5 v a__ _ ~,ac _ _—7a
( ZCbZ + Vp(",‘ BR‘TPW Yy I’ZVPV 211 chg ZC ,

where (” is given by
1
V=

The equations above look rather messy. However, we can use the intuition we
have gained from the U(1) case to check whether they combine into the conserved
heat current

gu _ 4l(ab)CA;:7 + labcfzdgd + lbucfzdgd _ lbcdfzcgd ) ab ( /__,Ylbacgc> )

1
N

The computation is tedious but conceptually straight-forward, as one needs to com-
pute explicitly the intrinsic contributions to ®*. The computation simplifies greatly
by realizing

Ky = (@ﬂbgb + AT — =0y (V=) + zz<ﬂb>cAg) . (342

1
2

lb”cff,déd — _lbcdfzcéd )
One finally finds

1
V=

@, =ty + 1708, + u K& — I <\/ —’Ylb“céc> + 21 Dy — 1be, 18 &,

which allows to prove (3.42).

Then, for surface terms decaying fast enough, the conservation equation reads

1
V=

0= a?/ déx\/ = (@“bgb + AbE, T —
Y
— 3 /Z Al =7 Q% .

00 (VIGE) + 210 A5

This must be interpreted as an RG equation for the membrane conserved heat cur-
rent. Here, again, it is @ the one that appears in the RG equation and not the
Brown-York tensor.
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3.4 Extraction of anomalous transport coefficients

3.4.1 Asymptotics, thermodynamics, sources and radial conserva-
tion

Let us consider a generic asymptotically AdS stationary black hole solution. We
must understand it as an order by order fluid-gravity expansion in spatial deriva-
tives. The transport coefficients correspond to the first order corrections to the one
point functions of the currents. However, it is instructive to keep the discussion as
general as possible in the near-horizon region, where only regularity and stationar-
ity need to be imposed in order to evaluate the extrinsic membrane currents. We
are interested in the effects of both U(1)® and mixed gauge-gravitational anomalies.
Therefore, we study charged black hole solutions with no electric fields.
Our ansatz now takes the form

dR?
F(R)
A = Ay(R)ugdx” + apdx,

ds? = — f(R)ugupdx"dx® + ¢(R)hpdx"dx”,
8

where we have naturally decomposed the metric and the gauge field into their pro-

jections parallel and perpendicular to the Killing vector & = (1,0). In particular,
we get
1
Ug = —m%béb, Ar = Ag",

and
]’labéb = habub = abéb =0.

All of the functions in the ansatz above, if not indicated explicitly, depend on the
radial and the spatial coordinates only.

We no longer use the Fefferman-Graham coordinates near the horizon and we
choose the new radial coordinate R in such a way that one can consistently impose
the gauge fixing Ax = 0. In particular, we define R implicitly through the asymp-
totic expansions at the conformal boundary and the horizon because we will only
evaluate the quantities involved in those regions. Near the boundary, the expansion
is equal to the Fefferman-Graham one: F(R) ~ 1, f(R) ~ g(R) ~ ¢*R and all the rest
of the quantities in the ansatz are of order one. At the horizon, asymptotics are fixed
by regularity and infalling conditions [82]. In particular, f(R) and F(R) vanish at
the location Ry of the horizon, while their quotient remains finite. Additionally, the
derivative of f(R) at the horizon is related to the Hawking temperature T through

aRf:47rT\/;+O(f,F).

This temperature must be interpreted as the temperature of the dual thermal state.
At the horizon we can finally fix, without loss of generality, g(Ry) = 1 and
drg(Ry) =1, so that h,;, plays the role of the induced metric on the horizon.

A notion of chemical potential is also required to fully specify the thermodynam-
ics of the system. In order to avoid cluttering of formulas, we fix the gauge for the
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vector potential in such a way that A;(R — o0) = 0 and A;(Ry) = —p, where u is
the chemical potential of the dual CFT state. However, as noncovariant charges are
involved one may be worried by the fact that the choice of gauge could affect the
result. The safe way to proceed would be erasing the dependence on gauge choice
by working with the covariant version of the membrane current and stress tensor. In
fact, we can always obtain an expression of the one-point function of the covariant
currents in terms of horizon data even if the holographic RG equations are writ-
ten in terms of the conserved version of the membrane currents. The RG equation
can be written in a manifestly covariant way through the use of the gauge invariant
chemical potential

p= [ dRFrid® = Ai(e0) = Au(Ry).

Thus, we use that particular gauge for convenience but it has been checked that one
could reproduce the result in a fully covariant way.

The magnetic field B* and the vorticity w” are R-independent quantities that can
be computed on each spacetime slice ¥ as

B® = /—ve™u,0.a,,
1
w' = —5\/—fyeabc‘iubacud.

It should be noted that from this definition the curl of the U(1) gauge field does
not only include the magnetic field. The latter appears supplemented with a term
proportional to the time component of the gauge field and the vorticity, according
to

V—7€",0.A; = B* — 2A0° . (3.43)

The radial conservation equations vary under the change of coordinates. The
definitions of the conserved fluxes, (3.9) and (3.10), do not vary, thanks to the ap-
pearance of the Levi-Civita tensor. However, one must be careful when performing
the radial integration to include appropriate factors of the normal vector n,. For
simplicity, we write the conservation equation as

ORI + /Z d*x9, (\/_—W%kff) =0, (3.44)
oRH" + /Z d*xay, (\/_—'y%kg‘) =0. (3.45)

Now the relations between boundary and horizon data are obtained by integrating
in dR instead of d7.

Infalling boundary conditions at the horizon are typically imposed in order to
compute the appropriate retarded correlators. In computations involving response
to constant magnetic field or constant vorticity, like ours, these conditions play no
role because the transport coefficients could be obtained from zero-frequency corre-
lators. However, they might be important, for example, if we computed response to
electric fields. In our setup, though, they still prove useful, since they guarantee the
vanishing of the nonanomalous part of the current. We now show this vanishing in
a few lines.
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Let us introduce ingoing and outgoing Eddington-Finkelstein coordinates

dv = uadx® + d—R du = uydx® — d—R

VIE VfF

Infalling boundary conditions reduce in this set of coordinates to independence of
u at the horizon. In particular, for the field strength of the gauge field one gets

FuangFba_ \/fFFRa =0.

From here, we obtain that

ébpba:\/fFFRa: %FRLI:\/?n]APVu/
and, subsequently,
1
i

which is finite and proportional to the electric field’s flux at the horizon. Then, in
our setup, infalling boundary conditions, or u-independence at the horizon, imply
the vanishing of the fluxes of FR? at the horizon.

It was advanced above in Section 3.3.2 that the extrinsic curvature is expected to
play a crucial role in the extraction of the transport properties. It becomes evident
from its definition, which for our choice of coordinates reads

VF
Koy = TaR'Yab :

/d4x\/—fynyF”b=/ dix/—y——=C"FF,
H H

We can then take its expansion near the horizon

K, = 1\/7(—471Tuaub + hap) + O(f, F).

2
The extrinsic curvature is thus our candidate for introducing temperature factors in
the transport coefficients.

3.4.2 Membrane paradigm for anomalous currents

We finally compute the transport coefficients making use of all the mathematical
tools introduced in the previous sections. The structure followed will be presenting
the conserved fluxes, expressing them in terms of the membrane currents and then
performing the computations of the one-point functions of the covariant operators.
We treat the two types of anomalies separately. First, we analyze the mixed anomaly
and, then, we move on to cover the U(1)3 anomaly.
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Mixed gauge-gravitational anomaly

The precise form of the Chern-Simons action considered is

Ics = / d5x«/—g2/\e”"9”1-"w( %90 s + grgvrfiarja

Since we add no Bardeen counterterm, this corresponds to the choice ¢ = 0 in the
construction of the consistent membrane currents from Section 3.3.2. One can explic-
itly verify that, with this choice, the continuity equations given by (3.44) and (3.45)
can be integrated on X with no contributions from the boundary, so both conserved
fluxes, I* and H*, will be radially conserved. These fluxes have already been shown
to be respectively equivalent to the fluxes of the conserved versions of the current
and heat current

S T (3.46)

_ % /)S e/ ~7Q0 . (3.47)
The explicit expressions for the integrands are
s =T = —=FR 4 o 4 J8,

V'F
Qlons =0 + AT = —==0y (V=7I":E%) + 210 AG

1
V=
When integrating the radial conservation equations, we will use the fact that the
evaluation of the fluxes on the conformal boundary give rise to the integrals of the
CFT one-point functions of the respective operators.

Let us start with the current one-point functions. Integrating in dR the conserva-
tion equation for the gauge flux dgrI* = 0 gives

[ =10 Uions) = [ ey s (R

Since we are interested in contributions up to first order in derivative, the left-hand
side reduces to the integral of the one-point function of the covariant current because
the term J gives contributions starting from third order. In the horizon evaluation,

we can additionaly discard the non-anomalous FR term from the discussion above
about the infalling boundary conditions. Therefore, the one point function of the
covariant current can be expressed as the horizon integral of the extrinsic Chern-
Simons current [y

[ #1007 = [ dxv/=Tlts(Ru) +0().

The value of the Chern-Simons current at the horizon is completely general and is
only a consequence of the regularity of the near horizon geometry. In fact, we can
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obtain the final result explicitly expanding its expression

V _')’]ngK = _SAV _7€adeKbeDche
= B2AT2T? /=€y deuy + Ay/—7e™ (16w Tuyu® Dehge — 2fhyDehg, )
= 32A T2/ —ve™uyd.uy + O(f, F) .

Integrating and remembering that the vorticity is constant along the radial coordi-
nate, one gets the familiar answer

/d4x1 [=r0){J") = —64AT? T2 "

We stress how the gravitational transport follows from the state dependent extrinsic
contribution to the membrane currents given by JZ¢r. It would be interesting to
understand whether it is possible to link out of equilibrium fluctuations of the chiral
vortical effect to horizon variations of such membrane current.

Let us now turn to the treatment of the diffeomorphism conserved flux. We are inter-
ested in expanding only to first order in derivatives. Therefore, if both the horizon
and the boundary are flat, we drop all the intrinsic contributions involving 1**¢ be-
cause their first contribution appears at third order in derivatives. Then, integrating
the diffeomorphism flux H* between the boundary and the horizon gives

[t =ro(Tue) = [ dev= (#4841 Kad + Al Jisi ) +0(@),

where we have implicitly used the gauge choice A(R — o) = 0 and substituted the
current in the horizon by the only nonvanishing contribution at that point J¢¢.

We need to evaluate the right-hand side on the horizon to extract the one-point
function of the energy current. The third term on the right-hand-side follows imme-
diately from the evaluation of the gauge fluxes and gives

/ ddx\/—'yAC(fCIéSK = 64AT T ",
H

where we have used the gauge choice A.i°(Ry) = Ai(Ry) = —p. The first
term of the right-hand-side, on the other hand, can be split into the Einstein-Hilbert
part (tgp)?, given in (3.12) and the anomalous part (t,)?,, which is made up of spin
currents and given in (3.32). It can be shown that the former gives the ideal part of
the stress tensor [33], which however does not contribute to the heat current due to
the orthogonal projection. The anomalous part can also be shown to vanish at the
horizon

V=rt5,8" (Ryy) = 32 T2 A /—ye/s (ufube - ufubfb) Fee +O(f,F) =0,

where we have used the asymptotic expansion of the extrinsic curvature and the
vanishing of field-strength at the horizon. Please notice that these two quanti-
ties correspond to the Brown-York prescription for the stress tensor at the horizon,
although they show no anomalous transport. The inclusion of the operator u“
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sourced by the extrinsic curvature in the definition of the membrane stress tensor
becomes thus necessary. The evaluation of this contribution gives

V=ru" Ky &6 = 16m*T2A"/8F,pug + O(f, F) = 32> T?A (B + 2uw”) .

Expressing everything together, we obtain

/ dhx [~ () (T%EY) = 3272T2B7 + 12872 T2pco"

which gives the right transport coefficients for the anomalous gravitational trans-
port. It must be noted that now the chiral magnetic effect for the energy current,
which persists without chemical potential, is completely captured by the horizon
fluctuations of the extrinsic part of the proposed membrane stress tensor @%,. It
could therefore be interpreted as the energy counterpart of J¢.q; and it might be in-
teresting to explore the possibility that further information about nonequilibrium
dynamics of the energy chiral magnetic effect may be encoded in the time depen-
dent fluctuations of this quantity.

U(1)? anomaly

We fix the Chern-Simons action to be
ICS — / de\/ _ggeyvaTAyprFUT .

The important continuity equations are again given by (3.44) and (3.45), and the
fluxes can also be connected for this case to the conserved versions of the current and
heat current, according to (3.46) and (3.47). However, further care is needed when
integrating the continuity equations, as noticed in [60]. The Komar charges now
depend explicitly on A,. This impedes a priori the application of Stokes theorem if
constant magnetic fields are present. However, it is possible for our case to rearrange
the expressions involving A, as total radial derivatives, but we would not expect
this feature in general.

The explicit expression of the quantities involved in the continuity equations, for
the gauge choice Ar = 0, reads

1
]Caons = _FRu + 2K€adeAchd ’

VF
K0t = —4icv/Fe™ Ao Ay,
ngns = (tEH)abéb + CcACj” ’
1 4k

ja — ﬁPRa + ?eabchchd,

kb = ‘é_"\/fe“bchcaRAdAeef,

where we have already dropped from k2* and kg” the parts that decay sufficiently

fast at the boundary of the slice and, therefore, give no contribution to the continuity
equations. As we already advanced above, we can rearrange the new term in the
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closure relation of k, as a total radial derivative. The derivation begins with

/dexab (\/—’y%kfjﬁ) =— /dexab (w/—’y4ke“deAc8RAd)
— / ddx\/ —’)’4K€ath (E)bAcaRAf — AtaRabAc) .
X

In order to obtain the expression in the second line we need to realize that a is a
spatial index and there is no time dependence on any quantity, so either c or 4 are
equal to 0, and, moreover, d,A; = 0. Then the expression in the second line can be
explicitly expanded in all the possible terms. The first contribution gives

— /dex\/—'yélxe”thabAcaRAt = — /dex\/—'yélke”b“ (AtORAtdpu. + ORAdpac) ,

(3.48)
and the second contribution gives

/ d%x /= 74xe™ ARy Ac = / d%x/—y4Ke™ (A;0R (Adpuc) + ArdRdpac) -
2 2

(3.49)
The first term of (3.48) can be combined with the first term of (3.49) to give

/dex\/—'yélrce“thA%aRabud.

However, this last contribution and the second term in (3.49) are proportional to
the radial derivative of the vorticity and the magnetic field, respectively, so both
contributions vanish. Therefore, only the second term of (3.48) survives and it can
be rewritten as a total radial derivative. The final result for the extra term in the
radial conservation of the flux is

/ ddxab( - Tk“) — _ag / Ay /=7 4K AB .
X

The same reasoning applies to the diffeomorphism charge, thus giving

/ddxab( \/_kb“> _aR/ ddx\/_ X A2p.

The only difference in the procedure appears in the integration by parts. It now has
to be performed carefully, realizing that A;dgrA; = dg(A?/2).

Let us go back to the computation of the one-point functions. The gauge conti-
nuity equation (3.44) now reads

BR/Zd‘Lx\/—'y(]fons 4 4KAB") = 0.

Integrating in the radial direction we get

/ d'x 0)Usons) = / d*x /= Jéons(R) — 4kuB",
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where we have used the gauge choice A;(Ry) = —p and the definition of the mag-
netic field. We can now relate the conserved current to the covariant one

= ]u + 4K€adeAbaCAd .

]COV[S

At the horizon, the first term vanishes due to infalling boundary conditions and the
second term gives 4xA; times (3.43), so we obtain

/H A/ T8 (Ryr) = —diu (BY + 20 . (3.50)
On the other hand, the second term in the conserved current gives no contribution

in the boundary due to our gauge choice A;(R — o) = 0. Therefore, the final result
for the one-point function is

/cl”lx1 [=70){]") = —8xuB”" — 8xptw”,

which fits the usual results for holographic anomalous transport coefficients.
The diffeomorphism continuity equation (3.45) now reads

BR/ ddx\/—'y (Q?Dns + %KA%BQ> =0.
¥

Since we are here considering only the U(1)® anomaly, the usual Brown York tensor
obtained from the Einstein-Hilbert action is the only contribution to the membrane
stress tensor and the complete conservation law is

oR /E dtx/—y (Tﬂbgb + AL T + %LKA%B”> =0.
In our gauge choice this gives the matching
/d4 0 (T%E) = / A/ =T AL T + K‘u
where we have already discarded the contribution of the Brown-York tensor at the

horizon. The evaluation of the consistent current is completely parallel to (3.50). The
tinal result is

[ =101 = = [dx [~y (8) = 4B + 136 wa',

where we have also introduced the energy current. The result matches the usual
equilibrium values.

3.5 Discussion

We have extended the construction of membrane currents to anomalous theories.
In doing so we identified how extrinsic contributions coming from gravitational
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Chern-Simons terms are linked to the thermal anomalous transport at the horizon.
Such terms vanish at the conformal boundary but are dynamically generated at
lower energies, finally giving the expected thermal effective action on the horizon.
This is very reminiscent of the Wilsonian integration of gapped excitations. Thus, it
would be interesting to see if such a parallel can indeed be made and, in that case,
how those modes have to be interpreted.

The horizon properties can be reformulated as CFT observables through the us-
age of conserved fluxes and we have shown that such fluxes coincide, up to sub-
tleties in the U(1)3 case, with conserved membrane fields. This is a nontrivial exten-
sion of the previous arguments, allowing us to explain various results found in the
literature in a simple and elegant way.

Finally, holographic systems have long been used in the study of non-
equilibrium processes and the first studies regarding the gravitational anomaly have
been recently published [106]. It would be interesting to see if the membrane cur-
rents we have defined, which precisely account for these anomalous hydrodynamic
fluctuations at the horizon, could be used to get analytical insight over such phe-
nomena.
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Chapter 4

Anomalous transport and holographic
momentum relaxation

The currents associated to the chiral magnetic and vortical effects are dissipationless.
In this chapter our goal will be studying if these anomalous transport phenomena
are affected by the breaking of translation symmetry. This breaking is performed in
holography via the inclusion of linear massless scalar field couplings such that the
graviton acquires an effective mass. We show that the chiral magnetic and vortical
conductivities are independent of the holographic disorder coupling. The model
with momentum relaxation reproduces the usual equilibrium values of the conduc-
tivities in terms of chemical potential and temperature. However, it requires the use
of the membrane stress tensor introduced in the previous chapter, which solves the
puzzle found in [115] when using the uncorrected form of the energy-momentum
tensor. One can thus understand this chapter as a corollary to the previous one.

This chapter is based on [38]. It is organized as follows: in Section 4.1, we mo-
tivate the project and comment on the specific purpose of the work; in Section 4.2,
we present the 5-dimensional model of holographic momentum relaxation, we dis-
cuss the construction of the background and introduce the form of the current and
energy-momentum tensor necessary to obtain the right transport coefficients; in Sec-
tion 4.3, we compute the DC electric conductivity and also the chiral magnetic and
chiral vortical conductivities; finally, in Section 4.4, we sum up the results and in-
clude some conclusions about the project.

4,1 Motivation

In the context of holography, higher dimensional black holes can be used to study
strongly coupled quantum systems because the hydrodynamics of the latter can be
mapped to the dynamics of the black hole horizon. In hydrodynamics, momentum
is an exactly conserved quantity and its conservation produces convective transport
of charge and infinite DC conductivities. However, in applications to condensed
matter physics one would expect to find momentum conservation broken and, con-
sequently, finite DC conductivities.

Thus, it is necessary to find a way to engineer momentum relaxation in holo-
graphic theories in order to apply the gauge/gravity duality to strongly coupled
condensed matter systems. It can be done by making the graviton acquire an ef-
fective mass [145, 41, 27, 28, 42]. A particularly simple mechanism to generate the
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graviton mass, which we will use in the following, involves massless scalar fields
with spatially linear profiles [9].

There have been several publications analyzing the models with massless scalars
for tield theories in (2+1) dimensions. In [61] it was found that the holographic DC
conductivity ¢ satisfies a lower bound e20 > 1 in terms of the bulk Maxwell cou-
pling e2. This implies that this form of disorder cannot produce a transition between
a metal phase and an insulator phase. However, one could in principle include addi-
tional couplings, resulting in the renormalization of e and, possibly, a change in the
bound. In particular, [14, 59] show that coupling between the massless scalars and
the gauge field gives rise to conductivities unbounded from below. Furthermore,
for certain regions of parameter space the conductivities can become negative, sig-
naling the appearance of instabilities.

We find intriguing the effect this form of holographic disorder could have on
anomalous transport. For the sake of generality, we consider the models with fur-
ther couplings between the scalar and gauge sectors used in [14, 59]. However, chi-
ral anomalies only appear on even dimensions so some minor considerations must
be taken into account in order to generalize their theory to (3+1) dimensions. On
one hand, the electric DC conductivity will still be present for one higher dimension
but the scaling of the conserved current and, as a result, of the conductivity changes.
On the other hand, we need to introduce the anomalies via Chern-Simons terms and
this will produce the well-known chiral magnetic and chiral vortical effects.

In particular, we include a U(1)® and a mixed gauge gravitational anomaly,
whose associated Chern-Simons actions have already been extensively discussed
in previous chapters. Since the chiral magnetic and chiral vortical effects are pro-
duced by the anomaly, one expects them to receive no quantum corrections and to
give rise to dissipationless transport. Thus, in this chapter our purpose is to check
explicitly that their form does not depend on the mass of the graviton or the disorder
parameters.

4.2 Holographic momentum relaxation

The action of our model is

1 12\ 1 1., ]
S = Sv/—ol—— ([R+ =) — Zo9tx!lay, X! 2 X!y, XIF# , FMv

+ Scs + SgH + Scsk (4.1)

where I = 1,2,3, G is Newton’s constant, L is the AdS radius and we have already
fixed the cosmological constant A = —6/L? that gives AdS spacetime in 5 dimen-
sions. From now on we set 167G = L = 1.

Momentum relaxation is introduced in holography using a Stiickelberg mecha-
nism on the gravity sector. The three massless scalar fields X! play the role then of
Goldstone modes associated to the breaking of translation symmetry and, through a
spatially linear profile, they give a mass to the graviton. We also include a Maxwell
tield A though the usual kinetic term of a gauge field (where F = dA) and the scalars
couple to this gauge sector via the term proportional to |, which represents one of
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the possible interactions used to monitor the effects of disorder on the charged sec-
tor of the theory [14, 59]. We expect the gauge sector to be anomalous, receiving
contribution both from a U(1)? and a mixed gauge-gravitational anomaly. Thus, we
add a Chern-Simons action Scg of the form (2.22), such that diffeomorphisms are
not anomalous. The extra terms Sgy and Scgk are local counterterms. The former
is the Gibbons-Hawking term. It is given by (3.11) and is usually included to have
a well-defined variational problem. The other counterterm Scsk is given by (3.27)
and is included to give the right anomalous Ward identity when the mixed anomaly
is completely on the gauge sector, as discussed in Section 3.3.2.
The equations of motion are

0 =Gy — 6guv + %F/‘PM -~ %gWFZ - %ayxfavxf - Aligwapxlapr

- £ (XFF+FXF+FFX), + é guvTr (X.F.F) — 2480504 Vo (Fﬁ“RPV)"*‘S) ,
0=V,F" + éVV(X.F)?“’ - %VV(X.F)V” + ehveoT (vame + AR“ﬁvaﬁm) ,
0 =0x' + %vy (3. x"F P

where we have defined XW = ayxf 9, X! inspired by [59], since this allows us to in-
troduce a very compact notation for contractions e.g. (X.F.F) w = BVXI BPXI FP\F,.

As already commented, momentum dissipation is implemented by giving the
scalar fields a linear profile. We associate each of the three scalars to one of the three
spatial dimensions, and define

X' =kx, Xzzky, X3 =kz.

Because the scalars couple only through derivatives, the field equations and solu-
tions will still be formally translational invariant. The parameter k gives the graviton
however a mass and this suffices to make the DC conductivity of a charged black
hole solution finite. As we will see, it also fixes a preferred frame (the rest frame
of the impurity density) and no frame ambiguity in the definition of the anomalous
transport coefficients appears [6, 123, 132].

4.2.1 Background construction

In order to define the background we look for charged black hole solutions with
AdS asymptotics of the form

1 di?
2 L a2 2 2 2
ds _ﬁ< f(a)dt® +dx® +dy +dz)+4ﬁ2f(ﬁ)’
Ay =¢(10),

where i relates to the usual Poincaré radial coordinate through ## = 1/72. Since all
the functions only depend on 71, we will drop the dependences from the expressions
and use primes in this chapter to denote derivatives with respect to 7i. The equations
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of motion for the blackening factor and the time component of the gauge field are

2 72 B k2

0=f+21-H-5 @) -7
0=¢".

The solution of the equations has three total integration constants: one for f and
two for ¢. The one in f is fixed by imposing that the horizon sits at i = 1. The
two integration constants in ¢ are fixed by imposing the definition of the chemical
potential (4 = ¢(0) — ¢(1)) and that ¢ vanishes at the horizon. The final solution
reads

_ N N S T
f=(1-n) (1+u—zu—?u>,
p=p(l—n).

The temperature is

In this simple theory the background does not depend on the charge disorder cou-
pling | and it therefore reduces to the solution found in [9].

4.2.2 Holographic covariant currents

As we have seen in the previous chapter, the mixed gauge-gravitational Chern-
Simons term makes the analysis of the holographic dictionary much more compli-
cated than in the standard case because it is a higher derivative term. The standard
definitions of the holographic operators change even if we treat the anomalous ac-
tion in an effective field theory spirit, computing only the leading effects of a expan-
sion in small A.

Let us now specialize the definitions of the holographic operators proposed in
Section 3.3.2 to the current example. For convenience we switch in this section to
the standard Fefferman-Graham coordinates, given by (3.1), so that we can recover
all the expressions of the operators as they are written above. We will work with the
covariant version of the operators.

Please note that, although we do not explicitly write the expression of the one-
point functions of the currents to avoid cluttering, it involves the computation of
integrals with the appropriate volume element, according to what we did in Section
3.4. The reader might be confused because this is not the standard way to define the
current in holography. As it will be done in Chapters 5 and 6, the standard defini-
tions of CFT operators in holography also include the square root of the determinant
of the induced metric.

The covariant Ward identity for diffeomorphisms is

D; <ti]' + uilKlj) = I/lilD]'Kil + Fij]i — YID]'XI — 2ADy <€lmonlmRkjnp> ’
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where we have decomposed the covariant membrane stress tensor given in (3.34) in
its two contributions and we have introduced

U % (F”XI + Flig X! ) Fs,
which is the momentum conjugate to X!. Dots denote derivatives with respect to
the Fefferman-Graham radial coordinate. The covariant current J* also appears in
the covariant Ward identity and now it receives a further contribution proportional
to the | coupling, according to

Ji = F" — 8AeM K DKy, + é (Fﬁ 9, XX, — X X' FY — X;9; X! Pff) .

The covariant Ward identity for gauge transformations gives the usual anomalies
D,‘]i — ik <KFiij1 + )\Rubinbakl) .

Please notice the factor 1/3 difference with respect to the consistent form of the
anomaly, given by (3.26). In fact, one could use the holographic anomaly coefficients
x and A and compare the results to those of a weakly coupled theory with N, chiral
fermions. The matching of anomaly coefficients gives

N, N
= — , /\ = X .
= o 768772

(4.2)

The tensor t/ can be divided into the standard Brown-York contribution tZ H and

a part that stems from the mixed gauge gravitational Chern-Simons term t;{, and our
new definition of stress tensor also includes the other operator u”, as discussed in
Section 3.3.2. Let us include them all here for the sake of clarity when we use them
later

tgH — —Z(Kij — K’yij)
1 = —gremrli <2DnKQFfm + 7' KiyFym — F me{)KL) '
uij = 8A€mnp(ianKj) s

So far, the additional terms in the stress tensor might appear to be only required
by our desire to have constraint equations that are formally equal to the usual field
theory ones or to have nicely behaved holographic RG equations. However, we
will see they are essential to get the physical results of the anomalous transport
coefficients, thus generalizing the expression found in [117] to cases in which ~(~2)
does not vanish in (3.2).

The usual contribution (tg H); is still divergent and needs to be regularized by

the standard counterterms [70]. In contrast, the additional contributions (¢ A); and

uil Kj; are already finite before the holographic renormalization is performed. We
must remark that, in the case of holographic pure gravitational anomalies dual to
two-dimensional field theories, a similar correction has been found in [99].
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Once we have clarified which are the relevant operators, it is time to move on to
study the linear responses. We will first compute the electric DC conductivity and
then the chiral magnetic and chiral vortical effect.

4.3 Conductivities

4.3.1 Electric DC conductivity

Let us introduce the small perturbations

A, =e(—Et+a,(0)),

€ .
g1z = SHi@),

€, .,
8hz = Ehﬁ(“)/

where E is the external electric field and the perturbations do not introduce addi-
tional sources, i.e. they are zero at the conformal boundary. The equations of motion
are

Euti

2
0= (1+2)p ) b - wr <1— %]u) ,

Wa\' k2 k2
2 (M) _ K 243\ 12 2 (1 _ % s /
uf(ﬁ) 4<1+2]yu>ht+yu (1 2]u)faz,
K2 , ’
0= Kl—ffﬁ) (faz—yhf)} ’

and they can be solved following [44]. Let us sketch the reasoning as follows.
The quantity we are interested in is the electric DC conductivity. Considering the
perturbations, the current reads

J. =2 lim fa..
1—0

Therefore, the conductivity can be calculated as cpc = |,/ E if we obtain an expres-
sion for fa, at the boundary. The third equation of motion is a total derivative and
it can therefore be directly integrated. In particular, it can be integrated between the
boundary and the horizon, giving an expression for one half of the current

fa. : (4.3)

n—1

u

T (1 - %21) (fal — uhi)

where we have used that i} = 0 at the boundary.
Imposing regularity of the metric at the horizon helps us relate the different met-
ric perturbations as

25| =i

n—1

(4.4)

n—1
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However, the first of the three equations of motion is actually an algebraic equation
for h%, so we can find an expression for 2fh7 that holds for any 7. It reads

Euit 2 —k?J1

2fH; = .
M = " T apem

(4.5)

So far we have obtained the current in terms of horizon quantities in (4.3) and
we know how to relate the two metric perturbations around the horizon (4.4). The
missing piece is obtaining a near the horizon. However, if we take the second of
the equations of motion around the horizon and substitute /} according to (4.4) and
(4.5), we can solve for a, near the horizon in the resulting algebraic equation and
obtain the remaining piece. The DC conductivity finally reads

2 (1-57) 42
e = (1-50) 1+ i 2

This expression is the dimensionless conductivity where we have set the horizon to
i, = 1. It is qualitatively of the same form as the one discussed in the AdS; model
in [59]. In particular, it also vanishes for k?*] = 2 and it can even become negative
in some range of the parameters, thus indicating an instability. We also note that for
J = 0 the dimensionless conductivity obeys a similar bound as the one proven for
holographic matter in 2+1 dimensions in [61]. However, since our main interest is
the anomalous transport coefficients, we do not further investigate the properties of

0pC-

4.3.2 Chiral magnetic conductivity

We now introduce the magnetic field as a perturbation by

Ay = €Bx,

A; = eay (1),
€ R

gi- = SHi ().

The equations of motion for the perturbations are

—4xBy = Kl = k2—2]u) (fa% — Vhf)}/ :

1z\ '/ 2 2
0 f (h ) :kZ (1+2]y2ﬁ3> hi + pit? (1—%m> fa,

_t
0
—2BAf (3K% + 16§22 +12f — 12) .

The strategy to integrate these equations is as follows. First we solve the equation
for a, by writing
4xBil + ¢
i = L 4 2P0

Ay

4



86 Chapter 4. Anomalous transport and holographic momentum relaxation

where c; is an integration constant. Imposing regularity, the presence of a mass
term for the graviton fluctuations fixes h; to zero in the horizon, so ¢; = —4«xB.
However, if k* = 0 this is not the case and ¢; cannot be fixed through this argument.
It eventually corresponds to the choice of frame in a hydrodynamic setup.

With this expression for &7, the equation corresponding to this field is now con-
verted into a third order equation for a,. It can be integrated and the reamaining
three integration constants can be fixed by demanding regularity of the solutions
on the horizon. Without going into the details of the solution, we note that this
procedure results in the asymptotic expansions

a, = 4xBuit + O(0?),

2
W= — (K“I/lz + 8ATAT? — A%) B 4 O(12®).

The result is independent of |, and k only appears on the metric perturbations. If
we apply the usual holographic dictionary the energy-momentum tensor is given
by To, = 4g},(1 = 0) [70], which coincides with our 5, and therefore k would
also appear on the transport coefficient. However, we have already argued that we
need also to include (t,)” and uikKk]- to compute the correct energy current. Their
contributions read

()7 =0,
(u-K)T = 2k2BA&1 087

Using this, we can relate the components @ of the covariant membrane stress ten-
sor to the energy current and finally obtain

J= 8K;¢]§ ,
e = (4xp® +32A7*T?)B.

Taking into account (4.2), these are the usual expressions for the chiral magnetic
effect in the covariant charge and energy currents. Please notice the results here
have the opposite sign from those in Section 2.2.3. We have taken the opposite sign
convention for the magnetic field.

4.3.3 Chiral vortical conductivity

Vorticity is introduced in this language as a gravitomagnetic field B, in the z di-
rection. The relation between vorticity and the gravitomagnetic field follows from
observing that w' = %eijkajuk. In the rest frame in which u" = (1,0), the gravito-
magnetic vector potential is the mixed space-time component of the metric in the
dual field theory ds*> = —dt? + 2Ag dxdt + dx?. The relation is subsequently fixed

to be Bg = —2w if we define the gravitomagnetic field as Bg =V x A
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We now take the perturbations to be

Ay = €Bgilpx,
AZ — Gﬂz(ﬁ) ;
ef (%)
il
hi (@),

| m

8tz =

where we have already considered, from the intuition gained in Section 3.4, that the
gravitomagnetic field produces a current due to drag when the chemical potential
is present.

The equations of motion for the perturbations are

! 16 2
Ak Bop*1l + BgA (20f’2 —16 (f — 1)’;7 + T”azf’)

_ Kl_’;—zm) (fa;—uhfﬂ/,

e\ k2 k2
2 f ( f ) == (12720 ) b 4 i (1 - E]ﬁ) fa.

0
— ABgf (17k2ﬁ + (172/3) %03 + 80f — 80) .

The strategy to integrate these equations is the same as before. We first solve the
equations for a, by writing

1 2
h; :%a; + 323g% ((—16@2 — 160 — 16 — 1440* + 480°)Ay® — 72kp (1 4 10)

- <576ﬁ3 — 24Kk%10 — 144K*03 + 19200% — 24k> + 19210 + 24Kk*0* + 192/\> 1

- %(—57612 — 36k*0% + 144k* — 57610% 4 288k*0* — 576 — 9k* + 144k212)) ,

where we have explicitly substituted the blackening factors and chosen the inte-
gration constant such that i} vanishes at the horizon. The vanishing of the metric
perturbation is again a consequence of imposing regularity, unless k> = 0. The
equation for k7 is now converted into a third order equation for a,(u) and it can be
solved with the same boundary conditions as in the case of the magnetic field. The

details of the lengthy solutions are not interesting to us. The resulting asymptotic
expansions are

a; = (2kp? + 1672 T?A)Bgil + O(11?),

hi = — (%K;ﬁ + 16)\;4712T2) Bgﬁz + O(ﬁ3) .

In contrast to the case with magnetic field, the asymptotic expansions are completely
independent of the disorder parameters | and k, even for the energy current. This
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tits our expectations, because the new contributions that have to be taken into ac-
count in the membrane stress tensor depend only on the external electromagnetic
fields but not on the external gravitomagnetic fields. The final result for the response
due to gravitomagnetic field reads

J= (41(;12 + 327r2T2A> By,
Je = <§K‘M3 +64)\]/17T2T2) B,

Remembering that gravitomagnetic field and vorticity are related by §g = —20,
these are the usual responses of a chiral fluid due to vorticity.

4.4 Discussion

Chiral magnetic and chiral vortical effects are anomaly induced dissipationless
transport phenomena. In this chapter we have shown that in a simple holographic
model of disorder their expression does not change. This result could have been ex-
pected and, moreover, the response in the charge current could have been inferred
from [60]. However, the result of the energy current has required the involved con-
struction of membrane currents from the previous chapter. It therefore serves as a
further consistency check of the construction and a practical example where the use
of such generalization of the energy-momentum tensor is required.

The mixed gauge gravitational Chern-Simons term modifies the definition of the
holographic energy-momentum tensor because of its higher derivative nature. In
our construction, we allow the extrinsic curvature to vary independently of the met-
ric and then we demand that the energy-momentum tensor satisfies a constraint
equation in which the extrinsic curvature acts like an external source conjugate to
the operator u'/. Although our background is asymptotically AdS, even to first
order in the gravitational Chern-Simons coupling A the new terms in the energy-
momentum tensor give a nonvanishing contribution. This contribution appears due
to the fact that the asymptotic expansion of the metric contains a constant term, i.e.
g =—3+ %2 +O(#) and gag = 2= + % + O(#1). This constant term is a direct con-
sequence of the presence of a background of massless scalar fields. Furthermore,
the contributions of t] and (u - K)'/ are crucial to restore the usual form of the chiral
magnetic effect in the energy current.

Let us make some further technical remarks regarding the details of the compu-
tation before moving on to the next chapter. First of all, we have seen that in the
theory with a massive graviton, regularity at the horizon imposes the vanishing of
one of the integration constants that are usually free for translation symmetric theo-
ries, thus choosing a frame in the hydrodynamic sense. In particular, it fixes a frame
that should be interpreted as the disorder rest frame [123, 132].

In addition, in our gravity action we have included two terms that involve higher
derivatives: the gravitational Chern-Simons term and the charge disorder term pro-
portional to the coupling J. Due to their higher derivative nature, they should be
understood from an effective field theory point of view as perturbative couplings
that are somehow subleading in the large N expansion.
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This is for granted in the Chern-Simons contributions, as seen in the previous
chapter, because we only consider linear response in the magnetic field and the vor-
ticity. However, it is not so for the | coupling. In fact, we adopt the approach of [14,
59] of taking such coupling in a non-perturbative way in order to obtain comparable
results. The interesting results are precisely the existence of an unphysical region in
parameter space in which the DC conductivity becomes negative and the fact that
the anomalous transport coefficients are independent of | and can be computed for
any value.

Finally, let us make a connection to the results in [90], in which the Stiickelberg
tield appears in the gauge sector, instead of associated to gravity, and it thus breaks
gauge invariance in the bulk. In that case the chiral magnetic effect changes from its
usual form, contrary to what happens here. Our understanding of this difference is
that massive gravity breaks spatial translation invariance but there is no anomalous
conductivity associated to conserved momentum. The anomalous terms in @ must
be interpreted as an energy current and not as the (non-conserved) momentum den-
sity. In this picture, the currents corresponding to momentum conservation are then
the purely spatial components, in the same way that the energy and charge currents
are associated to energy and charge conservation, even in the presence of anoma-
lies. It would be very interesting then to engineer a mechanism in holography that
breaks energy conservation.
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Chapter 5

Holographic Weyl semimetals

The holographic Weyl semimetal is a model for strongly coupled topological
semimetals. The model presents a topological quantum phase transition separat-
ing a topological phase with non-vanishing anomalous Hall conductivity from a
trivial state. In this chapter we investigate how this phase transition depends on
the parameters of the scalar potential i.e. the mass and the quartic self coupling.
Our results suggest that the quantum phase transition persists for a large region in
parameter space. We then compute the axial Hall conductivity which, from the al-
gebraic structure of the axial anomaly, one would expect to be 1/3 of the electric
Hall conductivity. We find that this holds once a non-trivial renormalization effect
on the external axial gauge fields is taken into account.

This chapter is mostly based on [37]. The original manuscript appeared in a time
when there were some concerns in the community about the correctness of using
holographic nonsupersymmetric bottom-up models, as these theories might pos-
sess unstable vacuum solutions [120]. Thus, we included a discussion in Section 4
of [37] on how the results of the quantum phase transition could be reproduced in
a well-known top-down model. It is based on a consistent truncation of type IIB
supergravity and has been used before in the study of holographic superconduc-
tors [10]. However, we have decided not to include the discussion about the axial
Hall effect in this top-down model in the thesis, since it does not provide new in-
sight.

The chapter is organized as follows: in Section 5.1 we discuss the motivations
to propose and analyze a holographic model of Weyl semimetals; in Section 5.2, we
present the model and the different operators; in Section 5.3, we use the existence
of a critical gravitational solution as a guiding principle to explore the universality
of the quantum phase transition and its dependence on the free parameters of the
model; in Section 5.4, we review the first results concerning the model and include
our results for the axial magnetic effect; and, finally, in Section 5.5 we conclude the
chapter with a summary of the project.

5.1 Motivation

A Weyl semimetal is a topological state of matter whose electronic quasiparticles are
chiral fermions [149, 142]. It presents exotic transport properties, like anomalous
Hall effect, that can be understood as effects due to chiral anomalies [102]. The
band structure of Weyl semimetals is characterized by pointlike singularities in the
Brillouin zone, around which electronic excitations can be understood as left- or
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FIGURE 5.1: Spectrum of the Weyl semimetal model. In the left panel
(b*> > M?), the topological phase is depicted, with the two Weyl nodes
in the spectrum separated by a distance 2v/b* — M? in momentum
space. In the right panel (b> < M?), the system is gapped with a gap
given by 2v/M? — b? and therefore it represents the trivial phase.

right-handed Weyl spinors. These quasiparticles always appear in pairs of opposite
handedness, according to the Nielsen-Ninomiya theorem and the spinors from one
of those pairs can be separated in momentum space when time-reversal symmetry
is broken. When trying to explain the anomalous Hall effect in a manner compatible
with Fermi liquid theory, such that all the physics was explained via quasiparticles
with energies around the Fermi level, it was realized that the Weyl spinors could
be understood as monopoles of the Berry curvature in momentum space [69]. The
charge of this monopole is a topological invariant and therefore it is still relevant
when interactions are included [151].

There exists a quantum field theoretical model whose behavior around the band
touching points describes accurately a Weyl semimetal [35]. It consists on a Dirac
fermion charged under an external gauge field and with a Lorentz breaking cou-

pling b. The Lagrangian reads

L= (i9"9y + M) ¢ — epr" Ayyp — P57 - by (5.1)

The spectrum of this theory can be easily computed by Fourier transforming the
resulting equations of motion and expressing the frequencies for which the deter-
minant of the differential operator vanishes as a function of momentum. It can be
seen in Figure 5.1 that there are two very different regimes depending on the relative
value of |b| and |M|. For simplicity and without loss of generality, in the rest of the
chapter we take the Lorentz breaking coupling b along the z-direction, i.e. b = bé,.
If |b| > |M], the spectrum is ungapped and the wave function around the cross-
ing points is well-described by a Weyl fermion. The separation of the Weyl cones
is 2(b*> — M?)'/2, so the system can be described by an effective Lagrangian like
(5.1) with M = 0 and b, = (b*> — M?)'/2. On the contrary, the system is gapped
for |b| < |M| and the effective Lagrangian is that of a massive Dirac fermion with
M = (M? — b?)V/2. Therefore, this model presents two phases, the topologically
nontrivial Weyl semimetal phase and a trivial insulating phase, which are separated
by a quantum phase transition. However, in both phases the same symmetries are
broken by a nonzero value of M and b. Therefore, it is a topological phase transition
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and the Landau classification for phase transitions does not apply. In addition, in
the presence of additional massless Dirac fermions the trivial phase is not gapped
and then it represents a trivial semimetal instead of an insulator. In fact, in the holo-
graphic model that we will present below, the nontopological phase is a semimetal.
The order parameter of the transition is the anomalous Hall effect

o 01 - o

] = ﬁb x E, (5.2)
which is zero for the insulating phase and nonzero for the topological phase, and
the responsible for its appearance is the axial anomaly (2.5).

One might wonder if it is possible to construct a model at strong coupling that
reproduces the relevant physical phenomena present in Weyl semimetals i.e if it is
possible to propose a model that possesses a quantum phase transition between a
phase with anomalous Hall effect and another one without it. The reason why this is
a sensible concern is that the Fermi velocity in a Weyl semimetal is low compared to
the speed of light and this can be related to an effective large fine structure constant
similarly to graphene. This line of reasoning motivated the work to propose holo-
graphic models of Weyl semimetals. In this chapter we review the model presented
in [103] and later expanded in [105, 104], but there have been some other approaches
in which the holographic fermion spectral functions were studied [85, 86, 73, 66].

Holography has proved itself useful for the understanding of strongly correlated
relativistic systems, including superconductors [71], strange metals [112, 40] or lat-
tice systems [78]. It has also been crucial for a deeper understanding of anomalous
transport, as extensively discussed in this thesis, so it is very natural to use the intu-
ition gained from those works in order to study Weyl semimetals. Furthermore, in
holography some of the subtleties in the computation of the anomalous Hall effect
are not problematic. In field theory, the anomalous Hall effect appears as a one-loop
contribution to the polarization tensor and some ambiguities arise related to its reg-
ularization [84]. They can be resolved either by matching to a tight-binding model
[62, 144] or by introducing chiral edge states at the boundaries, called Fermi arcs,
to cancel the anomaly [58]. In holography, however, demanding gauge invariance
solves all those problems and the nontrivial renormalization is mapped to the dy-
namics in the radial coordinate. In this chapter such a nontrivial renormalization
will be very relevant in the computation of the axial magnetic effect.

5.2 The holographic model

The action of the model is

1 12 1 1

5 2 2 *

— x/—g|——= R+ ) —-F2—-F2 — (D,®)"D'"® — V(P

S /d {167[(; ( L2> 4 475 ( H ) ( )
—K HVpeT A PS FS + 3F,, F, +S 5.3
36 u\tvolor vplot GH/ (5.3)

where G is Newton’s constant, L is the AdS length, «x is the Chern-Simons coupling
constant, we have already fixed the cosmological constant A = —6/L? that gives
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AdS spacetime in 5 dimensions and Sgp is the Gibbons-Hawking term given by
(3.11). From now on we set 167tG = L = 1.

The field content of the action is motivated from the expected symmetries of the
dual field theory. We introduce a vector gauge field V), and an axial gauge field
Ay, whose field strengths are respectively F = dV and Fs = dA, in order to ac-
count for the electromagnetic and axial U(1) symmetries of the system. The scalar
tield ® is only charged with respect to the axial field via the covariant derivative
D, = 9, —iqA, and has a quartic potential V(®) = m?|®|? + §|®[*. Explicit
breaking of the axial U(1) symmetry can be achieved by switching on the non-
normalizable mode. We will later relate precisely this non-normalizable mode to a
mass term in the dual theory. The final ingredient in the action required to make the
axial symmetry anomalous is the five-dimensional Chern-Simons term with the par-
ticular choice for the coefficients shown above. They are chosen such that the gauge
variation of the action mimics the VVA and AAA anomalies of Dirac fermions and
preserves the vector-like gauge symmetry.

Variation of the action gives the following equations of motion

0 =Gy — 68w + g&uk" = EF}{PFVP +g8wls — Sh Ty
1 A
+ 58w [(DPCID)*DPCID + m? D D + E(c1>*<1>)2} — (D, ®)*D,)®,
0 =V, F"¥ 4 2ke!"P""F) Fye, (5.4)

0=V, B" + ke!P™ (FF, + FypFor ) +ig (~®°DM0 + (DI D) @), (5.5)
0=V, (D'®) — igA"D;,® — m*® — A(D*D)D,

where V, is the gravitational covariant derivative.
We can define the consistent currents 7“ and J3' as the variation of the on-shell
action with respect to the associated gauge fields

T = Jim 5 = B /7 (P 4 Au) 56)
T =1 Sy —¢(F" + AK gruveo S (5.7)
=M ga, T ARV g A ) |

As already commented on, these expressions might look different from the ones
written above, but they give equivalent results. The difference is due to the use of
the Poincaré radial coordinate r, instead of the Fefferman-Graham radial coordinate
#, and the inclusion of the square root of the metric determinant. The square root
of the bulk metric determinant here accounts in the language of Chapter 3 for the
normal vector and the square root of the induced metric determinant that appears
on the integrals over the constant 7 hypersurfaces ¥. Some of the arguments in this
chapter are more clearly understood in the context of the holographic RG, so we
will later make use of r-dependent membrane currents. For the sake of clarity, we
denote them in this chapter as 7, (;:n ) and ‘75sz)' and they can be obtained from (5.6)

and (5.7) by dropping the limit to the boundary.
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Finally, the Ward identities can be directly found by the use of the radial compo-
nent of (5.4) and (5.5), and they read

aaju == 0/
9. J¢ = —geﬂbcd (FuvFea +3E5,ES) +ig/=g (@' D'® — (D'®)'®) . (5.8)

Again, we could do as in Chapter 4 and match the anomaly coefficients to the field
theory ones.

Before entering into the details of the calculations, let us characterize the physical
meaning from the dual theory’s point of view of the Lagrangian parameter space:

e The bulk mass m? determines the scaling dimension of the operator dual to ®,

according to:

d + Vd? 4 4m?
5 ’
where d = 4 for our case. The most natural choice, and the one made in
the first works on the model [105], is m?> = —3. This choice gives Ap = 3.
Therefore, the operator dual to ® has the dimension of a fermion bilinear mass
term in four dimensions and its source has dimension one, so it can be taken
as a boundary mass M. It is the most natural choice indeed because it gives
the right interpretation of the last term in (5.8) as the mass term in the Adler-
Bell-Jackiw anomaly (2.5). If Ay # 3, however, the mass has to be defined by
taking appropriate powers of the non-normalizable mode, as discussed below
when we introduce the holographic dictionary (5.11).

Ap =

e The quartic coupling A is a measure of the effective number of degrees of free-
dom that are not decoupled in the infrared for the trivial phase. This can be
understood in terms of the holographic relationship between the rank of the
gauge group and the cosmological constant, as explained below in Section 5.3.
In particular, at vanishing quartic coupling the theory loses all degrees of free-
dom in the IR and becomes strongly coupled, while for vanishing gravitational
coupling the charged degrees of freedom are negligible.

e Finally, the charge 4 modulates the mixing between the operators dual to ®
and Ajp. In the limit 4 — 0 these two operators do not mix along the RG,
and all the interesting physics is lost. Applying the techniques from Chapter
3, we can better understand these mixing, and also the difference to the vector
current [105]. Let us express the equations of motion (5.4) and (5.5) in terms of
the membrane currents

d
- (j(ﬁ‘ﬂ - ,/—g4;<eWWAVPPU) —0, (5.9)

d 2 1
I (o e angs ) =2y (40 o)

where we have decomposed the complex scalar according to ® = ¢e'¥ and
assumed no dependence on the boundary coordinates. Understanding it as an
RG equation, it is apparent how the properties of the axial coupling will match
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between the UV and the IR only in the limit § — 0. On the contrary, the first
equation is the total radial derivative of the vector current independently of
the point in parameter space and it lets us express the one-point function of
the current completely in terms of horizon data.

We are looking for solutions which are asymptotically AdS. Our background
must present anisotropy due to a nonzero axial field. This axial field will be later
related to the separation of the nodes b in the field theory model (5.1). Therefore,
our zero temperature ansatz is

2
T=0: d52=u<—dt2+dx2+dy2)+‘%+hdzz, d=¢, A=Az,

where we have implicitly assumed that the separation between the nodes is along
the z-axis, without loss of generality.

We expect our holographic model of Weyl semimetals to reproduce at zero tem-
perature the topological quantum phase transition from the field theory model.
Thus, it must interpolate between a topological phase with a nonzero Hall conduc-
tivity and a trivial phase in which the Hall conductivity vanishes. Indeed, when
one tries to solve the equations of motion asymptotically near the horizon for zero
temperature using this ansatz, one sees that the system has three kinds of solutions.
These turn out to correspond to the trivial phase, the non-trivial phase and the crit-
ical point located between the other two phases. In particular, if we now plug this
background in the RG equation for the vector membrane current (5.9), one can see
that the transport coefficient of the anomalous Hall effect (5.2) for this action gives

o4 = 8kA; (0) . (5.10)

Thus, a solution with A,(0) # 0 will be topological while the trivial phase will
appear when A, vanishes at the horizon. We include this result here to motivate the
search for the three solutions that give rise to the critical point and the two phases,
but we have not been very rigorous. All the details are covered in Section 5.4.

For finite temperature, we expect to find an AdS black hole geometry, so our
finite temperature ansatz is

2
T#0: dsZ:—udtz—l—f(dxz—i—dyz)+d%+hdz2, d=¢, A=A.dz.

In this case there is only one solution at the horizon. It fits our expectation, because
at finite temperature the phase transition becomes a smooth crossover.

The phase structure is labeled in the field theory model by the ratio M /b, which
is the only physically meaningful dimensionless parameter at zero temperature due
to conformal symmetry. In general, if the critical value is (M /b)., then for (M/b) <
(M/b), we have a topologically nontrivial solution and for (M/b) > (M/b), we
have a trivial solution, as shown in Figure 5.3. When (M/b). goes to infinity, it
means that the trivial phase has shrunk to only one point. The mass M, which
explicitly breaks the axial U(1) symmetry, can be introduced by demanding that
the non-normalizable mode of the scalar does not vanish. The distance between the
nodes b, on the other hand, can be simply represented by a constant axial gauge
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FIGURE 5.2: Schematics of the RG flow of the model. Atlow energy an

unstable critical point is present at a certain value of M /b, correspond-

ing to a Lifshitz scaling solution. Small deviations in M /b around this

point will make the system flow in the infrared to either the topological
phase to the left or to the trivial one to the right.

tield. Thus we impose the following boundary conditions

lim r®" = M, lim A, =0, (5.11)
r—00 r—00
such that the ratio M /b is dimensionless independently of Ag the dimension of the
operator dual to ®. In particular, we have introduced v = (4 — Agp) ! to account

for the dependence of Ag on the bulk mass m?.

5.3 Universality of the topological quantum phase
transition

Our aim for this section is to determine the universality of the topological quantum
phase transition. We assume that the existence of a critical solution monitors the
appearance of a quantum phase transition. Therefore, we try to understand how
the change in the parameters of the model affects the possibility to find a critical
solution and the value of (M/b).. The first step to map (m?, g, A) into the critical
value (M/b). is to find an asymptotic solution in the IR that we can integrate to the
boundary and match to the boundary conditions given in (5.11).
The equations of motion for the zero temperature background read

2/ h/ 222
0=A)+ (7”——) Al — q;b Az,

2h
) 2A2
0=¢" + (2h+7”) ¢’ — (qh—z+m2+)\cp2) %

3u”  3u? 1 3, ¢? A ZA? 1
0= 428 +—<p’2—a+(ﬂ<m2+§<pz—q Z)——A{f,

4u Suz 4 4u h 8h
/h/ 2 2 5
0 M — E + = 3 (P A (P

where primes denote, as in the rest of the chapter, derivatives with respect to
Poincaré’s radial coordinate r. Following [105], we expect three solutions. One of
them is a scaling solution and it actually satisfies these equations of motion all along
the bulk: it is the critical solution. The other two, however, are only asymptotic solu-
tions in the IR and they represent the two different phases. Although we are mainly
interested in the critical solution as a signal of existence for the phase transition, let
us also discuss the other two.
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Asymptotic solutions for topological and trivial phase

The approach to solve the equations asymptotically begins by taking an ansatz with
the expected asymptotics

u:uorz, ]’l:h07’2, A=Ay, ¢=¢p.

If we solve for the accompanying coefficients, it can be seen that this particular
ansatz gives two solutions. Either ¢ or A, has to vanish at the horizon and for each
case the coefficient of u acquires different values (1g = 1 and uy = 1+ m*/(241),
respectively). For the solution with vanishing Ay, ¢ is also fixed to v/ —m?/A. In
contrast, the coefficient on & is undetermined for both cases, thus allowing for a
rescaling such that h = 2.

According to (5.10), the case with A(0) = 0 is the trivial solution and, therefore,
the case with ¢(0) = 0 represents the topological solution. In order to find the full
asymptotic solutions, understanding the computation in a perturbative way makes
the computation simpler. We then take irrelevant perturbations (u1, hj, ¢1 and A;)
around these two solutions, that must be regular at the horizon and subleading for
small r. We expand the equations to first order in perturbations and keep only the
leading terms. It can be seen that on both cases the equations for u; and h; decou-
ple and the solutions of those equations have to be taken to zero from regularity.
However, the equations for ¢, and A; look rather different in the two cases.

On one hand, the leading terms in the equations for the topological phase read

5 qZAZ
0=¢f + ¢1 - r4°4>1,
3 2q% Ag

O:A/ll_i_;A/l— ) ¢1 .

We first solve for ¢; and then we plug in the solution on the other equation. The
final result gives

_2
:1’2’

949
P e
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A, = Ap+ e T
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On the other hand, the leading terms in the equations for the trivial phase read

o 5 48\ m?
0= 0t an g ) 2P
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FIGURE 5.3: The zero temperature Hall conductivity for different val-
ues of the model’s parameters. It can be observed how the critical value
for the M /b parameter changes in the different cases.

We can solve the A; equation and then the ¢; equation. The complete solution is

(1 i ) r’
24\
h=r?,
Al]"‘Bl

b=\ "4 gt

&:4+%_£@£

where

m* + 24\
12Am?2
o= 2e2f1 - 2

m* 424\

Let us now move on to the scaling solution that will be associated to the critical
point.

Critical solution

It is possible to obtain a Lifshitz-like geometry with a non-trivial scaling exponent in
the z-direction that is solution of the equations of motion for the whole bulk. How-
ever, we expect to maintain AdS asymptotics in the boundary, such that the dual
field theory is Lorentz invariant. Therefore, we understand this scaling solution
also as IR asymptotics that will have to be numerically integrated to the conformal
boundary. This geometry represents the critical solution and we will focus on it
for the rest of this section. In particular, we will concentrate on the computation of
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(M/D), for each choice of the parameters in the Lagrangian. In general, there is only
one critical solution for a given value of m?, A and 4.
We begin with a scaling ansatz

u=ugr®, h=hy*, A,=Ag", ¢=adr’.
Imposing the equations of motion, we find
U= 7/107’2/ h = her‘B/ AZ - 7fﬁ/ 4) = 4)01

where hq is hy/ A%. The four parameters (1, 11, p and ¢p) are functions of (mz, g and
A), according to

1 1 1
0= 3h1(u0 — 1) — guoﬁz + Z¢%(h1m2 — qZ) + ggbghl)\,

2
0 = 2uphy(1—pB) — nggbé,
0 = 3ugB — 29°¢3,
0 = m?hy + g° + Ah1¢p3.

Solving the last three equations for u, h; and B, we obtain the following rela-
tions:

uo — 2190
38
qZ
h=——1 5.12
1 A (5.12)
2
B = 27 . (5.13)

Cm2 4 APE — 242

The first equation turns into a third order equation in ¢Z. Not all the solutions of
the third order equation are physical. Therefore, it is necessary to impose some
constraints, which can be summed up in the following way:

Regularity: B needs to be larger than zero.

Reality: A, and ¢ need to be real, because we want to recover a real value of M
and b in the UV. This gives us the conditions that f is real and ¢ is real and
positive.

Null-energy condition: We impose the null-energy condition TMN¢&y > 0, with

¢m any future-pointing light-like vector field. Taking ¢ = \/Ladt + Vhdz and

making use of Einstein’s equations gives TMNZ &y = GMNE &y =1 — B, so
the null-energy condition reads g < 1. This condition also enforces realness of
the axial field since it ensures the positivity of h, as it becomes obvious from

(5.12) and (5.13) that B = 2/ (2 + h; 1).

Once the physical solution of the system has been found, one can flow to asymp-
totic AdS in the UV by perturbing the system with irrelevant perturbations around
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the Lifshitz fixed point

u = ugr*(14 durX),

h = hr*P(1+ 6hrX),

A, = rP(1 4 éarX),

¢ = ¢o(1+prY).
The fact that all the perturbations have the same scaling exponent x follows imme-
diately from the linearized form of the equations of motion. Solving these again for
the new parameters (x, ou, oh, éa, é¢) it is important to enforce realness and reg-
ularity on this solutions and this requires x to be real and positive. The equation
has seven solutions but there is only one solution satisfying these two conditions.
The other four parameters can be expressed as a function of only one of them. The
possibility to integrate numerically the solution to the UV using the equations of
motion will only depend on the sign of this free parameter. Finally, the boundary

conditions (5.11) allows us to complete the map from (m?, g, A) to (M/b). and study
the appearance and location of the phase transition.

Decoupling of degrees of freedom

So far we have concentrated on using the possibility to find a scaling solution as
criterion for the existence of a quantum phase transition. However, we can use the
holographic dictionary to find a more physical argument to justify our results. From
(2.20) and (2.21), we can relate the number of degrees of freedom N to the Anti de
Sitter length L and the string length I; as

4
N « G) . (5.14)

The UV/IR correspondence of holography maps the geometry near the bound-
ary of spacetime to the ultraviolet conformal fixed point of the dual QFT, while the
deep bulk geometry (which in the finite temperature case is a black hole’s horizon)
contains information about the infrared degrees of freedom. If both the ultraviolet
and infrared geometries are asymptotically AdS then (5.14) implies that

NRr ( Lir )4

Nuy Luv/) '
where Nyy,r denote the UV/IR degrees of freedom and Lyy g represents the UV
and IR Anti de Sitter length scales. Of course, in order for classical gravity to be a
valid description, both Nyy and Njr are formally infinite, but their ratio remains a
finite quanltzlty Lir is defined implicitly through the infrared cosmologfncal constant

AR = 1 whose value can be computed explicitly as Alg = + V(PrR).

Then, the countmg of degrees of freedom can be expressed as

Nir <AUV>2
— . 5.15
Nyv AR (5.15)
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Since AdS is an Einstein manifold, the ratio between the IR and UV degrees of free-
dom can also be expressed in terms of the scalar curvature

Nr ( Ryy ) 2
— = — . 5.16
Nyv Rir (5.16)

Please notice that this quantity can never be greater than one as we flow between
two AdS spacetimes, since it would violate the holographic version of the celebrated
C-theorem [54, 52].

While this reasoning applies in a straightforward way in the case of AdS asymp-
totics, it has to be generalized if the IR geometry is not AdS. We use the scalar cur-
vature as an estimator of the degrees of freedom, since it is the only constant length
scale which is physically observable. In our holographic model there are three dif-
ferent possible infrared geometries which all have different curvatures. Using (5.15)
and (5.16), a straightforward computation gives

(E@) 1
Nuv top '

(Nm) 1
Nuv / i (1+ (gfjf)zl

(g—i) B (uo(6+;5(()3+ﬁ)))2'

Notice that only the result for the critical solution depends on the charge q. Con-
sistency with our weak coupling intuition would require that the decoupling of de-
grees of freedom is intermediate between the two phases, according to

(i)n ™ ().~ (53)
— >(—) > :
N uv top N uv C NUV triv

The result of the two methods described above are presented in Figures 5.4 and
5.5, where we study dependence on A and m?, respectively. In the case of the de-
pendence on A we clearly see that, for large enough A, the critical M /b parameter
diverges. This implies, as the topological phase still exists for lower M /b than the
critical one, that the transition to the trivial semimetal phase ceases to take place,
making the system impossible to be gapped at low energies. It is interesting that the
limit A — 0 reaches smoothly a finite constant value of M/b. However, this is not
easy to analyze, as the gravitational backreaction on the geometry has to be arbitrar-
ily big in order to compensate for the scalar field’s energy density, which scales as
AL

The argument using the infrared degrees of freedom strengthens our conclu-
sions. In fact, it can be seen that, as we increase A, the infrared degrees of freedom
of the critical solution become eventually less than those of the trivial one. In this
case the phase transition ceases to take place, as the gapped phase would have too

Results
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FIGURE 5.4: Phase transition as a function of the model’s parameters:

(left) critical M /b as a function of A, (right) infrared degrees of freedom

as a function of A. Divergences in the M /b values and crossing in the

counting of degrees of freedom signal the impossibility for the phase

transition to take place. They are emphasized by a dotted vertical line
and coincide between the two methods.
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FIGURE 5.5: Phase transition as a function of the model’s parameters:
(left) critical dimensionless ratio M7 /b (y~! = 4 — Ag) as a function of
m?, (right) infrared degrees of freedom as a function of m?. Points at
which the transition ceases to take place coincide. To avoid cluttering,
we include the legend here: 4 = 1.0 (red), 4 = 1.25 (orange) and g =
1.5 (green). As above, the black line in the right panel represents the
topological phase and the blue line represents the trivial phase.
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many degrees of freedom to be reached from the critical point and we would be left
with a system that only presents a topological phase. Furthermore, the limiting A
values coincide between the two computations within numerical precision.

Looking now at Figure 5.5, we notice two things. First of all, we get a similar
steep curve to the one in the left panel of Figure 5.4 when we approach a critical
lower value for m? that is closer to zero as we increase the charge. This again signals
the disappearance of a trivial phase. However, the limit m?> = 0 is never reached.
In such a limit, the dimensionless coupling M = lim,_,« ¢ would act as an effective
mass for the gauge field Ay through the quadratic gauge coupling, giving m, =
q*M?. This behavior receives the name of holographic Stiickelberg mechanism [97,
32, 68, 90]. The other interesting behavior, which can be seen in the inset of Figure
5.5 (A), is that the lower bound (M/b). > 0 does not get crossed in any case. Thus,
the topological solution always exists.

This is confirmed by the counting of degrees of freedom, which crosses the ones
from the trivial phase at the same values of m? where (M/b). diverges. If, on the
other hand we had lost the topological phase, we would have seen a crossing of the
horizontal line Nig/Nyy = 1. Interestingly, the limit m?> — —4 does not present
any particular problem. This conclusion is however not complete, as we describe
only dual operators with dimensions 2 < Ag < 4. Operators of dimensions 1 <
Ag < 2 can be described using the alternative quantization scheme for big enough
negative masses (—4 < m? < —3 for a scalar field in five dimensions). In this case
we would identify the leading contribution at the conformal boundary as the one
point function of the operator dual to ® instead of its coupling.

As a final remark we notice that the system seems to display an odd behavior
in the case in which g?> < 1. Two critical solutions with different infrared degrees
of freedom can be found. However, the system admits no solution in between the
two critical solutions, as can be seen both from numerics and from the counting
of degrees of freedom. This unphysical situation may be the consequence of some
fundamental bound on gravitational systems, with profound consequences on the
allowed dual operator’s charges. We leave this problem for future studies.

5.4 Axial conductivity and infrared screening

The holographic model of Section 5.2 has a nonzero transversal conductivity in the
topologically nontrivial phase

J' = eallE, (5.17)

where ¢! is the electric anomalous Hall conductivity. From a quantum field the-
oretical pomt this is a consequence of the anomaly giving rise to a coupling in the
effective action of the form

NN

WV, A,b] = W[V, A,0] + 22 . / dxe 7, (3ViFo + AEY ), (518)

where the parameter b, is the effective infrared value of the axial gauge field [62]. In
holography this result can be extracted in a rather straightforward way from the five
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dimensional Maxwell-Chern-Simons equations of motion (5.4), as we have already
advanced in (5.9). When expressed in terms of the membrane current ]gm), the u

components of (5.4) read

d
p Tt + V=8V, F" + 8K\ /— g€y (AcFy) = 0.

If one turns on a boundary electric field with no time or spatial dimension, we can
find the conservation of the current zero mode. Upon radial integration between the
boundary and the horizons, the one-point function of the current can be expressed
in terms of the value at the horizon of the membrane current, which represents the
low energy degrees of freedom of the theory. It can be obtained from the Bianchi
identity e/"f?Td,F,r = 0, taking u,v to be two of the spatial directions, that the
electric field does not get renormalized

d - d -

EPOZ = EEZ =0.

Therefore, as we also used in Section 3.4, the F'* term in the membrane current
can be expressed at the horizon as a function of the electric field through the in-
falling boundary conditions, following [82]. This term gives rise to a longitudinal
conductivity, which vanishes at zero temperature and will be omitted for simplicity.
Finally, explicit evaluation of the Chern-Simons part of (5.6) on the horizon gives,
for the transversal part

<ji> = 8K€ijkAj(1’H)Ek.

We can identify A;(ry) with the effective infrared coupling b; and obtain the result
in agreement with (5.17).

In the following we focus on computing the Hall conductivity for the anomalous
axial current jSV . The calculation in this case has to be done resorting to numerical
methods, because of the coupling to the scalar field ¢. However, as we will see
towards the end of the section, we would expect the structure of the anomalies to
completely determine the form of such a coefficient because of the relation (5.18).
This is, in fact, possible. Properly taking into account the RG flow to low energies
allows us to successfully match the holographic computation to the weak coupling
results. These axial transport properties are of high physical interest, as they can
appear in condensed matter studies. Axial vector fields arise at an effective level due
to lattice strain [39, 122, 63]. This computation also describes a topological signature
of anomalous U(1)? theories in the presence of charged matter. This can then be
used to directly detect the family of phase transitions presented in Section 5.3 even
if only the anomalous symmetry is present.

5.4.1 Axial Hall conductivity

The axial Hall conductivity cannot be computed easily by solving the RG flow of
the current because of the symmetry breaking of the scalar field. We therefore resort
to the Kubo formulae introduced in Section 2.3. In what follows, oy is related to

the anomalous Hall conductivity through ¢/ = %eiijjk- The expressions for the
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conductivities are

In holography one can obtain the retarded Green’s function by studying the fluctua-
tions around the background for the gauge fields dual to the currents and imposing
infalling boundary conditions. The Hall conductivity is the off-diagonal part of the
above equation so, for the vector conductivity, we need to turn on fluctuations on
the x- and y-directions of the vector gauge field i.e. 6V, = vy /y(r)e_i“’t. The equa-
tions of motion for these fluctuations, both for finite and zero temperature, are

v”~|—<h/+u/>v’+wzv +8inAz’U _0
) et g o
vl + h_’+u_’ v'+w—20 ——SinAZ/v =0
y u) vt o2y uvh X

On the contrary, the axial gauge field fluctuations ((SAx Jy = fx /y(r)e_i“’t) will glso
produce fluctuations on the metric (6gx; = gxx h*z¢7'“! and 8g,; = gyy WYz ).
For finite temperature, the complete set of coupled equations of motion reads

W ! w? 8iwk A’ 24%¢? Al
0 =a’/ +(2h+u>a + —a,+ u\/ﬁzay_ quqb Ay — f Zh"’
0 =al + (h/ + u/) ay + w—z P A i AZhy’

2h uza]/ u\/_ u ]/
Zf/ W f// u f/h/ u'l! wz
_ x! <) “- "~ x/! J X X
O_hz+<f+u 2h)hz+(f w2 2uh>hz+u2hz
Al 2q% A, ¢?
+Fal + ———ay,
fr o fu
o= 4 (I T f—”—” W +w—2hy
7 f o u 2h f 2fh 2uh) " C w2 ¢
Al 2¢% A ¢?
—i——Za'y—l—f—;ay.

f

The zero temperature case follows from this one taking f to be equal to u. Besides
the coupling to the gravity sector, the main difference between both sets of equations
is that in the axial gauge field case we cannot take the equation of motion to be a total
derivative, in the same way it already happens for the background. On the contrary,
a term involving the scalar field appears, giving a non-trivial RG flow along the
bulk which will take a major role in the understanding of the results obtained for
the conductivity.

The coupling to the gravity sector cannot be avoided. We can make both equa-
tions for the vector field decouple from each other with a particular set of basis i.e.
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v+ = vy *ivy. However, with an analogous basis one can only reduce the set of
four equations of the axial field to two sets of two equations each. Therefore, the lin-
ear response coefficients relating the non-normalizable mode with the normalizable
mode will have to be obtained taking care of holographic operator mixing [93]. We
will try to briefly explain the method followed. From now on, we focus on the axial
gauge field sector.

We start by expanding the action to second order in perturbations of the fields.
Then, we Fourier transform this quantity and take only positive momenta. At this
stage we multiply the fields by the proper power of r, to make their leading term
in the near-boundary asymptotics constant. Finally, having the action expressed in
this way, we impose the equations of motion and get the on-shell action, which will
have the following form:

7 T,
S= / dk- [zAUcbi kcb’]_k+BU<I>£k<I>ﬂ ’ / dk [qvﬂkfu(k,r)@ﬂ b/

y y

where @/ is the field mode associated to momentum k and ¢} is its value at a cut-off
close to the boundary that we will call 7. The remaining key ingredient is to use the
bulk-to-boundary propagator (BBP) to connect the first form of the on-shell action
with the second one, by expressing the bulk fields ®!(r) in terms of their value at

the cut-off ¢}
@ (r) = F';(k, 1) g},
I
CIDI_k(r) = FI](—k,r)q)]_k = goI_ka (k, 7).
With all this, we can then take

F(k,r) = 2F'AF' + F'BF,

which will give us minus the retarded Green'’s function in the limit where the cut-off
is shifted to the boundary

R .
Gry(k) = —rlggofg(k,r).

The remaining piece of the method is the construction of the BBP. When one
solves asymptotically the equations of motion near the horizon, it can be seen that
each field is defined up to an unspecified integration constant. We can take these
values for the different fields to form a vector and use a basis of this vector space.
The normalization of this basis doesn’t matter because we will end up normalizing
the BBP to be the unit matrix at the cut-off. Therefore, for simplicity we will take
the linearly independent combinations of the integration constants to be sets of ones
with a minus one that is in a different position for each solution. For each of the ele-
ments of this basis, we will integrate numerically the fields to the UV and construct
a solution matrix H(k, r) where the rows represent each fluctuation and the columns
represent each of the different solutions

HI](k, 1’) = CI)I(]) (k,Z).
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Finally, the BBP can be obtained as:
F(k,¥) = H(k,r) - H(k,rp) .

Now we have explained the method, we will include the field vector and the
A and B matrices in the second-order on-shell action for finite temperature. Zero
temperature case would be obtained substituting f by u. In our case, we don’t need
to take into account the power of r on the leading term of the asymptotic expansion,
since 4/, have a constant leading term and, although the leading term of the metric

perturbations is of order 12, the variables h*, and hY, also have a constant leading
term.

Ax
D = n ,
ay
hY,
_
| o
o o Y o |
_
0 0 0 iV
fPAL BiwkA,
0 gﬁf/ SR 0
. o L o 0
8iwk A, 0 fi
Sy
0 0 0 —S>T

The application of this methodology requires the construction of a solution for
the background fields and the study on top of them of solutions to the equations
of motion of the fluctuations. The background fields are obtained following the
method explained in Section 5.3, where the IR solutions of both phases and of the
critical point are integrated numerically to the UV. Then, we look for the asymptotic
solutions of the fluctuations near the horizon and impose regularity and infalling
boundary conditions, which could alternatively be seen as regularity on Eddington-
Finkelstein coordinates. Thus, we have an analytical form for the boundary condi-
tions at the horizon that we use for the numerical integration of the fluctuations. It
depends only on the holographic coordinate 7, on the frequency w and on the inte-
gration constants to which we made reference above, which will be either ones or
minus ones. The numerical solutions of the fluctuations are then plugged into the
H matrices, the background fields are included in the A and B matrices and all this
allows us to get the Green’s function.

We can safely take b to be the relevant physical energy scale throughout our
computation. Therefore the only dimensionless parameter in the problem is M/b
for zero temperature and both M /b and T /b for the finite temperature case, as well
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as the frequency w/b for the perturbations. When taking the small frequency limit
we need to take care of the region in which we will integrate our equations of mo-
tion. In particular, we need to take the frequency to be smaller than the distance
r at which we took the IR limit of the integration region. The system is also very
sensitive to the maximum r at which we integrate, since the metric fluctuations give
notable numerical errors for large integration regions. Therefore, since the solutions
we obtain for these fields have the form of a domain wall and the final value is al-
ready reached at a quite low value of » we looked at the value of the holographic
coordinate at which the boundary value of the fluctuations was saturated and take
this as our UV result.

5.4.2 Current renormalization.

As shown in [58, 159, 62], the anomalous Hall effect can be seen at weak coupling
to stem from an anomalous contribution in the low energy effective action given
by the infrared coupling to the axial current bLR]g , where we use the suffix IR to
denote couplings of the effective low energy description of the system, in contrast
to “bare” couplings in the UV description. In our language, this current insertion
can be reexpressed as an extra contribution to the effective action given by

NfA N?

OWIV, Al = - —

/ d*xehPrpR <3Vv For + AVF;(,) ,

such that functional differentiation gives a closed expression for both the anomalous
axial and vector conductivities in the presence of an (axial) electric field EES):

. Nj;‘NC . .
j = 22 bIR x E.
Js = = bir X Es.

We can read from these expressions the axial and vector transverse conductivities

NANZ N;‘Ng
o2 R ov=—75br,

ogp =

from which we can predict that the ratio between the axial transverse conductivity

o4 and the vector one oy is
oA 1

oy 3

This ratio should be fixed completely by the structure of the anomalies of the theory
and not receive any further low energy corrections, even though the low energy ef-
fective action is hard to determine precisely as the system is gapless. Nevertheless,
if we naively compute this quantity from holography, we find a rather different an-
swer (see Figure 5.7 and 5.8). The reason why this happens is that the external fields
in the infrared will in general couple with a different strength than they do in the
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b b
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FIGURE 5.6: Diagrams corresponding to the leading corrections to the
two-point functions (JJ) and (J5]5). These will be the most important
contributions to vector (left) and axial (right) conductivities in the in-
frared effective theory. Red dots denote the renormalized coupling of
the axial operators ~ \/Z4. It can be noted how the first diagram scales

as v/ Z, while the other one scales as 4 /Zi. These versions of the dia-
grams were created using TikZ-Feynman [48].

ultraviolet. Thus, their infrared coupling will also appear in the DC conductivities,
as they are a response of the low energy physics.

This can be thought of as a field renormalization effect due to the fact that we
have sourced a charged operator in the UV theory, which is described by the scalar
field @. It is useful to introduce a renormalization constant v/Z 4 such that:

VZaby = by

The coupling gets renormalized as we flow to the IR effective theory in the Wilso-
nian sense. In this case the important contributions at weak coupling come from
the diagrams in Figure 5.6, where red dots account for the renormalized couplings.
Thus we will take all the axial fields to be renormalized through \/Z in the infrared,
so that the effective action reads:

NfA N?
24772

SWIV, A] = [ dixet o, (3ZY2Vikpe + 247 A, ),

which implies a ratio between the transverse conductivities

ga 1 1 bIRZ
—=-Zs==|—-—) .
oy 374 3(b>

In holography we have shown that the infrared effective coupling is reproduced by

the horizon value of the background axial field, so that bITR = AZT(O). We then expect:
1/A 2
214,

while we can recover the right 1/3 coefficient if we express the quantity as a function
of the “screened” infrared fields A% =\ ZsAM.
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FIGURE 5.7: Normalized transversal axial conductivity for zero tem-

perature. The line denotes the original result for the vector conductiv-

ity, dots denote numerical data for the axial conductivity and dashed
lines denote the prediction (5.19).

We can now compare our prediction with the numerical results in Figures 5.7
and 5.8. We notice the remarkable fit of the prediction to the data, which still holds
in the finite temperature regime, with the transition smoothed out to a crossover.
Through this interpretation we can then recover holographically both the 1/3 co-
efficient, coming from the UV anomaly structure of the theory, as well as the right
dependence on the infrared renormalized couplings. Thus, our study displays both
the high and low energy character of this phenomenon, as should be expected from
its relation to the anomalies of the theory.

5.5 Discussion

In Section 5.3 we have studied the dependence of the quantum phase transition of
the holographic Weyl semimetal on the parameters of the scalar potential. We have
found that generically it persists but that the trivial phase becomes unaccessible
for large quartic scalar self coupling or close to the marginality bound on the dual
operator. From the point of view of bulk physics, those limits are related to a scalar
potential that does not have a non-trivial vacuum that spontaneously breaks axial
gauge symmetry.

In Section 5.4 we have computed the axial Hall conductivity and found that after
taking a non-trivial renormalization of the axial gauge field into account it is pre-
cisely 1/3 of the vector Hall conductivity. This is indeed what can be expected from
general arguments based on the algebraic structure of the axial anomaly. This re-
sult is of interest for condensed matter systems. While on a fundamental level axial
gauge fields are not present in nature they can appear as effects of strain in Weyl
semimetals [39, 63, 122].
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FIGURE 5.8: Normalized transversal axial conductivity for finite tem-
perature. The computation is done for different temperatures to prove
the state independence of the result.
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Chapter 6

Out of equilibrium anomalous
transport

We have only studied anomalous transport in equilibrium so far. However, some
of the systems in which these transport phenomena are expected to play a signifi-
cant role, like the quark gluon plasma produced in heavy ion collisions, are highly
out of equilibrium. Therefore, it is very natural to extend our discussion on anoma-
lous transport phenomena to out of equilibrium setups. In this chapter, we compute
anomalous transport phenomena sourced by small vector and axial magnetic fields
in out of equilibrium systems. We use generalized Vaidya-like metrics that include
momentum relaxation to make sudden changes in the thermodynamic variables of
the background and then we analyze the response induced by those changes. As a
result, we find that the chiral magnetic effect shows large equilibration times that
depend on the properties of the quench and we extract some general conclusions
about the consequences this might have for the phenomenology of heavy ion col-
lisons.

This chapter is based on [51] and it is organized as follows: in Section 6.1, we dis-
cuss our motivation for the study of the chiral magnetic effect out of equilibrium; in
Section 6.2 we introduce the holographic model; in Section 6.3 we present the AdS
Vaidya-like solutions with momentum relaxation; in Section 6.4 the linear response
equations are set up; in Section 6.5 we do a preliminary analysis based on hydrody-
namics which serves to establish some intuition on the out of equilibrium evolution;
the core of the chapter is Section 6.6, where we compute the anomalous response
far from equilibrium and we concentrate on the response of the vector current in a
background of axial charge and vector magnetic field, and the response of the axial
and energy currents due to axial charge and axial magnetic field; in Section 6.7 we
analyze the relevant quasinormal mode spectrum and compare to the direct numer-
ical solutions of the time evolution, and finally, in Section 6.8 we discuss the results
obtained.

6.1 Motivation

An important aspect of anomalous transport is that in a subtle way it is always
related to some non-equilibrium physics. At the theoretical level, the anomaly in-
duced contribution in a gauge current like the electric current has to vanish in strict
equilibrium. This result is known as Bloch theorem and it stems from the fact that
the contribution to the action of a nonvanishing current that couples to a gauge field
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would depend on the gauge choice. In particular, a discussion in relation to the chi-
ral magnetic effect (CME) has been given in [154]. A careful examination of the CME
shows that it indeed vanishes in equilibrium due to a topological contribution from
a counterterm that arises in the definition of the electric current [67]. In contrast, if
a current is related to an anomalous global symmetry, it does not necessarily have a
vanishing expectation value.

The reader might wonder if the motivation for studying anomalous transport
out of equilibrium is only theoretical. However, the nonequilibrium behavior is also
essential in experimental situations in which the CME arises, like Weyl semimet-
als [109] or the quark gluon plasma produced in heavy ion collisions. In Weyl
semimetals out of equilibrium dynamics arise due to the application of an electric
tield parallel to the magnetic field, which induces the celebrated negative magneto-
resistivity [129]. On the other hand, in heavy ion collisions the chiral imbalance is
induced in the early far from equilibrium stages by the gluonic contribution to the
axial anomaly, as discussed in [96].

So far, most of the theoretical investigations of anomaly induced transport, in-
cluding the ones in the previous chapters, have concentrated on equilibrium or near-
equilibrium situations which can be described by hydrodynamics [130]. However,
it is clear that a much better understanding of anomaly induced transport out of
equilibrium is needed. We are in the position to do it with the help of holography:
besides being very useful to investigate transport in strongly coupled systems, it
allows to study the out of equilibrium evolution of those systems by means of nu-
merical relativity in AdS spaces [34].

Some of the simplest time dependent gravity solutions are Vaidya metrics, which
are generated by in-falling incoherent null dust and can be obtained as analytic so-
lutions of Einstein’s equations for very simple energy-momentum and charge distri-
butions. In this chapter, we use asymptotically anti de-Sitter charged Vaidya metrics
to simulate the out of equilibrium evolution. On top of this background, we add a
small magnetic field and calculate the linear response in the vector, axial and energy
currents due to the axial anomaly.

The response in the energy current can be known a priori because it must be
equal to the conserved momentum density. Since no additional momentum is in-
jected into the system, its value does not change. However, this behavior can be
altered if momentum ceases to be conserved. Therefore, we introduce a Vaidya-
like background solution that also includes momentum relaxation through the same
mechanism of Chapter 4. The existence of this generalization of Vaidya metrics has
been noted before in the case of four dimensional asymptotically AdS Vaidya met-
rics in [152, 16]. It must be understood physically as some sort of homogeneous
distribution of heavy impurities that destroy momentum.

While we emphasize that our setup represents far from equilibrium physics it is
still useful to compare to hydrodynamics to gain some intuition. In general, trans-
port can have some convective component due to the overall flow of the fluid, but
this flow is impeded by the impurities and thus has to vanish when the external
perturbations are switched off and the system approaches a new equilibrium. As a
result, the response in the energy-momentum tensor and current is given as the sum
of convective and anomaly induced parts. Momentum relaxation will destroy the
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convective part and only the anomalous contribution is left. The latter is dissipa-
tionless and thus it cannot be affected by the impurities, as was shown in Chapter 4
for equilibrium in holography and in [132] for an effective hydrodynamics setup.
However, it is still interesting to analyze the behavior in holographic far from equi-
librium evolution.

In holography out of equilibrium anomaly induced transport has been studied
before [110, 8, 106]. However, all those approaches are different to ours in some
aspect. For example, in [110], the authors studied a free falling charged shell of
matter in AdS. While this is similar to the Vaidya approach, their computation of the
CME response used a quasi-static approximation whereas we directly solve for the
tull time dependence. In [8], the effects of parallel magnetic and electric fields were
studied, in order to simulate the negative magneto-resistivity out of equilibrium.
Finally, in [106] the work revolved around the out of equilibrium behavior of the
effects induced by the gravitational anomaly. Therefore, the work of this chapter is
a new study that complements the already available ones.

6.2 The model

We use the following holographic action

12 1 1
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The model is essentially the one from (5.3), from which it inherits a vector U(1)
symmetry and an axial U(1) symmetry which suffers from both VVA and AAA
anomalies. However, it is also supplemented with the scalar kinetic term from (4.1)
in order to have momentum relaxation. Besides that, we add by hand a null-fluid
action S, to the model, which will allow us to obtain a Vaidya-like background
solution, and the Gibbons Hawking term Sgp from (3.11). From now on, we fix
Newton’s constant G and the AdS length scale L as 167G = L = 1.
The equations of motion for the model are
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where the sources in the left-hand side of the equations stand for the variation of
the null-fluid action with respect to the scalar, the two different gauge fields and the
metric, respectively.
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From the quantum field theory point of view, the definitions of the scalar opera-
tors, consistent currents and energy-momentum tensor are

YI = lim \/ —’)/af,XI,

P00

J' = lim /=y [Fff +4xeiik1A]~Fkl} , 6.1)

Ji = lim N {pgf + L%KeijklA]-F,fl} , (6.2)

T = lim 2./~ [—KU’ n KW} ) 6.3)

where we are implicitly using the Fefferman-Graham coordinates ds?> = d#? +

'yijdxidxf . Please notice that we define the currents with the appropriate induced
metric, contrary to the definitions in Chapters 3 and 4. The difference stems from
the fact that in those chapters the currents were defined as fields whose fluxes over
the membranes gave the appropriate field theory one-point functions, while here the
currents are directly defined as QFT observables. The currents satisfy the following
holographic Ward identities

9;J' =0,
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6.3 Background construction

Our motivation for this work is studying the behavior out of equilibrium of anoma-
lous transport with a small magnetic field and momentum relaxation. Therefore, our
background shall represent a time-evolving homogeneous and isotropic charged
state in a theory that breaks translation symmetry. The magnetic field will be later
included as a perturbation on top of this background.

The simplest setup that serves our purpose consists of a black brane with time-
dependent blackening factor, which in Eddington-Finkelstein coordinates has the
form

ds* = — f(v,r)dv* + 2dvdr + r*dx?,

and a linear spatial profile for the scalars, associating each one to a certain boundary

coordinate
X' =kx, X =ky, X3 =kz.

As the scalars couple only through derivatives, the field equations and solutions are
still formally translation invariant.

We also want our background to be charged, in order to have nonzero chemical
potential. As there are no magnetic or electric fields in the background, and we
choose the gauge to be V, = A, = 0, the Chern-Simons terms in the equations of
motion will have no contribution at the level of the background. Since these are the
terms that mix both gauge fields, we can thus focus on only one of the gauge fields
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for the construction of the background. We stick to the vector field-strength F to
avoid unnecessary cluttering of the notation, but the exact same discussion would
apply to the axial gauge field sector.

If we impose that the expectation value of the charge density (J9) is equal to the
charge g, we can fix the field strength to be

_ 4
Frv—r_3.

This field strength corresponds to an external source given by

J E]ext) - 1,13 ’
where the dot stands for derivatives with respect to v.

The blackening factor f can be obtained as solution of two different time-
independent differential equations that arise as components of the Einstein’s equa-
tions. One of them is second order and the other one is first order, but compatibility
of both solutions imposes the extra integration constant from the second order one
to vanish. We fix the other integration constant by comparing it to the standard form
of the mass term in uncharged Vaidya metrics, finally giving

2 mio '02
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This corresponds to an external source given by

rie) = 20 _ 4
r3 40

One could wonder why the mass and charge are allowed to vary with time but the
momentum relaxation coefficient is not. It is important to note in this regard that
their origin is very different. As it was discussed in the first paragraph of this sec-
tion, momentum relaxation is a feature of the theory while the charge and the mass,
necessary to have a black brane, are properties of the state. In fact, their appear-
ance in the context of holography is very different. While the momentum relaxation
coefficient is fixed when sourcing the scalars, the mass and the charge appear as
integration constants in the solution of the differential equations.

The thermodynamics of the system are defined by the chemical potential and the
temperature, which we compute as the difference between the boundary value and
the horizon value of the zeroth component of the gauge field and the Hawking’s
temperature of the black brane, respectively. Their values are

q 1 (K  8m ¢°
-4, ==+ 4
Z , T= <27H + S (6.4)

where ry stands for the position of the apparent horizon. We do not consider the
event horizon since its location could be changed by events that happen long af-
ter the end of our numerical simulations. Please note again that all this discussion
would be the same in the presence of axial charge exchanging g by g5, or adding
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both contributions if both charges were present.

One obvious concern may arise. While chemical potential and temperature can-
not be defined in out of equilibrium setups, definitions (6.4) in this Vaidya back-
ground are valid at all times and react instantaneously to the changes in mass and
charge. We would like to make two comments on this. On one hand, although one
could feel tempted to take this expressions as true also out of equilibrium, it is im-
portant to understand that they are ill-defined in such regimes and we will only use
them as a near equilibrium approximation to detect true out of equilibrium behavior.
On the other hand, we want to look at the out of equilibrium behavior of anomalous
transport. We use this Vaidya background in order to simplify the computations.
The fact that the background seems to react to the changes instantaneously doesn’t
alter the fact that the computed one point functions present clear out of equilibrium
behavior. We would not expect notable deviations in the qualitative picture if the
procedure involved backgrounds that are generated by numerical integration, as it
was done in [106].

From now on, we will change our radial coordinate to be

u =

1
r 7

and we denote in the rest of the chapter the derivatives with respect to u by primes.
We use this coordinate in order to simplify the numerical procedure. Please do
not confuse it with the coordinate 7 used in Chapter 4. Both radial coordinates are

related according to 1l = u?.

6.4 Linear response computations

We are going to probe the out of equilibrium behavior of the system by switching
on a small constant magnetic field, either vector or axial, and the minimal set of
fluctuations required by consistency of the equations of motion at linear order in
the magnetic field. In order to carefully perform the perturbative computation, we
include an infinitesimal coefficient € whose powers will account for the order in the
expansion and we will drop all powers from the second one on.

Without loss of generality, we set our magnetic fields along the z-axis, such that
Fyy = €eBor F;:’y = €Bs in each case. The fluctuations that will be switched on are
V. =€V, A, = €A, gvz = €h/ u?and X3 = kz +€Z, grouped in different subsets
depending on the particular case, as will become evident below.

It is straightforward to check that the four different cases with vector or axial
charge and vector or axial magnetic field reduce to two different sets of equations.
The first set exists for the two cases with vector magnetic field and the second set
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appears for the two cases with axial magnetic field, and they read

B:0=dV' — —dV + 4{ V' — 4xBgsu?, (6.5)
Bs:0=dA — dA n ”4f — 4KkBsgsi® + ‘73 6.6)
0=dn + MH — gsu’dA —kdZ + K*h, (6.7)
0=dz' — %dz + 3%62’ + %h — gH, (6.8)
0= (g)/ — g5 A’ + %Z’. (6.9)

where H = I’ and d stands for directional derivatives along the outgoing null
geodesics
2
d=0y— %Eh, .
The other equations in each of the sets of equations are obtained by g5 <+ g and
A < V. More on this will be commented below.

Equation (6.9) involves no time derivative and thus it can be understood as a con-
straint that has to be fulfilled at all times. This form of (6.7) is obtained after using the
constraint to exchange time derivatives by the new operator 4. It is straight-forward
to see that the momentum relaxation coefficient acts simultaneously as a coupling
between the scalar and the metric perturbation and a mass for the metric. If there
were no momentum relaxation, the scalar would decouple from the system of equa-
tions, as it will also become obvious from the quasi-normal modes. Please notice
that, although not explicitly, momentum relaxation is also relevant in the equations
of the gauge fields through the blackening factors.

It is mandatory to check the compatibility of the equations of motion and the
constraint for the case with axial magnetic field. It can be seen that

g’ = dteqs9) 2, (467) ~a, (1) (eas) - K (eass)

Therefore, the constraint and the equations of motion are compatible only in the case
when the axial charge does not vary with time. This is not a feature of momentum
relaxation, since it is true even for the momentum preserving case, k = 0.

The definition of the directional derivatives along the outgoing geodesics gives
us a time evolution equation for the different perturbations by solving for the v-
derivative of each field. The use of this directional derivatives is according to the
well-known method of characteristics, in which one uses information about the tra-
jectories along which the information of the solution is transported to simplify the
form of the equations to be solved. In the case with Bs, the constraint could in prin-
ciple be used as the equation for h, but we got better accuracy by using the same
procedure for A, h and Z and then the constraint can be used as a test that the time
evolution was correct.

So far we have only discussed two of the four possible situations. The case with
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g and B can be obtained from the case with g5 and B by exchanging V by A and g5
by g in (6.5). The case with g and Bs can be obtained by exchanging A by V and g5
by g in (6.6)-(6.9). Thus, the out of equilibrium behavior is grouped according to the
magnetic field being vector or axial and we only need to make the computations for
the two cases considered above.

However, this is rather peculiar, because according to the type of anomaly the
classification is different: the case with g5 and Bs stems from the U(1)3 while the
other three come from the U(1) 4U(1)%. We can better understand this by looking at
the expressions these effects have in equilibrium in terms of the anomaly coefficients

- b —
Jo = dabc#Bc/

Te - dabc ,Léa;lzb Ec ’

where a,b,c = V,5 and TE is the energy current. It can be seen, for example, for
a single Dirac fermion (dyys = dysy = dsyy = dss5 = 2) that, while a vector
magnetic field never produces an energy current unless both chemical potentials are
nonzero, the axial magnetic field produces it as long as one of the chemical potentials
is present.

We need to solve the two different systems numerically. In order to do that, we
need boundary conditions, which we obtain from the asymptotic solutions near the
boundary of AdS, and also initial conditions, which we obtain from the fact that the
system is in equilibrium at the beginning.

We used a fourth order Runge-Kutta method to solve the equations both in the
time and radial directions. The radial derivatives of the fields were approximated
using finite differences. In particular, we used fourth order centered finite differ-
ences, except in the first two points near the boundary and the last two points be-
yond the horizon, where we used second order finite differences, in the appropriate
combination of centered, forward or backward.

We used an initial spatial grid of 1000 (vector current) or 10000 (axial and energy
current) equally distributed points between u = 0 and u = 1. This grid is supple-
mented with 10 extra points inside the horizon. Along the time evolution the spatial
integration range is cut at each step to 10 points inside the apparent black hole hori-
zon. The time step was taken to be at least one order of magnitude smaller than the
radial step in order to guarantee stability of the algorithm.

We have seen that the computations were very sensitive to the boundary data
and treating the first points right was the most important part of the numerical pro-
cedure. This is to be expected since the boundary of AdS is a regular singular point.
In order to circumvent the associated complications we explicitly imposed in our
equations the limit when u goes to zero, using in some cases L'Hopital’s rule with
the asymptotic expansion, as we will see below.

We didn’t want the operators to be sourced, so we fixed the non-normalizable
modes of all the different fields to zero. The first terms of the rest of the expansion,
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from the normalizable mode on, read

Vv :V2u2 + V2u3 + O(I/l4) ’
A :Azuz + A2u3 + O(U4) ’

h—hgut — 24 u® + Oub),

7 =Zqu?
qu” + 5

where all the coefficients were functions of time only and k4 had to satisfy
hy = —kZy4.

This constraint is clearly related to the conservation of T, which is broken for k # 0.

We can now substitute these asymptotic solutions in the definitions of the cur-
rents ((6.1), (6.2) and (6.3)) to obtain the responses parallel to the magnetic fields,
which read

(JF) =23, (6.10)
(J5) =2A,, (6.11)
(T%) = 4h,. (6.12)

Therefore, obtaining our results boils down to extracting the normalizable modes.
In order to do that we perform a least squares fit according to the series expansion
and read from the normalizable modes of the fields the one-point functions of the
gauge and energy currents. We also use the vanishing of the coefficients of previous
powers as a check for the accuracy of the method.

As we advanced above, we also used these series expansions in the equations
of motion, substituting in V, dV, A, dA, h, dh, Z and dZ, to obtain the form of the
equations in the first point of the grid. After applying L'Hopital’s rule to take the
limit u — 0, it can be seen that the radial equations reduce at that point to

hm (eq.6.5) =0=dV' +V,,
11m(eq.6.6) =0=dA + A,
hm (eq.6.7) =0=dl,
11m(eq.6.8) =0=d7".

u—0

In order to proceed with the integration algorithm, we used in these equations the
V, and A; that had been obtained in the fit from the previous time step. For the rest
of the points in the grid, we didn’t need to use any information from the fit, only the
numerical results of the fields and their derivatives.

Finally, in order to obtain the initial conditions, we assumed that the system
started in equilibrium and obtained the equilibrium solutions for the appropriate
values of m, g5 and k. These equilibrium solutions could be found analytically solv-
ing the static version of the equations of motion, where all the time derivatives were
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dropped. Their expressions are very lengthy and cumbersome. Since we don’t con-
sider them to be particularly informative, we have decided not to include them here.
Our late time state will also be an equilibrium configuration and it can be checked
that our late time solutions approach the appropriate solutions of the static equa-
tions.

6.5 Comparing to hydrodynamics

In order to detect true out of equilibrium phenomena, we can compare our results
to near equilibrium ones obtained from hydrodynamics. We start by writing down
the constitutive relations for the different currents

J# =pu" + B 4 05BL,
JE =psu + #B" + 75BL, (6.13)
T =(e + p)uru’ + pyt + u#BY) + Esu*BY (6.14)

where parentheses on the indexes stand for symmetrization A(,B,) = A, By, + AyBy.
Please note that the standard symmetrization also involves a combinatorial factor in
the denominator, but we don’t include it because our purpose is just obtaining more
compact expressions.

Typically, relativistic hydrodynamics has an ambiguity on the choice of frame,
which in holography presents itself as a choice of boundary conditions. In the cases
with axial magnetic field and momentum relaxing parameter k different from zero,
regularity conditions at the horizon impose one more condition on the independent
modes of the series expansion: the metric perturbation has to be zero at the horizon,
exactly as we already saw in Chapter 4. Therefore, it can be said that momentum
relaxation chooses a preferred frame and that this frame is the disorder rest frame
(the “no-drag” frame of [132]). For convenience, we also impose this condition in
the rest of the cases, where we have freedom to choose the frame.

Once we choose the frame, we stick to it for the whole computation. In and near
equilibrium, the transport coefficients in this frame are given by

o =8kus, 05 =8ku,
o =8ku, 05 = 8KUs,
¢ =drpps, &5 =4Kp3.

Any deviation from these expressions in the one-point functions of the quantum
currents, (6.10), (6.11) and (6.12), will be taken as a sign of out of equilibrium physics.
Please notice the sign of the transport coefficients here is the opposite to the one from
Section 2.2.3. We have taken the opposite sign convention for the magnetic field.

In the cases with axial magnetic field we will be looking both at the axial cur-
rent and the energy current. In relativistic hydrodynamics, the energy current T" is
equal to the momentum density P! = T™. The latter is usually a conserved quan-
tity except in the case with momentum relaxation. Therefore, the response in the
energy current is bound to be trivial without momentum relaxation. The chemi-
cal potentials change of course but the different anomaly induced energy current is
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compensated by a convective part due to flow in (6.14). This convective component
is subject to dissipation in the case with momentum relaxation. We can not com-
pute the exact value of the fluid velocity, because we only have access to the one
point functions of the different currents but not to the anomalous and convective
contributions separately.

However, we can compute what the flow would be near equilibrium from the
point of view of hydrodynamics with momentum conservation. Since the one point
function of the Oi-components of the energy momentum tensor does not change, it
always has its initial value. This means, according to the constitutive relation in
(6.14) that ,

(T%) = 4x(pg')*Bs = (€ + p)vz +4xp3Bs,

where the superscript in means it is the initial value of the axial chemical potential.
We can solve for the fluid velocity

_4KB5
Ce+vp

[
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Once we have computed the fluid velocity, we can use the constitutive relation of the
axial current (6.13) to see what the value of the one point function will be according
to hydrodynamics. It gives

4xB ;
() = pso= +8rpusBs = BrpsBs + L 07 (&) —y]

At this point we use again the constitutive relations and the holographic dictionary
with the background metric and gauge field to obtain the transport coefficients

e = (T =6m,
p=(T") =2m,
P5 = <]0> =45,

and substitute to obtain the equilibrium value of the axial current considering flow
with momentum conservation

kB ;
(J&) = 8rusBs + 21 | (ud')? — i3] -

We use these hydrodynamic expressions for the currents as benchmarks for near
equilibrium evolution in the following (see Figures 6.2, 6.4 and 6.6) where 5 is
defined as in (6.4).

6.6 Results

In all the cases studied, we performed a quench in the mass of the form

m = g + M (1 1 tanh (g)) . (6.15)
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We chose the masses in order to fix initial and final horizon positions to uilitial = 1.0
and ulnal = 0.8, respectively, so the exact values depend on g5 and k for each run.
All dimensionful quantities quoted from now on should be understood as expressed
in units set by the value of the initial horizon ui}ital,

The condition that the charge had to remain constant only appeared for the case
with axial magnetic field, but we fixed its value to g5 = 1.0 for all the cases. The
benefit of this is that all the runs have the same initial and final chemical potential
and, therefore, they can be compared. However, the initial and final temperatures
will not be the same for the different cases when we compare runs with different
values of k. The specific value of the charge has no special meaning and only affects
the results by a normalization. However, we used this value in order for the flow to

have a sufficiently large value that can be clearly seen in the results.

6.6.1 Momentum conservation

The first analysis we decided to make was reminiscent of some of the results in
[106]. We wanted to see the impact that the time span of the quench T had on the
equilibration process on both cases without momentum relaxation, by looking at the
results for several different values of this parameter.

In Figure 6.1 we show the results for the case with vector magnetic field. It can
be seen there are two different regimes. The first one is characterized by overshoot-
ing before the equilibration finishes. We call them fast quenches. If the quench is
fast enough it also shows what we call delay. By delay we mean that the response
in the current builds up mainly after the time dependent perturbation (6.15) has al-
ready finished. We will quantify this delay more precisely later. The other regime,
slow quenches, show smooth monotonic behavior and have no delay. In the limit of
very large T it approaches the near equilibrium approximation based on (6.4). The
transition between both regimes appears at around T ~ 1. We note that this is sig-
nificantly simpler than the behavior observed in [106] in the case of the gravitational
anomaly induced CME, where three different regimes of fast, intermediate and slow
quenches could be distinguished.

In Figure 6.2 we show the results for the case with axial magnetic field. Both
regimes can be again observed in this case and we can see that the equilibration
times are essentially the same ones. However, the rest of the behavior is different
due to the appearance of non vanishing flow, as discussed above. The final equi-
librium value is somewhat larger than what could be expected from applying the
CME formula alone. We attribute this to the convective flow component present in
the final state as outlined in the section 6.5. The fluid velocity in the final state can
be computed from eq. (6.14) by demanding that the final and initial energy currents
(momentum density) are the same. Once this flow component is taken into account
the axial current in the final state matches the expectation from hydrodynamics per-
fectly (6.13) as can be seen from the black continuous line in Figure 6.2.

In the case of fast quenches, the overshooting can be checked to never cross
below the value the current would have if only the anomalous contribution was
present.
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FIGURE 6.1: Out of equilibrium electromagnetic current for different

values of the time span of the quench with no momentum relaxation.

The black dashed line is the near equilibrium approximation we use as
a reference to signal out of equilibrium behavior.
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FIGURE 6.2: Out of equilibrium axial current for different values of the
time span of the quench. The black line is the near equilibrium approx-
imation we use as a reference to signal out of equilibrium behavior.
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FIGURE 6.3: Out of equilibrium electromagnetic current for different

values of the momentum relaxation parameter k. The black dashed line

is the near equilibrium approximation we use as a reference to signal
out of equilibrium behavior.

6.6.2 Momentum relaxation

We now look at the results with momentum relaxation. In order to do that, we
compare the quenches for several different values of k, always keeping T = 0.05. We
start by looking at the case with vector magnetic field. We see again in Figure 6.3
the appearance of two different regimes for the current, although now the transition
happens for k < 2.

For the case with axial magnetic field, we obtain Figure 6.4 and 6.5. In the cur-
rent, it can be observed that there are now two equilibration processes, with differ-
ent time scales, and their interaction gives a richer structure. One of them is already
present for k = 0 and is produced by the change in the mass. The other one, only
present for k # 0 is precisely related to the disappearance of flow due to momentum
relaxation. For small values of k, like k = 1.0 in the plots, this second process is so
slow that the current almost equilibrates to the value with full flow before slowly
decreasing towards the result with no flow. For bigger values of k, though, the mo-
mentum relaxation is faster and the two processes cannot be seen as independent,
although now the whole process is much longer than for the case without momen-
tum relaxation.

The plot for the energy current shows a much simpler structure. For no momen-
tum relaxation, the energy current stays constant as it is equal to the momentum
density, which is a conserved current. For k # 0 it interpolates between the initial
and final equilibrium values of the anomalous contribution, and the process is faster
for bigger k’s. However, there is a point, around k = 2.5 where this trend changes
and the process starts being slower for bigger k. As we will see this is in agreement
with the quasi-normal mode structure of the system.

Finally, in order to better understand the structure of the cases with axial mag-
netic field and momentum relaxation, we now plot the results for different values
of T and a fixed value of k = 1 in Figures 6.6 and 6.7. It can be seen that, as in
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all previous cases, the results are closer to the near equilibrium approximation as t
becomes larger. However, the structure of the time evolution of the axial current is
richer. As T becomes smaller, it can be seen that momentum relaxation is not dom-
inant enough to fully suppress the appearance of flow. Therefore, the response first
tends to equilibrate to the value it would have if k = 0, only to subsequently de-
viate from that value and end up reaching the final equilibrium value through the
disappearance of flow.

6.6.3 Delay

One interesting feature in the results obtained is what we call delay. It can be de-
fined as the time lapsed after the quench has finished and before the response in the
different currents starts to build up. It appears for fast quenches in both the vector
and axial currents. However, we will concentrate on the vector case because it is
the one that could potentially have interesting phenomenological implications for
heavy ion collisions, as we will comment on below.

In particular, we define our delay in the following way. We considered the
quench to be finished when the value of 8xuB, with u obtained from (6.4), deviates
less than 0.1% from the final equilibrium value. In an analogous way, we considered
the buildup in the current to start when its value deviates more than 0.1% from the
initial value. The delay A is equal to the difference in v between those two instants.

We expect the delay to depend on the momentum relaxation coefficient k and the
time length of the quench 7. The results are presented in Figure 6.8. In the first set of
points, we show the dependence on 7 for fixed k = 0. In the second set of points, we
show the dependence on k for fixed T = 0.05. It can be seen that the delay becomes
bigger for bigger k. However, it becomes smaller for bigger 7. In particular, it can
become negative for big T (roughly around 0.1 for the case with k = 0), which means
that there is no delay and the current starts to build up before the quench is finished.
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Thanks to the logarithmic scale, it can be seen that for very fast quenches at fixed k
the value gets to a plateau and it has a well-defined finite limit for T — 0.

This could have interesting implications for the search of anomalous transport
in heavy ion collisions. Our results suggest that the response in the current starts
to build up some time after the end of the equilibration process for sufficiently fast
quenches. Indeed, equilibration or hydrodynamization is supposed to be fast in
heavy ion collisions. At the same time the life-time of the magnetic field is finite. It
is also known that the life time of the magnetic field is shorter for higher energy col-
lisions. While it is sometimes assumed that the net effect of stronger magnetic field
and shorter lifetime compensate each other our results might point into a different
direction. If the life time of the magnetic field is short the delay might mean that no
CME current can actually be built up before the magnetic field decays. This could
in principle allow the case that the CME signal is suppressed at high energies at the
LHC even if it is observable at the lower RHIC energies. Indeed, the current results
from experimental searches for CME signals at RHIC and LHC allow precisely such
an interpretation [157].

The present model is certainly too simplistic to allow application to a more re-
alistic situation. Our results call however for further detailed studies with more
phenomenological input, such as finite lifetime of the magnetic field.

6.7 Quasinormal Modes

Since the equations (6.5)-(6.9) are linear in the fields one might expect that the time
evolution can be reasonably well described in terms of quasinormal modes. How-
ever, such an analysis is complicated due to the explicit time dependence of the
blackening factor. A complete quasinormal mode analyses would therefore have
to include also the modes stemming from the non-linear metric equations. Instead
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we will study a somewhat simpler problem. We consider the final equilibrium state
and ask how fast a generic perturbation of that state decays. The equations for the
perturbations are the same as the equations (6.5)-(6.9) without the terms with the
magnetic field. The equations for the quasinormal modes follow then by writing
2
d=—iw — %fau .

The resulting (system of) equations are solved imposing regularity of the solutions
on the horizon and vanishing non-normalizable mode on the boundary. In the case
of the system of equations (6.6)-(6.9) one needs to construct three linearly indepen-
dent solutions. The constraint allows however only for two independent solutions.
A trivial third solution can be found by choosing h = —iw and Z = k.

The proper boundary conditions on the horizon for the gauge fields and the
scalar field are that they take finite but non-vanishing values whereas the metric
perturbation & has to vanish on the horizon. With this boundary conditions the so-
lutions can be found by numerical integration. In the case of the coupled system of
equations the quasinormal modes are found by setting the determinant of the ma-
trix spanned by the three linearly independent solutions to zero at the boundary [5,
93].

We limit ourselves to the dominant mode with largest imaginary part for both
cases. The real and imaginary part of the first quasinormal mode of the final equilib-
rium state are shown as functions of k in Figure 6.9 for the case with vector magnetic
tield and in Figure 6.10 for the case with axial magnetic field. It can help us under-
stand some of the features of the linear response results. In particular in what refers
to the time of final equilibration of the currents, since the background will be equi-
librated to this final equilibrium state before the current equilibrates.
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For the case with vector magnetic field, the real part decreases while the imag-
inary part stays the same until the mode becomes purely imaginary slightly below
k = 2.5. At precisely that point and after increasing a little bit, the absolute value of
the imaginary part decreases quite fast. This is in agreement with the equilibration
times of Figure 6.3. In that plot the final equilibration seems to happen roughly at
the same point for k below 2.4 while for the curves above this value of the momen-
tum relaxation parameter k the equilibration time becomes longer and longer. Since
the quasinormal modes come in pairs with opposite sign real part, there are two
modes colliding on the imaginary axes. The second mode then moves down the
imaginary axes until it pairs up with another pure imaginary mode. In general, a
quite complicated pattern of modes moving on and off the imaginary axes develops
for higher k values. Since our interest is in the dominating mode we have not further
investigated this.

For the case with axial magnetic field, the real part of the dominating mode is
always zero and therefore the mode is purely imaginary. One way of understanding
this mode is that it is connected to the diffusive mode at k = 0. Since the diffusive
mode is purely imaginary also this mode has vanishing real part. The absolute value
of the imaginary part first increases from zero and, after peaking roughly around
k = 2.5, it decreases again to approach zero towards extremality, which is slightly
above k = 3.5. This again shows good qualitative agreement with the energy current
results of Figure 6.5. We can see there that the curves approach the final value faster
as k grows but after k = 2.4 this trend changes and, in fact, the case with k = 2.6
equilibrates later.

6.8 Discussion

We have studied out of equilibrium chiral magnetic effect in a holographic setup
based on Vaidya-like solutions. An essential and new ingredient was the inclusion
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of momentum relaxation. Without it the response in the energy momentum tensor
would have been trivial.

An interesting feature is that, although the metric and gauge field backgrounds
show formally an instantaneous equilibration, the anomaly induced response shows
a late equilibration. That proves that far from equilibrium linear response takes
place even in Vaidya metrics. In particular, the response is delayed for sufficiently
fast quenches. This means that the current needs some time to build up and it even
stays at its original equilibrium value for a rather long time. This is qualitatively
similar to what has been observed in the previous study [106] based on gravita-
tional anomaly induced chiral transport. Therefore, one might speculate that it is a
universal feature of strong coupling out of equilibrium dynamics, or even anoma-
lous transport. If so, it could hold some important lesson for the observation of the
CME in heavy ion collisions at RHIC and LHC. While thermalization (or hydrody-
namization) is in general believed to be very fast, this might not necessarily mean
that the anomaly induced charge separation sets in at the same timescale. There
might be significant delay and, since the life time of the magnetic field is smaller at
the LHC, this could mean that the chances for observing CME signals at RHIC are
larger than those at LHC. One important direction for future research is therefore
to develop better holographic out of equilibrium models of anomalous transport
taking into account the finite lifetime of the magnetic field.

An interesting side result of our study is that the Vaidya metric allows for
straightforward inclusion of momentum relaxation with massless scalar fields in
tive dimensions. A curious feature is that the response in the non-conserved energy
current builds up faster for some intermediate value of the momentum relaxation
parameter k ~ 2.5 than for smaller or larger values. This seems to be in agreement
with the quasinormal mode spectrum. The value of the dominating mode first de-
creases, finds a minimum at around k = 2.5 and then starts to increase again. This
indicates that for values k > 2.5 the system relaxes slower to equilibrium and we
can indeed see this also in the data for the time evolution of the energy current.
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Chapter 7

Conclusions

We are finally approaching the end of this thesis. In the previous chapters, different
works studying anomalous transport though holography have been presented. We
have broaden our understanding of anomaly induced transport by shedding some
light on particular aspects of it. We will now use this final chapter to discuss the
results obtained in this thesis and their meaning, and we will also comment on some
of the open questions and the paths that one might want to explore in the future.

In Chapter 3, we have exploited the existence of gravitational conserved charges
and the possibility to find them using Wald’s procedure in order to compute the
field theory observables in terms of quantities evaluated at the horizon. According
to the holographic RG flow, this must be interpreted as a signal that the anoma-
lous response in the charge and energy currents is determined from the low energy
physics of the theory. Although some hints about the use of that construction al-
ready existed in the literature, as we discuss at the end of Section 3.1, we managed
to synthesize those approaches and apply them in the presence of pure gauge and
mixed gauge-gravitational anomalies to charge and energy currents.

In Chapter 4, we have found that anomalous transport does not depend in equi-
librium on the inclusion of momentum relaxation and disorder in the charged sector.
In order to do that, we extended the models already proposed by [14, 59] to a five-
dimensional gravitational theory in AdS. An interesting aspect of these results is
that they serve as a corollary of Chapter 3, since we study a theory in which the new
contributions to the stress tensor proposed in that chapter are nonvanishing. Along
the way, we have also computed the electric DC response. The results are very sim-
ilar to the ones they found for four dimensions. The response can become zero or
even negative for some values of the momentum relaxation parameter.

In Chapter 5, we have analyzed the holographic model of Weyl semimetals that
was proposed by our research group some months before the beginning of the PhD.
This model is inspired by a field theory model and its main feature is a quantum
phase transition between a Weyl semimetal phase and a trivial semimetal phase.
In the work included in this thesis, we have explored the parameter space of the
model and we have found that such a phase transition is universal for a large range
of bulk mass and quartic coupling. Besides that, we have extended the computa-
tion of the anomalous Hall effect to the axial Hall effect. The expected result from
the algebraic structure of the two different anomalies involved could only be recov-
ered after considering a nontrivial renormalization of the external axial fields in the
relevant diagrams.

In Chapter 6, we have extended the study of anomalous transport to out of equi-
librium setups introducing time dependence through a generalization of Vaidya
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metrics with momentum relaxation. We have found that the response takes some
time to build up and the relevant time scales depend on the velocity of the quench
and the momentum relaxation parameter. We propose this as an explanation of why
the experimental results of RHIC seem to be more compatible with the chiral mag-
netic effect than those of LHC. In this picture, the anomalous response would take
some time to build up and for very energetic collisions it might be the case that the
magnetic field is already switched off by the time the response could be relevant.

All these projects and results leave some space for future work. One of the first
questions that might arise from Chapter 3 is what is the meaning of the extrinsic
curvature for the dual field theory. This object is proportional to the metric in the
boundary and is usually responsible for introducing temperature in the horizon,
but we have seen it plays a less obvious role in the rest of the bulk. Therefore,
one might wonder what is its dual at intermediate energy scales. Furthermore, it
introduces a new operator in the diffeomorphism Ward identity that only vanishes
at the boundary. What is the meaning of this new operator? The answer is not
evident but we consider this to be a very interesting question.

Another question that arises from the definition of the membrane currents from
Chapter 3 is if these definitions are also valid in out of equilibrium situations. It is
necessary to include a time-like Killing vector to obtain the diffeomorphism Komar
charges that allow to find the radial conservation equations. However, such a Killing
vector bounds the result to equilibrium. Therefore, it is not clear what the new terms
in the definition of the currents mean for non equilibrium. Analyzing this in detail
might also give some hints about the role of the extrinsic curvature for the dual field
theory. Of course, the study must be systematic and it should be extended to all the
rest of the coefficients. We could check to what extent the behavior seen in Chapter 6
is universal or if, on the contrary, it is specific to the chiral magnetic effect.

In Chapters 4 and 6, we have introduced systems in which momentum is not
conserved. While this behavior has no influence on anomalous transport in equilib-
rium, we have shown that it does have an implication out of equilibrium. However,
one question that arises is what would be the effect on anomalous transport of a
mechanism that broke energy conservation. Furthermore, would it affect it only out
of equilibrium or also in equilibrium? Thus, we consider the search for a mechanism
to break energy relaxation in holography very interesting.

In Chapter 6, we have obtained results that we try to use in order to gain some
intuition about the experimental results of quark-gluon plasma in heavy ion col-
lisions. However, it is difficult to know how well we can model the quark-gluon
plasma with holography. We are actually working on gravitational theories that are
at best dual to super Yang-Mills, not to QCD. Thus, more work should be done on
trying to understand how valuable these holographic computations really are for the
phenomenology of heavy ion collisions. Furthermore, our modeling of the quark-
gluon plasma using holography should be improved by choosing realistic values of
the physical parameters and introducing magnetic fields with a finite lifetime.

Anisotropy has proved to introduce quite exotic behavior in several setups, like
the holographic Weyl semimetal analyzed in Chapter 5. In particular, in this model
anisotropy breaks the well-known lower bound on the viscosity to entropy ratio
[104] and it also breaks a bound on the butterfly effect velocity of quantum chaos
[15]. Therefore, one might wonder if anisotropy can also have some surprising effect
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out of equilibrium for anomalous transport.

We conclude the thesis with the suggestion of these future projects. The field of
anomalous transport has been prolific in the last years, but many things remain to
be done. We should not forget that much of the interest of these transport phenom-
ena stems from their hybrid nature: they allow us to study exciting experimental
systems and, at the same time, explore some deep physical concepts. Therefore, this
has been one of the main leitmotifs of this thesis. To perform theoretical work that
helps us grasp the subtleties of anomalous transport and thus contribute to a better
understanding of the experimental systems in which it appears. We hope the thesis
has been able to achieve this goal.
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Conclusiones

Estamos alcanzando el final de la tesis. En los capitulos previos hemos presentado
distintos trabajos en los que se utiliza la holografia para estudiar transporte ané-
malo. Hemos ampliado nuestro entendimiento del transporte inducido por anoma-
lias a través de la elucidaciéon de aspectos particulares de él. Vamos a utilizar este
capitulo final para discutir los resultados obtenidos en esta tesis y su significado, asi
como para plantear algunas de las preguntas que surgen y caminos que se podrian
explorar en el futuro.

En el Capitulo 3, hemos utilizado la existencia de cargas conservadas gravita-
cionales y la posibilidad de encontrarlas usando el procedimiento de Wald para cal-
cular los observables de teorfa de campos en términos de cantidades evaluadas en el
horizonte. De acuerdo al flujo del grupo de renormalizacién holografico, esto debe
de ser interpretado como una sefial de que la fisica a bajas energias de la teoria es la
encargada de determinar la respuesta anémala de las corrientes de carga y energia.
Aunque algunas pistas de que tal construccién se podia utilizar con este objetivo
ya existian en la literatura, como discutimos al final de la Seccién 3.1, hemos sido
capaces de unir los distintos cabos sueltos y aplicarlos en presencia de anomalias
quirales puras y mixtas al calculo de corrientes de carga y energia.

En el Capitulo 4, hemos hallado que el transporte anémalo no depende en equi-
librio de la rotura de la conservacién del momento o de la inclusién de desorden en
el sector cargado. Con este propdsito, extendimos los modelos propuestos por [14,
59] a una teoria gravitatoria de cinco dimensiones en AdS. Un aspecto interesante
de este resultado es que sirve de colorario al Capitulo 3, ya que estudiamos una
teoria en la que las nuevas contribuciones al tensor energia-momento propuestas
en aquel capitulo son no nulas. Ademads, hemos calculado la respuesta eléctrica de
corriente continua. Los resultados son muy similares a los de cuatro dimensiones.
La respuesta es cero o negativa para ciertos valores del pardametro de relajaciéon del
momento.

En el Capitulo 5, hemos analizado un modelo hologréfico de semimetales de
Weyl que fue propuesto por nuestro grupo de investigacién unos meses antes del
inicio de este doctorado. Dicho modelo esta inspirado en uno de teorfa de cam-
pos y su principal ingrediente es una transicién de fase cuantica entre una fase de
semimetal de Weyl y otra fase trivial. En el trabajo incluido en esta tesis hemos ex-
plorado el espacio de pardmetros del modelo y hemos encontrado que la transiciéon
de fase es universal para un gran rango de la masa del bulk y del acoplo cuértico.
Ademas, hemos extendido el cdlculo del efecto Hall anémalo al efecto Hall axial. Se
puede ver que el resultado que cabria esperar a partir de la estructura algebraica de
las dos anomalias se recupera una vez consideramos una renormalizacién no trivial
de los campos axiales externos en los diagramas relevantes.

En el Capitulo 6, hemos extendido el estudio de transporte anémalo a sistemas
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fuera del equilibrio introduciendo dependencia temporal gracias a una generaliza-
cién de las métricas de Vaidya que tiene relajacién de momento. Hemos obtenido
que la respuesta empieza a aparecer después de un cierto tiempo y que las escalas
de tiempo relevantes dependen de la velocidad del quench y del pardmetro de rela-
jacion de momento. Proponemos este fenémeno como una explicaciéon de por qué
los resultados experimentales de RHIC parecen mas compatibles con la aparicién
del efecto quiral magnético que los resultados del LHC. Segtin nuestro argumento,
la respuesta anémala tardaria un tiempo en aparecer y para colisiones muy energéti-
cas podria darse el caso de que el campo magnético fuese despreciable para el mo-
mento en el cual la respuesta se hiciese relevante.

Todos estos proyectos y resultados dejan espacio para trabajo futuro. Una de
las primeras preguntas que surgen del Capitulo 3 es cudl es el significado de la
curvatura extrinseca para la teoria de campos dual. Este objeto es proporcional a la
métrica en el borde y habitualmente introduce la temperatura en el horizonte, pero
su rol en el resto del bulk no esta claro. Por lo tanto, cabe la duda sobre el papel
que juega a escalas de energias intermedias. Mds atin, introduce un nuevo operador
en la identidad de Ward de difeomorfismos que solo se anula en el borde. ;Qué
significa este operador? La respuesta no es evidente pero consideramos que se trata
de una pregunta interesante.

Otra duda que surge de la definicién de corrientes de membrana del Capitulo 3
es si estas definiciones siguen siendo validas en situaciones fuera del equilibrio. Se
necesita un vector de Killing temporal para obtener las cargas de Komar asociadas a
difeomorfismos que permitan encontrar las ecuaciones de conservacién radial. Sin
embargo, un vector de Killing de esta forma restringe el resultado al equilibrio. Por
tanto, no esté claro el significado fuera del equilibrio de los nuevos términos en las
definiciones de las corrientes. Un anélisis detallado podria aportar ademads algu-
nas pistas sobre el papel de la curvatura extrinseca para la teoria de campos dual.
Por supuesto, el estudio deberia ser sistemdtico y deberia ser extendido a todos
los demés coeficientes. De esta manera, podriamos comprobar hasta qué punto el
comportamiento del Capitulo 6 es universal o, por el contrario, especifico del efecto
quiral magnético.

En los Capitulos 4 y 6 hemos introducido sistemas en los que el momento no es
conservado. Mientras que este comportamiento no tiene influencia en el transporte
anémalo en el equilibrio, hemos mostrado que si que tiene consecuencias en la re-
spuesta fuera del equilibrio. Sin embargo, cabe pensar qué efecto podria tener sobre
el transporte anémalo un mecanismo que rompiese la conservacién de la energia
y si afectaria solo fuera del equilibrio o también en equilibrio. Por tanto, consi-
deramos que serfa muy interesante buscar la manera de introducir la rotura de la
conservacion de la energia en holografia.

En el Capitulo 6, hemos obtenido resultados que intentamos utilizar para ga-
nar intuicién sobre los resultados experimentales del plasma de quarks y gluones
en colisiones de iones pesados. Sin embargo, es dificil saber como de bien pode-
mos modelizar este plasma con la holografia. Trabajamos en teorias gravitatorias
que en el mejor de los casos son duales a super Yang-Mills, y no a QCD. Por consi-
guiente, es importante continuar el trabajo para elucidar cémo de valiosos son estos
célculos holograficos para la fenomenologia de las colisiones de iones pesados. Mas
aun, nuestro modelizado holografico del plasma de quarks y gluones deberia ser
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mejorado escogiendo valores realistas para los pardmetros fisicos e introduciendo
campos magnéticos con vida finita.

Se sabe que la anisotropia es la responsable de introducir comportamientos exoti-
cos en varios sistemas, como el semimetal de Weyl holografico analizado en el Capi-
tulo 5. En particular, en este modelo la anisotropia rompe la famosa cota del ratio
de viscosidad frente a entropia [104] y la cota de la velocidad del efecto mariposa de
caos cudntico [15]. Por tanto, tiene sentido preguntarse también si la anisotropia po-
dria tener algtn efecto sorprendente en el transporte anémalo fuera del equilibrio.

Concluimos esta tesis con la sugerencia de estos proyectos futuros. El campo
del transporte anémalo ha sido prolifico en los dltimos afios, pero todavia quedan
muchas cosas por hacer. No debemos olvidar, ademds, que gran parte del interés
de estos fendmenos de transporte se debe a su naturaleza hibrida: nos permiten es-
tudiar excitantes sistemas experimentales y, al mismo tiempo, explorar conceptos
fisicos muy profundos. Por lo tanto, este ha sido uno de los principales leitmotiv
de esta tesis. Realizar un trabajo tedrico que nos ayude a entender las sutilezas del
transporte anémalo y asi contribuir a una mejor comprensién de los sistemas expe-
rimentales en los que aparece. Esperamos que la tesis haya sido capaz de cumplir
con este objetivo.






141

References

[1]

2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

Stephen L. Adler. “Axial vector vertex in spinor electrodynamics”. In: Phys.
Rev. 177 (1969), pp. 2426—2438. DOIL: 10.1103/PhysRev. 177 .2426.

Stephen L. Adler and William A. Bardeen. “Absence of higher order correc-
tions in the anomalous axial vector divergence equation”. In: Phys. Rev. 182
(1969). [,268(1969)], pp. 1517-1536. DOI: 10.1103/PhysRev.182.1517.

Ofer Aharony et al. “Large N field theories, string theory and gravity”. In:
Phys. Rept. 323 (2000), pp. 183-386. DOIL: 10.1016/S0370-1573(99) 00083- 6.
arXiv: hep-th/9905111 [hep-th].

Luis Alvarez-Gaume and Edward Witten. “Gravitational Anomalies”. In:
Nucl. Phys. B234 (1984), p- 269. DOI: 10.1016/0550-3213(84)90066-X.

Irene Amado, Matthias Kaminski, and Karl Landsteiner. “Hydrodynamics
of Holographic Superconductors”. In: JHEP 05 (2009), p. 021. DOI: 10.1088/
1126-6708/2009/05/021. arXiv: 0903.2209 [hep-th].

Irene Amado, Karl Landsteiner, and Francisco Pena-Benitez. “Anomalous
transport coefficients from Kubo formulas in Holography”. In: JHEP 05
(2011), p. 081. DOI: 10.1007/JHEP05(2011) 081. arXiv: 1102.4577 [hep-th].

Martin Ammon and Johanna Erdmenger. Gauge/gravity duality. Cambridge,
UK: Cambridge Univ. Pr., 2015. 1SBN: 9781107010345. URL: http : / / www .
cambridge . org/de/academic/subjects/physics/theoretical - physics-
and - mathematical - physics/gaugegravity - duality - foundations - and -
applications.

Martin Ammon et al. “Holographic quenches and anomalous transport”. In:
JHEP 09 (2016), p. 131. DOI: 10.1007/JHEP09(2016) 131. arXiv: 1607 . 06817
[hep-th].

Tomas Andrade and Benjamin Withers. “A simple holographic model of mo-
mentum relaxation”. In: JHEP 05 (2014), p. 101. DOI: 10.1007/JHEP05(2014)
101. arXiv: 1311.5157 [hep-th].

Daniel Arean et al. “Type IIB Holographic Superfluid Flows”. In: JHEP 03
(2011), p. 008. DOI: 10.1007/JHEP03(2011)008. arXiv: 1010.5777 [hep-th].

Richard L. Arnowitt, Stanley Deser, and Charles W. Misner. “The Dynamics
of general relativity”. In: Gen. Rel. Grav. 40 (2008), pp. 1997-2027. DOI: 10.
1007/s10714-008-0661-1. arXiv: gr-qc/0405109 [gr-qc].

Tatsuo Azeyanagi et al. “Covariant Noether Charge for Higher Dimen-
sional Chern-Simons Terms”. In: JHEP 05 (2015), p. 041. DOI: 10 . 1007 /
JHEP05(2015) 041. arXiv: 1407.6364 [hep-th].

Tatsuo Azeyanagi et al. “Holographic Thermal Helicity”. In: JHEP 08 (2014),
p- 040. DOI: 10.1007/JHEP08(2014) 040. arXiv: 1311.2940 [hep-th].


https://doi.org/10.1103/PhysRev.177.2426
https://doi.org/10.1103/PhysRev.182.1517
https://doi.org/10.1016/S0370-1573(99)00083-6
http://arxiv.org/abs/hep-th/9905111
https://doi.org/10.1016/0550-3213(84)90066-X
https://doi.org/10.1088/1126-6708/2009/05/021
https://doi.org/10.1088/1126-6708/2009/05/021
http://arxiv.org/abs/0903.2209
https://doi.org/10.1007/JHEP05(2011)081
http://arxiv.org/abs/1102.4577
http://www.cambridge.org/de/academic/subjects/physics/theoretical-physics-and-mathematical-physics/gaugegravity-duality-foundations-and-applications
http://www.cambridge.org/de/academic/subjects/physics/theoretical-physics-and-mathematical-physics/gaugegravity-duality-foundations-and-applications
http://www.cambridge.org/de/academic/subjects/physics/theoretical-physics-and-mathematical-physics/gaugegravity-duality-foundations-and-applications
http://www.cambridge.org/de/academic/subjects/physics/theoretical-physics-and-mathematical-physics/gaugegravity-duality-foundations-and-applications
https://doi.org/10.1007/JHEP09(2016)131
http://arxiv.org/abs/1607.06817
http://arxiv.org/abs/1607.06817
https://doi.org/10.1007/JHEP05(2014)101
https://doi.org/10.1007/JHEP05(2014)101
http://arxiv.org/abs/1311.5157
https://doi.org/10.1007/JHEP03(2011)008
http://arxiv.org/abs/1010.5777
https://doi.org/10.1007/s10714-008-0661-1
https://doi.org/10.1007/s10714-008-0661-1
http://arxiv.org/abs/gr-qc/0405109
https://doi.org/10.1007/JHEP05(2015)041
https://doi.org/10.1007/JHEP05(2015)041
http://arxiv.org/abs/1407.6364
https://doi.org/10.1007/JHEP08(2014)040
http://arxiv.org/abs/1311.2940

142

References

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]
[27]

[28]

[29]

Matteo Baggioli and Oriol Pujolas. “On holographic disorder-driven metal-
insulator transitions”. In: JHEP 01 (2017), p. 040. DOI: 10.1007/JHEP01(2017)
040. arXiv: 1601.07897 [hep-th].

Matteo Baggioli et al. “Conjecture on the Butterfly Velocity across a Quantum
Phase Transition”. In: JHEP 07 (2018), p. 049. DOI: 10.1007/JHEPO7 (2018) 049.
arXiv: 1805.01470 [hep-th].

A. Bagrov et al. “Holography and thermalization in optical pump-probe
spectroscopy”. In: Phys. Rev. D97.8 (2018), p. 086005. DOI: 10.1103/PhysRevD.
97.086005. arXiv: 1708.08279 [hep-th].

Nabamita Banerjee et al. “Hydrodynamics from charged black branes”. In:
JHEP 01 (2011), p. 094. DOI: 10. 1007 / JHEP01(2011) 094. arXiv: 0809 . 2596
[hep-th].

William A. Bardeen. “Anomalous Ward identities in spinor field theories”.
In: Phys. Rev. 184 (1969), pp. 1848-1857. DOI: 10.1103/PhysRev.184.1848.

William A. Bardeen and Bruno Zumino. “Consistent and Covariant Anoma-
lies in Gauge and Gravitational Theories”. In: Nucl. Phys. B244 (1984),
pp- 421-453. DOI: 10.1016/0550-3213(84)90322-5.

C. Becchi, A. Rouet, and R. Stora. “Renormalization of Gauge Theories”. In:
Annals Phys. 98 (1976), pp. 287-321. DOI: 10.1016/0003-4916 (76)90156- 1.

C. Becchi, A. Rouet, and R. Stora. “Renormalization of the Abelian Higgs-
Kibble Model”. In: Commun. Math. Phys. 42 (1975), pp. 127-162. DOI: 10 .
1007/BF01614158.

C. Becchi, A. Rouet, and R. Stora. “The Abelian Higgs-Kibble Model. Unitar-
ity of the S Operator”. In: Phys. Lett. 52B (1974), pp. 344-346. DOI: 10.1016/
0370-2693(74)90058-6.

Jacob D. Bekenstein. “A Universal Upper Bound on the Entropy to Energy
Ratio for Bounded Systems”. In: Phys. Rev. D23 (1981), p. 287. DOI: 10.1103/
PhysRevD.23.287.

J. S. Bell and R. Jackiw. “A PCAC puzzle: 1° — 7 7 in the sigma model”. In:
Nuovo Cim. A60 (1969), pp. 47-61. DOI: 10.1007/BF02823296.

R. A. Bertlmann. Anomalies in quantum field theory. Oxford, UK: Clarendon
(1996) 566 p. (International series of monographs on physics: 91), 1996.

Adel Bilal. “Lectures on Anomalies”. In: (2008). arXiv: 0802.0634 [hep-th].

Mike Blake and David Tong. “Universal Resistivity from Holographic Mas-
sive Gravity”. In: Phys. Rev. D88.10 (2013), p. 106004. DOI: 10 . 1103 /
PhysRevD.88.106004. arXiv: 1308.4970 [hep-th].

Mike Blake, David Tong, and David Vegh. “Holographic Lattices Give the
Graviton an Effective Mass”. In: Phys. Rev. Lett. 112.7 (2014), p. 071602. DOTI:
10.1103/PhysRevLett.112.071602. arXiv: 1310.3832 [hep-th].

L. Bonora et al. “Gravitational Chern-Simons Lagrangians and black hole
entropy”. In: JHEP 07 (2011), p. 085. DOI: 10.1007/JHEPO7 (2011) 085. arXiv:
1104.2523 [hep-th].


https://doi.org/10.1007/JHEP01(2017)040
https://doi.org/10.1007/JHEP01(2017)040
http://arxiv.org/abs/1601.07897
https://doi.org/10.1007/JHEP07(2018)049
http://arxiv.org/abs/1805.01470
https://doi.org/10.1103/PhysRevD.97.086005
https://doi.org/10.1103/PhysRevD.97.086005
http://arxiv.org/abs/1708.08279
https://doi.org/10.1007/JHEP01(2011)094
http://arxiv.org/abs/0809.2596
http://arxiv.org/abs/0809.2596
https://doi.org/10.1103/PhysRev.184.1848
https://doi.org/10.1016/0550-3213(84)90322-5
https://doi.org/10.1016/0003-4916(76)90156-1
https://doi.org/10.1007/BF01614158
https://doi.org/10.1007/BF01614158
https://doi.org/10.1016/0370-2693(74)90058-6
https://doi.org/10.1016/0370-2693(74)90058-6
https://doi.org/10.1103/PhysRevD.23.287
https://doi.org/10.1103/PhysRevD.23.287
https://doi.org/10.1007/BF02823296
http://arxiv.org/abs/0802.0634
https://doi.org/10.1103/PhysRevD.88.106004
https://doi.org/10.1103/PhysRevD.88.106004
http://arxiv.org/abs/1308.4970
https://doi.org/10.1103/PhysRevLett.112.071602
http://arxiv.org/abs/1310.3832
https://doi.org/10.1007/JHEP07(2011)085
http://arxiv.org/abs/1104.2523

References 143

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[41]

[42]

[43]

S. Carlip. “Black Hole Thermodynamics”. In: Int. |. Mod. Phys. D23 (2014),
p- 1430023. DOI: 10.1142/50218271814300237. arXiv: 1410.1486 [gr-qc].

Jorge Casalderrey-Solana et al. Gauge/String Duality, Hot QCD and Heavy
Ion Collisions. Cambridge University Press, 2014. DOI: 10 . 1017 /
CB09781139136747.

Roberto Casero, Elias Kiritsis, and Angel Paredes. “Chiral symmetry break-
ing as open string tachyon condensation”. In: Nucl. Phys. B787 (2007), pp. 98—
134. DOL: 10. 1016/ j . nuclphysb . 2007 . 07 . 009. arXiv: hep - th/ 0702155
[HEP-TH].

Shira Chapman, Yasha Neiman, and Yaron Oz. “Fluid/Gravity Correspon-
dence, Local Wald Entropy Current and Gravitational Anomaly”. In: JHEP 07
(2012), p. 128. DOI: 10.1007/JHEP07 (2012) 128. arXiv: 1202.2469 [hep-th].

Paul M. Chesler and Laurence G. Yaffe. “Numerical solution of gravitational
dynamics in asymptotically anti-de Sitter spacetimes”. In: JHEP 07 (2014),
p- 086. DOI: 10.1007/JHEPO7 (2014) 086. arXiv: 1309.1439 [hep-th].

Don Colladay and V. Alan Kostelecky. “Lorentz violating extension of the
standard model”. In: Phys. Rev. D58 (1998), p. 116002. DOIL: 10 . 1103 /
PhysRevD.58.116002. arXiv: hep-ph/9809521 [hep-ph].

Christian Copetti and Jorge Fernandez-Pendds. “Membrane paradigm and
RG flows for anomalous holographic theories”. In: JHEP 04 (2018), p. 134.
DOI: 10.1007/JHEP04 (2018) 134. arXiv: 1712.06628 [hep-th].

Christian Copetti, Jorge Ferndndez-Pendds, and Karl Landsteiner. “Axial
Hall effect and universality of holographic Weyl semi-metals”. In: JHEP 02
(2017), p. 138. DOI: 10.1007/JHEP02(2017) 138. arXiv: 1611.08125 [hep-th].

Christian Copetti et al. “Anomalous transport and holographic momentum
relaxation”. In: JHEP 09 (2017), p. 004. DOI: 10.1007/JHEP09 (2017) 004. arXiv:
1706.05294 [hep-th].

Alberto Cortijo et al. “Strain induced Chiral Magnetic Effect in Weyl
semimetals”. In: Phys. Rev. B 94 (24 2016), p. 241405. DOI: 10.1103/PhysRevB.
94.241405. arXiv: 1607.03491 [cond-mat.mes-hall].

Mihailo Cubrovic, Jan Zaanen, and Koenraad Schalm. “String Theory, Quan-
tum Phase Transitions and the Emergent Fermi-Liquid”. In: Science 325
(2009), pp. 439—444. DOI: 10 . 1126 / science . 1174962. arXiv: 0904 . 1993
[hep-th].

Richard A. Davison. “Momentum relaxation in holographic massive grav-
ity”. In: Phys. Rev. D88 (2013), p. 086003. DOI: 10.1103/PhysRevD.88.086003.
arXiv: 1306.5792 [hep-th].

Aristomenis Donos and Jerome P. Gauntlett. “Holographic Q-lattices”. In:
JHEP 04 (2014), p. 040. DOI: 10. 1007 / JHEP04 (2014 ) 040. arXiv: 1311 . 3292
[hep-th].

Aristomenis Donos and Jerome P. Gauntlett. “Navier-Stokes Equations on
Black Hole Horizons and DC Thermoelectric Conductivity”. In: Phys. Rev.
D92.12 (2015), p. 121901. DOI: 10.1103/PhysRevD.92.121901. arXiv: 1506.
01360 [hep-th].


https://doi.org/10.1142/S0218271814300237
http://arxiv.org/abs/1410.1486
https://doi.org/10.1017/CBO9781139136747
https://doi.org/10.1017/CBO9781139136747
https://doi.org/10.1016/j.nuclphysb.2007.07.009
http://arxiv.org/abs/hep-th/0702155
http://arxiv.org/abs/hep-th/0702155
https://doi.org/10.1007/JHEP07(2012)128
http://arxiv.org/abs/1202.2469
https://doi.org/10.1007/JHEP07(2014)086
http://arxiv.org/abs/1309.1439
https://doi.org/10.1103/PhysRevD.58.116002
https://doi.org/10.1103/PhysRevD.58.116002
http://arxiv.org/abs/hep-ph/9809521
https://doi.org/10.1007/JHEP04(2018)134
http://arxiv.org/abs/1712.06628
https://doi.org/10.1007/JHEP02(2017)138
http://arxiv.org/abs/1611.08125
https://doi.org/10.1007/JHEP09(2017)004
http://arxiv.org/abs/1706.05294
https://doi.org/10.1103/PhysRevB.94.241405
https://doi.org/10.1103/PhysRevB.94.241405
http://arxiv.org/abs/1607.03491
https://doi.org/10.1126/science.1174962
http://arxiv.org/abs/0904.1993
http://arxiv.org/abs/0904.1993
https://doi.org/10.1103/PhysRevD.88.086003
http://arxiv.org/abs/1306.5792
https://doi.org/10.1007/JHEP04(2014)040
http://arxiv.org/abs/1311.3292
http://arxiv.org/abs/1311.3292
https://doi.org/10.1103/PhysRevD.92.121901
http://arxiv.org/abs/1506.01360
http://arxiv.org/abs/1506.01360

144

References

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Aristomenis Donos and Jerome P. Gauntlett. “Novel metals and insulators
from holography”. In: JHEP 06 (2014), p. 007. DOI: 10 . 1007 / JHEP06 (2014 )
007. arXiv: 1401.5077 [hep-th].

Aristomenis Donos and Jerome P. Gauntlett. “Thermoelectric DC conductiv-
ities from black hole horizons”. In: JHEP 11 (2014), p. 081. DOI: 10 . 1007 /
JHEP11(2014)081. arXiv: 1406.4742 [hep-th].

Aristomenis Donos et al. “DC Conductivity and Higher Derivative Gravity”.
In: Class. Quant. Grav. 34.13 (2017), p. 135015. DOI: 10 . 1088/ 1361 - 6382/
aa744a. arXiv: 1701.01389 [hep-th].

Carl Eckart. “The Thermodynamics of irreversible processes. 3.. Relativistic
theory of the simple fluid”. In: Phys. Rev. 58 (1940), pp. 919-924. DOI: 10 .
1103/PhysRev.58.919.

Joshua Ellis. “TikZ-Feynman: Feynman diagrams with TikZ”. In: Comput.
Phys. Commun. 210 (2017), pp. 103-123. DOI: 10.1016/j . cpc.2016.08.019.
arXiv: 1601.05437 [hep-ph].

Johanna Erdmenger et al. “Fluid dynamics of R-charged black holes”. In:
JHEP 01 (2009), p. 055. DOI: 10.1088/1126-6708/2009/01/055. arXiv: 0809.
2488 [hep-th].

Thomas Faulkner, Hong Liu, and Mukund Rangamani. “Integrating out
geometry: Holographic Wilsonian RG and the membrane paradigm”. In:
JHEP 08 (2011), p. 051. DOI: 10. 1007/ JHEP08(2011) 051. arXiv: 1010 . 4036
[hep-th].

Jorge Fernandez-Pendds and Karl Landsteiner. “Out of equilibrium chiral
magnetic effect and momentum relaxation in holography”. In: (2019). arXiv:
1907.09962 [hep-th].

D. Z. Freedman et al. “Renormalization group flows from holography super-
symmetry and a c theorem”. In: Adv. Theor. Math. Phys. 3 (1999), pp. 363-417.
DOI: 10.4310/ATMP.1999.v3.n2.a7. arXiv: hep-th/9904017 [hep-th].

K. Fujikawa and H. Suzuki. Path integrals and quantum anomalies. 2004. DOTI:
10.1093/acprof :0s0/9780198529132.001.0001.

L. Girardello et al. “Novel local CFT and exact results on perturbations of
N=4 superYang Mills from AdS dynamics”. In: JHEP 12 (1998), p. 022. DOI:
10.1088/1126-6708/1998/12/022. arXiv: hep-th/9810126 [hep-th].

Paolo Glorioso, Hong Liu, and Srivatsan Rajagopal. “Global Anomalies, Dis-
crete Symmetries, and Hydrodynamic Effective Actions”. In: JHEP 01 (2019),
p- 043. DOI: 10.1007/JHEP01(2019) 043. arXiv: 1710.03768 [hep-th].

Siavash Golkar and Savdeep Sethi. “Global Anomalies and Effective Field
Theory”. In: JHEP 05 (2016), p. 105. DOI: 10. 1007/ JHEP05(2016) 105. arXiv:
1512.02607 [hep-th].

Johannes Gooth et al. “Experimental signatures of the mixed axial-
gravitational anomaly in the Weyl semimetal NbP”. In: Nature 547
(2017), pp. 324-327. DOIL: 10 . 1038 / nature23005. arXiv: 1703 . 10682
[cond-mat.mtrl-sci].


https://doi.org/10.1007/JHEP06(2014)007
https://doi.org/10.1007/JHEP06(2014)007
http://arxiv.org/abs/1401.5077
https://doi.org/10.1007/JHEP11(2014)081
https://doi.org/10.1007/JHEP11(2014)081
http://arxiv.org/abs/1406.4742
https://doi.org/10.1088/1361-6382/aa744a
https://doi.org/10.1088/1361-6382/aa744a
http://arxiv.org/abs/1701.01389
https://doi.org/10.1103/PhysRev.58.919
https://doi.org/10.1103/PhysRev.58.919
https://doi.org/10.1016/j.cpc.2016.08.019
http://arxiv.org/abs/1601.05437
https://doi.org/10.1088/1126-6708/2009/01/055
http://arxiv.org/abs/0809.2488
http://arxiv.org/abs/0809.2488
https://doi.org/10.1007/JHEP08(2011)051
http://arxiv.org/abs/1010.4036
http://arxiv.org/abs/1010.4036
http://arxiv.org/abs/1907.09962
https://doi.org/10.4310/ATMP.1999.v3.n2.a7
http://arxiv.org/abs/hep-th/9904017
https://doi.org/10.1093/acprof:oso/9780198529132.001.0001
https://doi.org/10.1088/1126-6708/1998/12/022
http://arxiv.org/abs/hep-th/9810126
https://doi.org/10.1007/JHEP01(2019)043
http://arxiv.org/abs/1710.03768
https://doi.org/10.1007/JHEP05(2016)105
http://arxiv.org/abs/1512.02607
https://doi.org/10.1038/nature23005
http://arxiv.org/abs/1703.10682
http://arxiv.org/abs/1703.10682

References 145

[58]

[59]

[60]

[61]

[62]

[63]

[64]

Pallab Goswami and Sumanta Tewari. “Axionic field theory of (3+1)-
dimensional Weyl semimetals”. In: Phys. Rev. B88.24 (2013), p. 245107. DOTI:
10.1103/PhysRevB.88.245107. arXiv: 1210.6352 [cond-mat.mes-hall].

Blaise Goutéraux, Elias Kiritsis, and Wei-Jia Li. “Effective holographic the-
ories of momentum relaxation and violation of conductivity bound”. In:
]HEP 04 (2016), p- 122. DOI: 10.1007/JHEP04(2016) 122. arXiv: 1602 .01067
[hep-th].

Saso Grozdanov and Napat Poovuttikul. “Universality of anomalous con-
ductivities in theories with higher-derivative holographic duals”. In: JHEP 09
(2016), p. 046. DOI: 10.1007/JHEP09 (2016) 046. arXiv: 1603.08770 [hep-th].

Saso Grozdanov et al. “Absence of disorder-driven metal-insulator tran-
sitions in simple holographic models”. In: Phys. Rev. Lett. 115.22 (2015),
p- 221601. DOI: 10 . 1103 / PhysRevLett . 115 . 221601. arXiv: 1507 . 00003
[hep-th].

Adolfo G. Grushin. “Consequences of a condensed matter realization of
Lorentz violating QED in Weyl semi-metals”. In: Phys. Rev. D86 (2012),
p- 045001. DOI: 10.1103/PhysRevD.86.045001. arXiv: 1205.3722 [hep-th].

Adolfo G. Grushin et al. “Inhomogeneous Weyl and Dirac semimetals: Trans-
port in axial magnetic fields and Fermi arc surface states from pseudo Lan-
dau levels”. In: Phys. Rev. X 6 (2016), p. 041046. DOI: 10.1103/PhysRevX.6.
041046. arXiv: 1607 .04268 [cond-mat.mes-hall].

S. S. Gubser, Igor R. Klebanov, and Alexander M. Polyakov. “Gauge the-
ory correlators from noncritical string theory”. In: Phys. Lett. B428 (1998),
pp- 105-114. DOI: 10.1016/50370-2693(98) 00377-3. arXiv: hep-th/9802109
[hep-th].

Umut Gursoy and Javier Tarrio. “Horizon universality and anomalous con-
ductivities”. In: JHEP 10 (2015), p. 058. DOI: 10 . 1007 / JHEP10(2015) 058.
arXiv: 1410.1306 [hep-th].

Umut Gursoy et al. “Holographic models for undoped Weyl semimetals”.
In: JHEP 04 (2013), p. 127. DOI: 10.1007/JHEP04(2013) 127. arXiv: 1209.2593
[hep-th].

Antti Gynther et al. “Holographic Anomalous Conductivities and the Chiral
Magnetic Effect”. In: JHEP 02 (2011), p. 110. DOI: 10.1007/JHEP02(2011) 110.
arXiv: 1005.2587 [hep-th].

Umut Giirsoy and Aron Jansen. “(Non)renormalization of Anomalous Con-
ductivities and Holography”. In: JHEP 10 (2014), p. 092. DOI: 10 . 1007 /
JHEP10(2014)092. arXiv: 1407.3282 [hep-th].

E. D. M. Haldane. “Berry Curvature on the Fermi Surface: Anomalous Hall
Effect as a Topological Fermi-Liquid Property”. In: Phys. Rev. Lett. 93 (2004),
p- 206602. DOI: 10.1103/PhysRevLett.93.206602. arXiv: cond-mat/0408417
[cond-mat.mes-hall].


https://doi.org/10.1103/PhysRevB.88.245107
http://arxiv.org/abs/1210.6352
https://doi.org/10.1007/JHEP04(2016)122
http://arxiv.org/abs/1602.01067
http://arxiv.org/abs/1602.01067
https://doi.org/10.1007/JHEP09(2016)046
http://arxiv.org/abs/1603.08770
https://doi.org/10.1103/PhysRevLett.115.221601
http://arxiv.org/abs/1507.00003
http://arxiv.org/abs/1507.00003
https://doi.org/10.1103/PhysRevD.86.045001
http://arxiv.org/abs/1205.3722
https://doi.org/10.1103/PhysRevX.6.041046
https://doi.org/10.1103/PhysRevX.6.041046
http://arxiv.org/abs/1607.04268
https://doi.org/10.1016/S0370-2693(98)00377-3
http://arxiv.org/abs/hep-th/9802109
http://arxiv.org/abs/hep-th/9802109
https://doi.org/10.1007/JHEP10(2015)058
http://arxiv.org/abs/1410.1306
https://doi.org/10.1007/JHEP04(2013)127
http://arxiv.org/abs/1209.2593
http://arxiv.org/abs/1209.2593
https://doi.org/10.1007/JHEP02(2011)110
http://arxiv.org/abs/1005.2587
https://doi.org/10.1007/JHEP10(2014)092
https://doi.org/10.1007/JHEP10(2014)092
http://arxiv.org/abs/1407.3282
https://doi.org/10.1103/PhysRevLett.93.206602
http://arxiv.org/abs/cond-mat/0408417
http://arxiv.org/abs/cond-mat/0408417

146

References

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

Sebastian de Haro, Sergey N. Solodukhin, and Kostas Skenderis. “Holo-
graphic reconstruction of space-time and renormalization in the AdS / CFT
correspondence”. In: Commun. Math. Phys. 217 (2001), pp. 595-622. DOI: 10.
1007/s002200100381. arXiv: hep-th/0002230 [hep-th].

Sean A. Hartnoll, Christopher P. Herzog, and Gary T. Horowitz. “Building a
Holographic Superconductor”. In: Phys. Rev. Lett. 101 (2008), p. 031601. DOTI:
10.1103/PhysRevLett.101.031601. arXiv: 0803.3295 [hep-th].

Jetfrey A. Harvey. “TASI 2003 lectures on anomalies”. In: 2005. arXiv: hep-
th/0509097 [hep-th].

Koji Hashimoto et al. “Holographic Floquet states I: a strongly coupled Weyl
semimetal”. In: JHEP 05 (2017), p. 127. DOI: 10 . 1007 / JHEP05(2017 ) 127.
arXiv: 1611.03702 [hep-th].

S. W. Hawking. “Particle Creation by Black Holes”. In: Commun. Math. Phys.
43 (1975). [,167(1975)], pp. 199-220. DOI: 10 . 1007 /BF02345020 , 10 . 1007 /
BF01608497.

Idse Heemskerk and Joseph Polchinski. “Holographic and Wilsonian Renor-
malization Groups”. In: JHEP 06 (2011), p. 031. DOI: 10.1007/JHEP06(2011)
031. arXiv: 1010.1264 [hep-th].

Gerard "t Hooft. “Dimensional reduction in quantum gravity”. In: Conf. Proc.
C930308 (1993), pp. 284-296. arXiv: gr-qc/9310026 [gr-qcl.

Gerard 't Hooft. “Naturalness, chiral symmetry, and spontaneous chiral sym-
metry breaking”. In: NATO Sci. Ser. B 59 (1980), p. 135.

Gary T. Horowitz, Jorge E. Santos, and David Tong. “Optical Conductiv-
ity with Holographic Lattices”. In: JHEP 07 (2012), p. 168. DOI: 10 . 1007 /
JHEPO7(2012) 168. arXiv: 1204.0519 [hep-th].

Carlos Hoyos, Tatsuma Nishioka, and Andy O’Bannon. “A Chiral Magnetic
Effect from AdS/CFT with Flavor”. In: JHEP 10 (2011), p. 084. DOI: 10.1007/
JHEP10(2011)084. arXiv: 1106.4030 [hep-th].

Veronika E. Hubeny. “The AdS/CFT Correspondence”. In: Class. Quant.
Grav. 32.12 (2015), p. 124010. DOI: 10.1088/0264-9381/32/12/124010. arXiv:
1501.00007 [gr-qcl.

Veronika E. Hubeny, Shiraz Minwalla, and Mukund Rangamani. “The
fluid/gravity correspondence”. In: Black holes in higher dimensions.
[,817(2011)]. 2012, pp. 348-383. arXiv: 1107 . 5780 [hep-th]. URL: http :
//inspirehep.net/record/920982/files/arXiv:1107.5780.pdf.

Nabil Igbal and Hong Liu. “Universality of the hydrodynamic limit in
AdS/CFT and the membrane paradigm”. In: Phys. Rev. D79 (2009), p. 025023.
DOI: 10.1103/PhysRevD.79.025023. arXiv: 0809.3808 [hep-th].

Vivek Iyer and Robert M. Wald. “Some properties of Noether charge and
a proposal for dynamical black hole entropy”. In: Phys. Rev. D50 (1994),
pp- 846-864. DOI: 10.1103/PhysRevD.50.846. arXiv: gr-qc/9403028 [gr-qc].


https://doi.org/10.1007/s002200100381
https://doi.org/10.1007/s002200100381
http://arxiv.org/abs/hep-th/0002230
https://doi.org/10.1103/PhysRevLett.101.031601
http://arxiv.org/abs/0803.3295
http://arxiv.org/abs/hep-th/0509097
http://arxiv.org/abs/hep-th/0509097
https://doi.org/10.1007/JHEP05(2017)127
http://arxiv.org/abs/1611.03702
https://doi.org/10.1007/BF02345020, 10.1007/BF01608497
https://doi.org/10.1007/BF02345020, 10.1007/BF01608497
https://doi.org/10.1007/JHEP06(2011)031
https://doi.org/10.1007/JHEP06(2011)031
http://arxiv.org/abs/1010.1264
http://arxiv.org/abs/gr-qc/9310026
https://doi.org/10.1007/JHEP07(2012)168
https://doi.org/10.1007/JHEP07(2012)168
http://arxiv.org/abs/1204.0519
https://doi.org/10.1007/JHEP10(2011)084
https://doi.org/10.1007/JHEP10(2011)084
http://arxiv.org/abs/1106.4030
https://doi.org/10.1088/0264-9381/32/12/124010
http://arxiv.org/abs/1501.00007
http://arxiv.org/abs/1107.5780
http://inspirehep.net/record/920982/files/arXiv:1107.5780.pdf
http://inspirehep.net/record/920982/files/arXiv:1107.5780.pdf
https://doi.org/10.1103/PhysRevD.79.025023
http://arxiv.org/abs/0809.3808
https://doi.org/10.1103/PhysRevD.50.846
http://arxiv.org/abs/gr-qc/9403028

References 147

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

R. Jackiw. “When radiative corrections are finite but undetermined”. In: Int.
J. Mod. Phys. B14 (2000), pp. 2011-2022. DOI: 10 . 1142/5021797920000114X.
arXiv: hep-th/9903044 [hep-th].

V. P. J. Jacobs, S. J. G. Vandoren, and H. T. C. Stoof. “Holographic in-
teraction effects on transport in Dirac semimetals”. In: Phys. Rev. B90.4
(2014), p. 045108. DOI: 10 . 1103 /PhysRevB . 90 . 045108. arXiv: 1403 . 3608
[cond-mat.str-el].

V. P.]. Jacobs et al. “Electromagnetic response of interacting Weyl semimet-
als”. In: Phys. Rev. B93.19 (2016), p. 195104. DOI: 10 . 1103 /PhysRevB . 93 .
195104. arXiv: 1512.04883 [hep-th].

Kristan Jensen, R. Loganayagam, and Amos Yarom. “Anomaly inflow and
thermal equilibrium”. In: JHEP 05 (2014), p. 134. DOI: 10.1007/JHEP05(2014)
134. arXiv: 1310.7024 [hep-th].

Kristan Jensen, R. Loganayagam, and Amos Yarom. “Chern-Simons terms
from thermal circles and anomalies”. In: JHEP 05 (2014), p. 110. DOI: 10 .
1007/JHEP05(2014) 110. arXiv: 1311.2935 [hep-th].

Kristan Jensen, R. Loganayagam, and Amos Yarom. “Thermodynamics,
gravitational anomalies and cones”. In: JHEP 02 (2013), p. 088. DOI: 10.1007/
JHEP02(2013)088. arXiv: 1207 .5824 [hep-th].

Amadeo Jimenez-Alba, Karl Landsteiner, and Luis Melgar. “Anomalous
magnetoresponse and the Stii ckelberg axion in holography”. In: Phys. Rev.
D90 (2014), p. 126004. DOI: 10.1103/PhysRevD.90.126004. arXiv: 1407 .8162
[hep-th].

Tigran Kalaydzhyan and Ingo Kirsch. “Fluid/gravity model for the chiral
magnetic effect”. In: Phys. Rev. Lett. 106 (2011), p. 211601. DOI: 10 . 1103/
PhysRevLett.106.211601. arXiv: 1102.4334 [hep-th].

Matthias Kaminski et al. “Anomalous hydrodynamics kicks neutron stars”.
In: Phys. Lett. B760 (2016), pp. 170-174. DOI: 10.1016/j .physletb.2016.06.
054. arXiv: 1410.3833 [nucl-th].

Matthias Kaminski et al. “Holographic Operator Mixing and Quasinormal
Modes on the Brane”. In: JHEP 02 (2010), p. 021. DOI: 10.1007/JHEP02(2010)
021. arXiv: 0911.3610 [hep-th].

Dmitri E. Kharzeev. “The Chiral Magnetic Effect and Anomaly-Induced
Transport”. In: Prog. Part. Nucl. Phys. 75 (2014), pp. 133-151. DOI: 10.1016/
j.ppnp.2014.01.002. arXiv: 1312.3348 [hep-ph].

Dmitri E. Kharzeev and Qiang Li. “The Chiral Qubit: quantum computing
with chiral anomaly”. In: (2019). arXiv: 1903.07133 [quant-ph].

Dmitri E. Kharzeev, Larry D. McLerran, and Harmen J. Warringa. “The Ef-
fects of topological charge change in heavy ion collisions: "Event by event P
and CP violation™. In: Nucl. Phys. A803 (2008), pp. 227-253. DOI: 10.1016/
j.nuclphysa.2008.02.298. arXiv: 0711.0950 [hep-ph].

Igor R. Klebanov, Peter Ouyang, and Edward Witten. “A Gravity dual of
the chiral anomaly”. In: Phys. Rev. D65 (2002), p. 105007. DOIL: 10 . 1103/
PhysRevD.65.105007. arXiv: hep-th/0202056 [hep-th].


https://doi.org/10.1142/S021797920000114X
http://arxiv.org/abs/hep-th/9903044
https://doi.org/10.1103/PhysRevB.90.045108
http://arxiv.org/abs/1403.3608
http://arxiv.org/abs/1403.3608
https://doi.org/10.1103/PhysRevB.93.195104
https://doi.org/10.1103/PhysRevB.93.195104
http://arxiv.org/abs/1512.04883
https://doi.org/10.1007/JHEP05(2014)134
https://doi.org/10.1007/JHEP05(2014)134
http://arxiv.org/abs/1310.7024
https://doi.org/10.1007/JHEP05(2014)110
https://doi.org/10.1007/JHEP05(2014)110
http://arxiv.org/abs/1311.2935
https://doi.org/10.1007/JHEP02(2013)088
https://doi.org/10.1007/JHEP02(2013)088
http://arxiv.org/abs/1207.5824
https://doi.org/10.1103/PhysRevD.90.126004
http://arxiv.org/abs/1407.8162
http://arxiv.org/abs/1407.8162
https://doi.org/10.1103/PhysRevLett.106.211601
https://doi.org/10.1103/PhysRevLett.106.211601
http://arxiv.org/abs/1102.4334
https://doi.org/10.1016/j.physletb.2016.06.054
https://doi.org/10.1016/j.physletb.2016.06.054
http://arxiv.org/abs/1410.3833
https://doi.org/10.1007/JHEP02(2010)021
https://doi.org/10.1007/JHEP02(2010)021
http://arxiv.org/abs/0911.3610
https://doi.org/10.1016/j.ppnp.2014.01.002
https://doi.org/10.1016/j.ppnp.2014.01.002
http://arxiv.org/abs/1312.3348
http://arxiv.org/abs/1903.07133
https://doi.org/10.1016/j.nuclphysa.2008.02.298
https://doi.org/10.1016/j.nuclphysa.2008.02.298
http://arxiv.org/abs/0711.0950
https://doi.org/10.1103/PhysRevD.65.105007
https://doi.org/10.1103/PhysRevD.65.105007
http://arxiv.org/abs/hep-th/0202056

148

References

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

Pavel Kovtun. “Lectures on hydrodynamic fluctuations in relativistic theo-
ries”. In: J. Phys. A45 (2012), p. 473001. DOI: 10.1088/1751-8113/45/47/
473001. arXiv: 1205.5040 [hep-th].

Per Kraus and Finn Larsen. “Holographic gravitational anomalies”. In: JHEP
01 (2006), p. 022. DOI: 10.1088/1126-6708/2006/01/022. arXiv: hep-th/
0508218 [hep-th].

Ryogo Kubo. “Statistical mechanical theory of irreversible processes. 1. Gen-
eral theory and simple applications in magnetic and conduction problems”.
In: J. Phys. Soc. Jap. 12 (1957), pp. 570-586. DOI: 10.1143/JPSJ.12.570.

L.D. Landau and E.M. Lifshitz. Fluid Mechanics. v. 6. Elsevier Science, 1987.
ISBN: 9780080570730. URL: https : / / books . google . es / books 7 id =
eVKbCgAAQBAJ.

Karl Landsteiner. “Notes on Anomaly Induced Transport”. In: 56th Cracow
School of Theoretical Physics: A Panorama of Holography Zakopane, Poland, May
24-June 1, 2016. 2016. arXiv: 1610.04413 [hep-th].

Karl Landsteiner and Yan Liu. “The holographic Weyl semi-metal”. In: Phys.
Lett. B753 (2016), pp. 453—457. DOI: 10 . 1016/ j . physletb . 2015 .12 . 052.
arXiv: 15605.04772 [hep-th].

Karl Landsteiner, Yan Liu, and Ya-Wen Sun. “Odd viscosity in the quantum
critical region of a holographic Weyl semimetal”. In: Phys. Rev. Lett. 117.8
(2016), p. 081604. DOI: 10.1103/PhysRevLett.117.081604. arXiv: 1604.01346
[hep-th].

Karl Landsteiner, Yan Liu, and Ya-Wen Sun. “Quantum phase transition be-
tween a topological and a trivial semimetal from holography”. In: Phys. Rev.
Lett. 116.8 (2016), p. 081602. DOI: 10.1103/PhysRevLett.116.081602. arXiv:
15611.05505 [hep-th].

Karl Landsteiner, Esperanza Lopez, and Guillermo Milans del Bosch.
“Quenching the Chiral Magnetic Effect via the Gravitational Anomaly and
Holography”. In: Phys. Rev. Lett. 120.7 (2018), p. 071602. DOI: 10 . 1103 /
PhysRevLett.120.071602. arXiv: 1709.08384 [hep-th].

Karl Landsteiner, Eugenio Megias, and Francisco Pena-Benitez. “Gravita-
tional Anomaly and Transport”. In: Phys. Rev. Lett. 107 (2011), p. 021601. DOTI:
10.1103/PhysRevLett.107.021601. arXiv: 1103.5006 [hep-ph].

Karl Landsteiner et al. “Holographic Gravitational Anomaly and Chiral Vor-
tical Effect”. In: JHEP 09 (2011), p. 121. DOI: 10 . 1007 / JHEP09 (2011 ) 121.
arXiv: 1107.0368 [hep-th].

Qiang Li et al. “Observation of the chiral magnetic effect in ZrTe5”. In: Nature
Phys. 12 (2016), pp. 550-554. DOI: 10 . 1038 / nphys3648. arXiv: 1412 . 6543
[cond-mat.str-el].

Shu Lin and Ho-Ung Yee. “Out-of-Equilibrium Chiral Magnetic Effect at
Strong Coupling”. In: Phys. Rev. D88.2 (2013), p. 025030. DOIL: 10 . 1103/
PhysRevD.88.025030. arXiv: 1305.3949 [hep-ph].


https://doi.org/10.1088/1751-8113/45/47/473001
https://doi.org/10.1088/1751-8113/45/47/473001
http://arxiv.org/abs/1205.5040
https://doi.org/10.1088/1126-6708/2006/01/022
http://arxiv.org/abs/hep-th/0508218
http://arxiv.org/abs/hep-th/0508218
https://doi.org/10.1143/JPSJ.12.570
https://books.google.es/books?id=eVKbCgAAQBAJ
https://books.google.es/books?id=eVKbCgAAQBAJ
http://arxiv.org/abs/1610.04413
https://doi.org/10.1016/j.physletb.2015.12.052
http://arxiv.org/abs/1505.04772
https://doi.org/10.1103/PhysRevLett.117.081604
http://arxiv.org/abs/1604.01346
http://arxiv.org/abs/1604.01346
https://doi.org/10.1103/PhysRevLett.116.081602
http://arxiv.org/abs/1511.05505
https://doi.org/10.1103/PhysRevLett.120.071602
https://doi.org/10.1103/PhysRevLett.120.071602
http://arxiv.org/abs/1709.08384
https://doi.org/10.1103/PhysRevLett.107.021601
http://arxiv.org/abs/1103.5006
https://doi.org/10.1007/JHEP09(2011)121
http://arxiv.org/abs/1107.0368
https://doi.org/10.1038/nphys3648
http://arxiv.org/abs/1412.6543
http://arxiv.org/abs/1412.6543
https://doi.org/10.1103/PhysRevD.88.025030
https://doi.org/10.1103/PhysRevD.88.025030
http://arxiv.org/abs/1305.3949

References 149

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

Hai-Shan Liu, H. Lu, and C. N. Pope. “Holographic Heat Current as Noether
Current”. In: JHEP 09 (2017), p. 146. DOI: 10.1007/JHEP09 (2017) 146. arXiv:
1708.02329 [hep-th].

Hong Liu, John McGreevy, and David Vegh. “Non-Fermi liquids from holog-
raphy”. In: Phys. Rev. D83 (2011), p. 065029. DOI: 10 . 1103 /PhysRevD . 83 .
065029. arXiv: 0903.2477 [hep-th].

Yan Liu and Francisco Pena-Benitez. “Spatially modulated instabilities of
holographic gauge-gravitational anomaly”. In: JHEP 05 (2017), p. 111. DOI:
10.1007/JHEP05(2017) 111. arXiv: 1612.00470 [hep-th].

Juan Martin Maldacena. “The Large N limit of superconformal field theo-
ries and supergravity”. In: Int. J. Theor. Phys. 38 (1999). [Adv. Theor. Math.
Phys.2,231(1998)], pp. 1113-1133. DOI: 10 . 1023/ A : 1026654312961. arXiv:
hep-th/9711200 [hep-th].

Eugenio Megias. “Anomalous transport and massive gravity theories”. In: J.
Phys. Conf. Ser. 804.1 (2017), p. 012029. DOI: 10 . 1088/ 1742-6596/804/ 1/
012029. arXiv: 1701.00085 [hep-th].

Eugenio Megias, Karl Landsteiner, and Francisco Pena-Benitez.
“Fluid/ gravity correspondence and holographic mixed gauge-gravitational
anomaly”. In: Acta Phys. Polon. Supp. 6 (2013), pp. 45-51. DOI: 10 . 5506 /
APhysPolBSupp.6.45.

Eugenio Megias and Francisco Pena-Benitez. “Holographic Gravitational
Anomaly in First and Second Order Hydrodynamics”. In: JHEP 05 (2013),
p- 115. DOI: 10.1007/JHEP05(2013) 115. arXiv: 1304.5529 [hep-th].

Makoto Natsuume. “AdS/CFT Duality User Guide”. In: Lect. Notes Phys. 903
(2015), pp.1-294. DOI: 10 . 1007 /978 - 4 - 431 - 55441 - 7. arXiv: 1409 . 3575
[hep-th].

G. M. Newman. “Anomalous hydrodynamics”. In: JHEP 01 (2006), p. 158.
DOI: 10.1088/1126-6708/2006/01/158. arXiv: hep-ph/0511236 [hep-ph].

Hirosi Ooguri and Cumrun Vafa. “Non-supersymmetric AdS and the
Swampland”. In: Adv. Theor. Math. Phys. 21 (2017), pp. 1787-1801. DOI: 10.
4310/ATMP.2017.v21.n7.a8. arXiv: 1610.01533 [hep-th].

Ioannis Papadimitriou and Kostas Skenderis. “AdS / CFT correspondence
and geometry”. In: IRMA Lect. Math. Theor. Phys. 8 (2005), pp. 73-101. DOTI:
10.4171/013-1/4. arXiv: hep-th/0404176 [hep-th].

D. I. Pikulin, Anffany Chen, and M. Franz. “Chiral anomaly from strain-
induced gauge fields in Dirac and Weyl semimetals”. In: Phys. Rev. X 6
(2016), p. 041021. DOI: 10 . 1103 /PhysRevX . 6 . 041021. arXiv: 1607 . 01810
[cond-mat.mes-hall].

Krishna Rajagopal and Andrey V. Sadofyev. “Chiral drag force”. In: JHEP 10
(2015), p. 018. DOI: 10.1007/JHEP10(2015)018. arXiv: 1505.07379 [hep-th].

Anton Rebhan, Andreas Schmitt, and Stefan A. Stricker. “Anomalies and
the chiral magnetic effect in the Sakai-Sugimoto model”. In: JHEP 01 (2010),
p- 026. DOI: 10.1007/JHEP01(2010) 026. arXiv: 0909.4782 [hep-th].


https://doi.org/10.1007/JHEP09(2017)146
http://arxiv.org/abs/1708.02329
https://doi.org/10.1103/PhysRevD.83.065029
https://doi.org/10.1103/PhysRevD.83.065029
http://arxiv.org/abs/0903.2477
https://doi.org/10.1007/JHEP05(2017)111
http://arxiv.org/abs/1612.00470
https://doi.org/10.1023/A:1026654312961
http://arxiv.org/abs/hep-th/9711200
https://doi.org/10.1088/1742-6596/804/1/012029
https://doi.org/10.1088/1742-6596/804/1/012029
http://arxiv.org/abs/1701.00085
https://doi.org/10.5506/APhysPolBSupp.6.45
https://doi.org/10.5506/APhysPolBSupp.6.45
https://doi.org/10.1007/JHEP05(2013)115
http://arxiv.org/abs/1304.5529
https://doi.org/10.1007/978-4-431-55441-7
http://arxiv.org/abs/1409.3575
http://arxiv.org/abs/1409.3575
https://doi.org/10.1088/1126-6708/2006/01/158
http://arxiv.org/abs/hep-ph/0511236
https://doi.org/10.4310/ATMP.2017.v21.n7.a8
https://doi.org/10.4310/ATMP.2017.v21.n7.a8
http://arxiv.org/abs/1610.01533
https://doi.org/10.4171/013-1/4
http://arxiv.org/abs/hep-th/0404176
https://doi.org/10.1103/PhysRevX.6.041021
http://arxiv.org/abs/1607.01810
http://arxiv.org/abs/1607.01810
https://doi.org/10.1007/JHEP10(2015)018
http://arxiv.org/abs/1505.07379
https://doi.org/10.1007/JHEP01(2010)026
http://arxiv.org/abs/0909.4782

150

References

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

Paul Romatschke and Ulrike Romatschke. Relativistic Fluid Dynamics In and
Out of Equilibrium. Cambridge Monographs on Mathematical Physics. Cam-
bridge University Press, 2019. I1SBN: 9781108483681, 9781108750028. DOI: 10.
1017 /9781108651998. arXiv: 1712 . 05815 [nucl-th]. URL: https://www .
cambridge . org/ academic / subjects / physics / theoretical - physics -
and - mathematical - physics/relativistic-fluid- dynamics - and - out -
equilibrium - and - applications - relativistic - nuclear - collisions ?
format=HB&isbn=9781108483681.

Sang-Jin Sin and Yang Zhou. “Holographic Wilsonian RG Flow and Slid-
ing Membrane Paradigm”. In: JHEP 05 (2011), p. 030. DOIL: 10 . 1007 /
JHEP05(2011)030. arXiv: 1102.4477 [hep-th].

Kostas Skenderis, Marika Taylor, and Balt C. van Rees. “Topologically Mas-
sive Gravity and the AdS/CFT Correspondence”. In: JHEP 09 (2009), p. 045.
DOI: 10.1088/1126-6708/2009/09/045. arXiv: 0906.4926 [hep-th].

Sergey N. Solodukhin. “Holography with gravitational Chern-Simons”. In:
Phys. Rev. D74 (2006), p. 024015. DOI: 10.1103/PhysRevD. 74 .024015. arXiv:
hep-th/0509148 [hep-thl].

D. T. Son and B. Z. Spivak. “Chiral Anomaly and Classical Negative Mag-
netoresistance of Weyl Metals”. In: Phys. Rev. B88 (2013), p. 104412. DOI: 10.
1103/PhysRevB.88.104412. arXiv: 1206.1627 [cond-mat.mes-hall].

Dam T. Son and Piotr Surowka. “Hydrodynamics with Triangle Anomalies”.
In: Phys. Rev. Lett. 103 (2009), p. 191601. DOI: 10 . 1103 /PhysRevLett . 103.
191601. arXiv: 0906.5044 [hep-th].

M. A. Stephanov. “QCD phase diagram: An Overview”. In: PoS LAT2006
(2006), p. 024. DOI: 10 . 22323 /1 . 032 . 0024. arXiv: hep - lat / 0701002
[hep-lat].

Mikhail A. Stephanov and Ho-Ung Yee. “No-Drag Frame for Anomalous
Chiral Fluid”. In: Phys. Rev. Lett. 116.12 (2016), p. 122302. DOI: 10 . 1103/
PhysRevLett.116.122302. arXiv: 1508.02396 [hep-th].

Michael Stone and Jiyoung Kim. “Mixed Anomalies: Chiral Vortical Effect
and the Sommerfeld Expansion”. In: Phys. Rev. D98.2 (2018), p. 025012. DOTI:
10.1103/PhysRevD.98.025012. arXiv: 1804.08668 [cond-mat.mes-hall].

R. Stora. “Continuum Gauge Theories”. In: New Developments in Quantum
Field Theory and Statistical Mechanics Cargese 1976. Ed. by Maurice Lévy and
Pronob Mitter. Boston, MA: Springer US, 1977, pp. 201-224. 1SBN: 978-1-4615-
8918-1. DOI: 10.1007/978-1-4615-8918-1_8. URL: https://doi.org/10.
1007/978-1-4615-8918-1_8.

Raymond Stora. “Algebraic Structure and Topological Origin of Anoma-
lies”. In: Progress in Gauge Field Theory. Ed. by G. 't Hooft et al. Boston, MA:
Springer US, 1984, pp. 543-562. 1SBN: 978-1-4757-0280-4. DOI: 10.1007/978-
1-4757-0280-4_19. URL: https://doi.org/10.1007/978-1-4757-0280-
4_19.


https://doi.org/10.1017/9781108651998
https://doi.org/10.1017/9781108651998
http://arxiv.org/abs/1712.05815
https://www.cambridge.org/academic/subjects/physics/theoretical-physics-and-mathematical-physics/relativistic-fluid-dynamics-and-out-equilibrium-and-applications-relativistic-nuclear-collisions?format=HB&isbn=9781108483681
https://www.cambridge.org/academic/subjects/physics/theoretical-physics-and-mathematical-physics/relativistic-fluid-dynamics-and-out-equilibrium-and-applications-relativistic-nuclear-collisions?format=HB&isbn=9781108483681
https://www.cambridge.org/academic/subjects/physics/theoretical-physics-and-mathematical-physics/relativistic-fluid-dynamics-and-out-equilibrium-and-applications-relativistic-nuclear-collisions?format=HB&isbn=9781108483681
https://www.cambridge.org/academic/subjects/physics/theoretical-physics-and-mathematical-physics/relativistic-fluid-dynamics-and-out-equilibrium-and-applications-relativistic-nuclear-collisions?format=HB&isbn=9781108483681
https://www.cambridge.org/academic/subjects/physics/theoretical-physics-and-mathematical-physics/relativistic-fluid-dynamics-and-out-equilibrium-and-applications-relativistic-nuclear-collisions?format=HB&isbn=9781108483681
https://doi.org/10.1007/JHEP05(2011)030
https://doi.org/10.1007/JHEP05(2011)030
http://arxiv.org/abs/1102.4477
https://doi.org/10.1088/1126-6708/2009/09/045
http://arxiv.org/abs/0906.4926
https://doi.org/10.1103/PhysRevD.74.024015
http://arxiv.org/abs/hep-th/0509148
https://doi.org/10.1103/PhysRevB.88.104412
https://doi.org/10.1103/PhysRevB.88.104412
http://arxiv.org/abs/1206.1627
https://doi.org/10.1103/PhysRevLett.103.191601
https://doi.org/10.1103/PhysRevLett.103.191601
http://arxiv.org/abs/0906.5044
https://doi.org/10.22323/1.032.0024
http://arxiv.org/abs/hep-lat/0701002
http://arxiv.org/abs/hep-lat/0701002
https://doi.org/10.1103/PhysRevLett.116.122302
https://doi.org/10.1103/PhysRevLett.116.122302
http://arxiv.org/abs/1508.02396
https://doi.org/10.1103/PhysRevD.98.025012
http://arxiv.org/abs/1804.08668
https://doi.org/10.1007/978-1-4615-8918-1_8
https://doi.org/10.1007/978-1-4615-8918-1_8
https://doi.org/10.1007/978-1-4615-8918-1_8
https://doi.org/10.1007/978-1-4757-0280-4_19
https://doi.org/10.1007/978-1-4757-0280-4_19
https://doi.org/10.1007/978-1-4757-0280-4_19
https://doi.org/10.1007/978-1-4757-0280-4_19

References 151

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

Andrew Strominger and Cumrun Vafa. “Microscopic origin of the
Bekenstein-Hawking entropy”. In: Phys. Lett. B379 (1996), pp. 99-104. DOI:
10.1016/0370-2693(96) 00345-0. arXiv: hep-th/9601029 [hep-th].

Leonard Susskind. “The World as a hologram”. In: |. Math. Phys. 36 (1995),
pPp- 6377-6396. DOI: 10.1063/1.531249. arXiv: hep-th/9409089 [hep-th].

Yuji Tachikawa. “Black hole entropy in the presence of Chern-Simons terms”.
In: Class. Quant. Grav. 24 (2007), pp. 737-744. DOIL: 10.1088/0264-9381/24/
3/014. arXiv: hep-th/0611141 [hep-th].

Hiroyuki Tashiro, Tanmay Vachaspati, and Alexander Vilenkin. “Chiral Ef-
fects and Cosmic Magnetic Fields”. In: Phys. Rev. D86 (2012), p. 105033. DOI:
10.1103/PhysRevD.86.105033. arXiv: 1206.5549 [astro-ph.CO0].

Charles B. Thorn. “Reformulating string theory with the 1/N expansion”. In:
The First International A.D. Sakharov Conference on Physics Moscow, USSR, May
27-31,1991. 1991, pp. 0447-454. arXiv: hep-th/9405069 [hep-th].

Kip S. Thorne, R. H. Price, and D. A. Macdonald, eds. Black Holes: The Mem-
brane Paradigm. 1986. 1SBN: 9780300037708.

Ari M. Turner and Ashvin Vishwanath. “Beyond Band Insulators: Topol-
ogy of Semi-metals and Interacting Phases”. In: (2013). arXiv: 1301 . 0330
[cond-mat.str-el].

L. V. Tyutin. “Gauge Invariance in Field Theory and Statistical Physics in Op-
erator Formalism”. In: (1975). arXiv: 0812.0580 [hep-th].

M. M. Vazifeh and M. Franz. “Electromagnetic Response of Weyl Semimet-
als”. In: Phys. Rev. Lett. 111 (2 2013), p. 027201. DOI: 10.1103/PhysRevLett.
111.027201. URL: https://link.aps.org/doi/10.1103/PhysRevlett.111.
027201.

David Vegh. “Holography without translational symmetry”. In: (2013).
arXiv: 1301.0537 [hep-th].

A. Vilenkin. “Equilibrium Parity Violating Current in a Magnetic Field”. In:
Phys. Rev. D22 (1980), pp. 3080-3084. DOI: 10.1103/PhysRevD.22.3080.

A. Vilenkin. “Parity Nonconservation and Rotating Black Holes”. In: Phys.
Rev. Lett. 41 (1978), pp. 1575-1577. DOI: 10.1103/PhysRevLett.41.1575.

Robert M. Wald and Andreas Zoupas. “A General definition of ‘conserved
quantities” in general relativity and other theories of gravity”. In: Phys. Rev.
D61 (2000), p. 084027. DOI: 10 . 1103/PhysRevD . 61 . 084027. arXiv: gr-qc/
9911095 [gr-qcl.

Xiangang Wan et al. “Topological semimetal and Fermi-arc surface states
in the electronic structure of pyrochlore iridates”. In: Phys. Rev. B83.20
(2011), p. 205101. DOI: 10 . 1103 /PhysRevB . 83 . 205101. arXiv: 1007 . 0016
[cond-mat.str-el].

J. Wess and B. Zumino. “Consequences of anomalous Ward identities”. In:
Phys. Lett. B37 (1971), pp. 95-97. DOI: 10.1016/0370-2693(71)90582-X.


https://doi.org/10.1016/0370-2693(96)00345-0
http://arxiv.org/abs/hep-th/9601029
https://doi.org/10.1063/1.531249
http://arxiv.org/abs/hep-th/9409089
https://doi.org/10.1088/0264-9381/24/3/014
https://doi.org/10.1088/0264-9381/24/3/014
http://arxiv.org/abs/hep-th/0611141
https://doi.org/10.1103/PhysRevD.86.105033
http://arxiv.org/abs/1206.5549
http://arxiv.org/abs/hep-th/9405069
http://arxiv.org/abs/1301.0330
http://arxiv.org/abs/1301.0330
http://arxiv.org/abs/0812.0580
https://doi.org/10.1103/PhysRevLett.111.027201
https://doi.org/10.1103/PhysRevLett.111.027201
https://link.aps.org/doi/10.1103/PhysRevLett.111.027201
https://link.aps.org/doi/10.1103/PhysRevLett.111.027201
http://arxiv.org/abs/1301.0537
https://doi.org/10.1103/PhysRevD.22.3080
https://doi.org/10.1103/PhysRevLett.41.1575
https://doi.org/10.1103/PhysRevD.61.084027
http://arxiv.org/abs/gr-qc/9911095
http://arxiv.org/abs/gr-qc/9911095
https://doi.org/10.1103/PhysRevB.83.205101
http://arxiv.org/abs/1007.0016
http://arxiv.org/abs/1007.0016
https://doi.org/10.1016/0370-2693(71)90582-X

152

References

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

William Witczak-Krempa, Michael Knap, and Dmitry Abanin. “Interact-
ing Weyl semimetals: characterization via the topological Hamiltonian and
its breakdown”. In: Phys. Rev. Lett. 113 (2014), p. 136402. DOI: 10 . 1103/
PhysRevLett.113.136402. arXiv: 1406.0843 [cond-mat.str-el].

Benjamin Withers. “Nonlinear conductivity and the ringdown of currents in
metallic holography”. In: JHEP 10 (2016), p. 008. DOI: 10.1007/JHEP10(2016)
008. arXiv: 1606.03457 [hep-th].

Edward Witten. “Anti-de Sitter space and holography”. In: Adv. Theor. Math.
Phys. 2 (1998), pp. 253-291. DOI: 10 . 4310 /ATMP . 1998 . v2 . n2 . a2. arXiv:
hep-th/9802150 [hep-th].

Naoki Yamamoto. “Generalized Bloch theorem and chiral transport phenom-
ena”. In: Phys. Rev. D92.8 (2015), p. 085011. DOI: 10 . 1103 /PhysRevD . 92 .
085011. arXiv: 15602.01547 [cond-mat.mes-hall].

Ho-Ung Yee. “Holographic Chiral Magnetic Conductivity”. In: JHEP 11
(2009), p. 085. DOI: 10.1088/1126-6708/2009/11/085. arXiv: 0908 . 4189
[hep-th].

Jan Zaanen et al. Holographic Duality in Condensed Matter Physics. Cam-
bridge Univ. Press, 2015. I1SBN: 9781107080089. URL: http : / / www .
cambridge . org /mw / academic / subjects / physics / condensed - matter -
physics-nanoscience-and-mesoscopic-physics/holographic-duality-
condensed-matter-physics?format=HB.

Jie Zhao and Fugiang Wang. “Experimental searches for the chiral magnetic
effect in heavy-ion collisions”. In: Prog. Part. Nucl. Phys. 107 (2019), pp. 200-
236. DOI: 10.1016/j .ppnp.2019.05.001. arXiv: 1906.11413 [nucl-ex].

Bruno Zumino. “Chiral Anomalies and Differential Geometry: Lectures
Given at Les Houches, August 1983”. In: Relativity, groups and topology: Pro-
ceedings, 40th Summer School of Theoretical Physics - Session 40: Les Houches,
France, June 27 - August 4, 1983, vol. 2. [,361(1983)]. 1983, pp. 1291-1322.

A. A. Zyuzin and A. A. Burkov. “Topological response in Weyl semimetals
and the chiral anomaly”. In: Phys. Rev. B86 (2012), p. 115133. DOI: 10.1103/
PhysRevB.86.115133. arXiv: 1206.1868 [cond-mat.mes-hall].


https://doi.org/10.1103/PhysRevLett.113.136402
https://doi.org/10.1103/PhysRevLett.113.136402
http://arxiv.org/abs/1406.0843
https://doi.org/10.1007/JHEP10(2016)008
https://doi.org/10.1007/JHEP10(2016)008
http://arxiv.org/abs/1606.03457
https://doi.org/10.4310/ATMP.1998.v2.n2.a2
http://arxiv.org/abs/hep-th/9802150
https://doi.org/10.1103/PhysRevD.92.085011
https://doi.org/10.1103/PhysRevD.92.085011
http://arxiv.org/abs/1502.01547
https://doi.org/10.1088/1126-6708/2009/11/085
http://arxiv.org/abs/0908.4189
http://arxiv.org/abs/0908.4189
http://www.cambridge.org/mw/academic/subjects/physics/condensed-matter-physics-nanoscience-and-mesoscopic-physics/holographic-duality-condensed-matter-physics?format=HB
http://www.cambridge.org/mw/academic/subjects/physics/condensed-matter-physics-nanoscience-and-mesoscopic-physics/holographic-duality-condensed-matter-physics?format=HB
http://www.cambridge.org/mw/academic/subjects/physics/condensed-matter-physics-nanoscience-and-mesoscopic-physics/holographic-duality-condensed-matter-physics?format=HB
http://www.cambridge.org/mw/academic/subjects/physics/condensed-matter-physics-nanoscience-and-mesoscopic-physics/holographic-duality-condensed-matter-physics?format=HB
https://doi.org/10.1016/j.ppnp.2019.05.001
http://arxiv.org/abs/1906.11413
https://doi.org/10.1103/PhysRevB.86.115133
https://doi.org/10.1103/PhysRevB.86.115133
http://arxiv.org/abs/1206.1868

	Summary / Resumen
	Introduction
	Theoretical foundations
	Anomalies in quantum field theory
	The global axial anomaly
	The chiral anomaly
	Extension to the non-abelian case
	Anomaly matching condition
	Gravitational anomalies
	Consistency conditions and descent equations
	Consistent and covariant currents

	Relativistic hydrodynamics
	Conserved currents
	Constitutive relations
	Anomalous hydrodynamics

	Linear response theory
	Transport coefficients revisited

	Holography
	Brief review of the AdS/CFT duality
	Anomalies in holography


	Holographic RG approach to anomalous transport
	Motivation
	Membrane currents and conserved charges
	Membrane currents
	Wald construction and conservation laws
	Preliminary example: Einstein-Maxwell theory

	Extension to anomalous theories
	Equations of motion and presymplectic current
	Anomalous membrane currents
	Anomalous Wald construction and conservation laws

	Extraction of anomalous transport coefficients
	Asymptotics, thermodynamics, sources and radial conservation
	Membrane paradigm for anomalous currents

	Discussion

	Anomalous transport and holographic momentum relaxation
	Motivation
	Holographic momentum relaxation
	Background construction
	Holographic covariant currents

	Conductivities
	Electric DC conductivity
	Chiral magnetic conductivity
	Chiral vortical conductivity

	Discussion

	Holographic Weyl semimetals
	Motivation
	The holographic model
	Universality of the topological quantum phase transition
	Axial conductivity and infrared screening
	Axial Hall conductivity
	Current renormalization.

	Discussion

	Out of equilibrium anomalous transport
	Motivation
	The model
	Background construction
	Linear response computations
	Comparing to hydrodynamics
	Results
	Momentum conservation
	Momentum relaxation
	Delay

	Quasinormal Modes
	Discussion

	Conclusions / Conclusiones
	References

