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RESUMO EN GALEGO

O obxectivo da investigacion presentada nesta tese é estudar distintas teorias de gravidade con
derivadas de orde superior, pofiendo o foco nas suas aplicacions nos ambitos da holografia e a
astrofisica. Este tipo de modelos foron considerados dende fai décadas como posibles vias para
unha futura unificacion da gravidade coa mecanica cuantica, mais é importante antes de nada
ter clara a sua orixe e relevancia.

Proposta por Einstein en 1915, a teoria da relatividade xeral describe as interaccions gravita-
torias como consecuencia da xeometria do espazotempo, que a sia vez depende das distribucions
de materia e enerxia no mesmo. Como sucesora da lei da gravitacion universal de Newton,
foi capaz de superar multitude de probas experimentais dende o seu nacemento, destacando
por exemplo as predicions clasicas da precesion do perihelio de Mercurio ou a deflexiéon das
traxectorias da luz, asi como as recentes deteccions de ondas gravitacionais.

Pero esta non deixa de ser unha teoria clasica, e de algin xeito deberia ser posible reconciliala
co outro grande logro da fisica teérica durante o século pasado: a teoria cuantica de campos.
Esta é capaz de describir cunha precisiéon extrema todas as interacciéns microscopicas que
observamos, e polo tanto é de agardar que a estas escalas a gravidade sexa gobernada polas
mesmas normas. Porén, se un intenta cuantizala na sta forma actual atopa que non é posible,
posto que a teoria non é renormalizable, indicando a necesidade de atopar unha descricion
alternativa para a gravidade cuantica. Unha posibilidade extensamente considerada ¢é a teoria de
cordas, que predi a aparicion a baixas enerxias dunha serie de termos con derivadas superiores
na accion, pero cuxa forma exacta non é cofiecida.

Esta tese trata o problema descrito cun enfoque “de abaixo cara arriba”, construindo a
forma dos termos adicionais que suplementan a accién de Einstein-Hilbert, a correspondente
a relatividade xeral, en base a certos requirimentos fisicos. Estas contribucions seran mais
relevantes a enerxias altas, ou distancias pequenas, e van conter derivadas de orde superior dos
campos da teoria. Durante a maior parte deste traballo consideramos unicamente correccions
construidas con derivadas da métrica, o cal se traduce en contraccions de tensores de curvatura,
ainda que na Parte Il incluiremos tamén contribuciéns de campos adicionais.

A construcion destas teorias tratase en certo detalle no Capitulo 1. Como primeiro exemplo
podemos mencionar as teorias de Lovelock [1, 2], que son os Lagranxianos mais xerais que
posuen ecuacions do movemento de segunda orde en calquera métrica, de forma similar &
relatividade xeral. Porén, en catro dimensidns redicense trivialmente 4 accidon de Einstein-
Hilbert, e polo tanto non producen modificaciéons na dinamica gravitacional. Debido a isto,
neste traballo estamos mais interesados na familia das “Generalized Quasitopological gravities”,
identificada mais recentemente [3—11]. Estas mantefien certas caracteristicas desexables das
teorias de Lovelock, como a existencia de ecuacions do movemento de segunda orde ou a
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propagacion s6 do graviton sen masa de relatividade xeral, ainda que en principio s6 en espazos
maximamente simétricos. En calquera caso, isto é suficiente para permitir a construcion,
polo xeral de forma numérica, de solucions de buraco negro con propiedades termodinamicas
accesibles de forma exacta, o cal sera importante para os estudos expostos nesta tese. Estes
modelos poden ser construidos para calquera orde nas derivadas [10,11], e de feito calquera
teoria de orde superior pode ser escrita como un Lagranxiano desta familia [9], polo que
serven como base para estudar os efectos de correccions cuanticas xerais. Aparte disto, son de
particular interese debido a que producen modificacions non triviais tamén en 4 dimensions.
En concreto, estaremos interesados na teoria mais simple con estas caracteristicas, “Einteinian
cubic gravity”, formada por contraccions cubicas dos tensores de curvatura e orixinalmente
identificada en [3].

Ademais disto, o outro tema fundamental dunha porcién importante deste traballo é a
dualidade holografica [12—14], que tamén introducimos no Capitulo 1. Esta é unha conxectura
inicialmente derivada da teoria de cordas, pero que foi estendida ata ser considerada unha
dualidade mais xeral entre certas teorias cuanticas e de gravidade, polo que habitualmente
se denomina “dualidade gauge/gravidade”. Na sua forma mais habitual, a correspondencia
AdS/CFT, propén unha descricién dunha teoria cuantica de campos con simetria conforme
(CFT) en termos dun modelo de gravidade cuantica nun espazotempo anti de-Sitter (AdS)
cunha dimensioén adicional, de xeito que a CFT estaria localizada na fronteira asintotica deste
espazo AdS. Isto apoiase no principio holografico, proposto a partir do resultado da entropia
dun buraco negro, que en relatividade xeral é proporcional 4 area do horizonte, en lugar do
volume encerrado como caberia agardar. Isto implicaria que de alguin xeito en gravidade a
informacion dos graos de liberdade contidos nunha rexion estaria codificada na fronteira da
mesma. Ademais, a correspondencia resulta particularmente interesante no limite en que a CFT
ten acoplamento forte e moitos graos de liberdade, que é imposible de tratar coas ferramentas
habituais da mecanica cuantica. Na teoria de gravidade dual isto corresponde ao limite de baixas
enerxias, que en principio esta descrito pola relatividade xeral. Polo tanto, esta construcion
permite calcular magnitudes da CFT estudando campos clasicos na teoria gravitatoria, pofiendo
por medio un “dicionario holografico” que relaciona certas cantidades a cada lado.

Volvendo ao tema anterior, podemos pensar en incluir correcciéns cuanticas na accion da
gravidade clasica, na forma de termos con derivadas superiores, o cal permitiria desprazarse
deste réxime altamente cuantico da CFT. De novo, non cofiecemos a forma exacta das correccions
axeitadas na accion da gravidade, pero podemos considerar diversas teorias como modelos de
xoguete con constantes de acoplamento libres, que producen modificacions en certas cantidades
da CFT en funcion destes parametros. Polo tanto, estas teorias de orde superior permiten
estudar CFTs con propiedades distintas 4s descritas pola gravidade de Einstein, incrementando
o rango de aplicacions da dualidade holografica.

Este punto é estudado na Parte I, onde consideramos unicamente a adicion de termos con
contraccions dos tensores de curvatura na teoria gravitatoria, e analizamos a sua influencia en
distintos aspectos da dualidade holografica.

O Capitulo 2 trata a cuestion da renormalizacion e regularizacion da accion da gravidade
en holografia. En concreto, hai dous problemas a resolver. Por unha banda, a accién ¢ infinita
preto da fronteira de AdS debido ao volume deste espazotempo. Isto corresponde a diverxencias
a distancias pequenas na teoria de campos dual, e é necesario eliminalas para poder identificar
os valores de distintas cantidades na CFT. En relatividade xeral, isto conséguese mediante
a prescricion da renormalizacién holografica [15-17], que consiste en eliminar os infinitos
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que aparecen sumando os contratermos necesarios. Porén, estes non se poden escribir de
forma pechada, senon que hai que calculalos explicitamente identificando as diverxencias
en cada dimensiéon. Pola outra banda, é necesario formular un problema variacional ben
definido, no sentido de que a variaciéon da accion produza as ecuaciéns do movemento para
a métrica coa unica condicidon de que o valor desta estea fixo na fronteira. Para relatividade
xeral, o termo de Gibbons-Hawking-York logra precisamente isto. En teorias con correccions
de orde superior na curvatura as diverxencias presentes seran distintas, co cal os contratermos
anteriores non funcionaran. Propofiemos polo tanto empregar unha extension da prescricion
dos Kounterterms [18, 19], que son termos obtidos a partir dunha expresiéon pechada para
dimensiéns xerais que involucra as curvaturas extrinseca e intrinseca da fronteira. Estes
reproducen a forma dos contratermos habituais, incluindo a contribuciéon de GHY, en dimensions
baixas, e polo tanto resolven de forma natural os dous problemas explicados anteriormente.
Para teorias xerais de gravidade, propofiemos sumar estes Kounterterms multiplicados por
unha constante global, que dependera dos parametros de acoplamento da propia teoria. Ao
longo do Capitulo mostramos explicitamente que estes termos son capaces de eliminar as
diverxencias e proporcionar un problema variacional ben definido en dimension igual ou menor
a 5. O razoamento é valido para teorias xerais que admitan soluciéns AdS, exceptuando un
subconxunto para o cal a asintoética do espazotempo difire da obtida en relatividade xeral, e que
tipicamente corresponden con teorias criticas de algunha forma. Ademais, para o problema
variacional requirimos que a métrica da fronteira sexa conformalmente plana, o cal se satisfai
automaticamente para dimensidons menores a 5.

No Capitulo 3 exploramos os efectos de termos de orde superior na curvatura nun sis-
tema de materia condensada que pode ser descrito a través da correspondencia AdS/CFT: o
“supercondutor holografico” [20-22]. Un material supercondutor pddese caracterizar pola
existencia dunha transicion de fase a unha temperatura critica, baixo a cal un parametro de
orde toma un valor non nulo producindo unha ruptura espontanea de simetria. Nas teorias
de materia condensada habituais este parametro de orde corresponde coa densidade de por-
tadores de carga supercondutores, co cal o sistema pasa a opofier unha resistencia nula ao
transporte de corrente eléctrica continua. Na descriciéon holografica modelamos este sistema
introducindo un campo escalar na teoria gravitatoria, cargado baixo unha simetria gauge U(1).
A temperatura do sistema, pola sua parte, é proporcionada por un buraco negro no interior
do espazotempo, que actiia como un bano térmico como é habitual na dualidade holografica.
Ademais, consideramos un espazotempo de catro dimensions na teoria de gravidade, co cal
a teoria de campos ten tres, é dicir, dias espaciais. Polo tanto o modelo seria axeitado para
describir materiais cunha estrutura cristalina laminar, de modo que a interaccién entre os
graos de liberdade dentro de cada lamina se produza cun acoplamento forte. Este sistema esta
ben estudado na literatura, pero interésanos explorar o efecto que as correccidons cuanticas
na dinamica gravitatoria poden ter no mesmo. Para isto, incluimos na acciéon gravitatoria
os termos de Einsteinian cubic gravity, pois son as correccions mais simples cofiecidas que
admiten ecuaciéns do movemento de segunda orde e non son triviais en 4 dimensions, polo
que modificaran a métrica de AdS co buraco negro. De feito, esta é a primeira ocasiéon en
que se consideran correccions de orde superior para un supercondutor holografico con esta
dimension. Empregando técnicas numéricas estudamos tanto o réxime no que a métrica do
espazotempo esta fixa, como aquel no cal os campos de materia a modifican. Podemos estudar
como cambian cantidades como a magnitude deste condensado ou a temperatura critica co
parametro de acoplamento das correcciéns cubicas, e tamén coa resposta desta métrica aos
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valores dos campos. Introducindo unha perturbacion nunha compofiente espacial do potencial
electromagnético calculamos tamén a condutividade, atopando igualmente un valor infinito
cando a frecuencia desta perturbacion é cero, correspondente coa resistividade infinita para
corrente continua. O principal efecto dos termos cibicos que podemos identificar é unha
diminucion da temperatura critica, mais a interpretacion disto dende o punto de vista da teoria
de materia condensada non esta clara. En calquera caso, observamos que a tendencia coincide
coa observada en estudos anteriores, que inclien termos correspondentes a teorias de Lovelock
en dimensioéns superiores.

Ata este punto consideramos unicamente correcciéns construidas a partir dos tensores de
curvatura, mentres que a dinamica dos demais campos que introducimos é a habitual, coa Unica
diferenza de que a métrica do espazotempo no que viven vese modificada. Pero é natural pensar
que estes campos tamén poden contribuir as correccions con derivadas de orde superior. Este é
o punto central da Parte II, onde engadimos certos termos deste tipo na accién gravitatoria,
que en ultima instancia corresponderan a un potencial quimico con acoplamento non minimal
na teoria dual.

Comezamos construindo estas teorias no Capitulo 4, onde estendemos a familia das denom-
inadas “Electromagnetic Quasitopological gravities”, introducidas para 4 dimensions en [23], a
dimension xeral. Estes son modelos de gravidade cunha (d — 2)-forma diferencial, sendo d a di-
mension da fronteira. Para construir as teorias requirimos que tefian solucions de buraco negro
accesibles de forma analitica, considerando que o valor da forma diferencial é o correspondente
a unha soluciéon magnética. Mediante unha transformaciéon de dualidade este modelo describe
un campo electrostatico na teoria de gravidade, que sera equivalente a un potencial quimico na
fronteira. Con estes requisitos, obtemos a forma dos Lagranxianos para calquera potencia da
curvatura e da forma diferencial, e en dimension arbitraria.

A partir de aqui, no resto do Capitulo s6 nos centramos nas teorias de orde mais baixa, para
as cales realizamos unha serie de calculos de relevancia en AdS/CFT. Empezamos establecendo
varias entradas do dicionario holografico, primeiro atopando os valores das cargas centrais que
gobernan distintas funcions de correlaciéon na teoria dual, e que difiren das correspondentes a
gravidade de Einstein. Calculamos tamén a distribucién angular do fluxo de enerxia resultante
de introducir unha perturbacion da corrente electromagnética localizada na CFT, determinada
unicamente por un parametro que depende da teoria. Nos dous casos obtemos expresions
exactas en termos das constantes de acoplamento, é dicir, non perturbativas. Ademais, como a
forma destas cantidades difire das obtidas coa gravidade de Einstein, vemos que estas teorias
son utiles para describir CFTs que pertencen a clases de universalidades distintas as descritas
pola relatividade xeral. Estes resultados tamén serven para acoutar os parametros dos termos
de orde superior, ao considerar requirimentos de unitariedade e positividade do fluxo de enerxia
na CFT, e comprobamos que isto é equivalente a impofer a propagacion causal de perturbacions
dos campos na teoria de gravidade. Continuamos cun estudo das propiedades termodinamicas
da CFT dual, que son equivalentes as dos buracos negros que coloquemos no espazo AdS.
Atopamos que estas teorias posuen un espazo de fases mais rico que o correspondente &
gravidade de Einstein, pero estas fases adicionais son desfavorecidas ao considerar as cotas
anteriores nas constantes de acoplamento. Rematamos obtendo o cociente entre a viscosidade
de cizalladura e a densidade de entropia correspondentes a un plasma na teoria dual. Este é un
calculo habitual na correspondencia AdS/CFT, que orixinalmente levou a propofier a famosa
“cota KSS” como un valor minimo que esta cantidade podia tomar para calquera fluido. Coas
teorias desta familia atopamos que non sé non se cumpre esta cota, coma en moitas outras

xii
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gravidades de orde superior, sendn que é posible conseguir que esta cantidade sexa menor que
cero respectando as restricions cofiecidas nas constantes de acoplamento.

Continuamos co estudo destas teorias no Capitulo 5, neste caso calculando entropias de
entretecemento e de Rényi. A entropia de entretecemento é unha medida da cantidade de
entretecemento cuantico que hai entre unha rexion espacial da CFT e o seu complementario,
mentres que a entropia de Rényi é unha xeneralizacion deste concepto. Ambalas duas se definen
en mecanica cuantica en termos da matriz densidade, pero para as teorias que nos interesan
podense obter de forma mais sinxela empregando as ferramentas da holografia. Isto reduce o
calculo a un problema xeométrico na teoria de gravidade, de xeito similar a como a entropia
dun buraco negro é proporcional a area do horizonte en relatividade xeral. Desta maneira
calculamos as entropias de Rényi para as teorias introducidas no Capitulo anterior, considerando
unha superficie de entretecemento esférica na CFT. Observamos que o potencial quimico tende
a aumentar o valor desta entropia, sempre que se cumpran os requirimentos fisicos obtidos
previamente para os valores dos parametros de acoplamento. Os resultados atopados permiten
confirmar que estes modelos cumpren unhas relaciéns universais previamente enunciadas para
teorias xerais, apoiando asi o seu estudo. Do mesmo xeito, calculamos a dimensién conforme e
a resposta magnética dos twist operators asociados a estas entropias, e comprobamos que tamén
verifican certas relaciéons con distintos correladores da CFT anteriormente cofiecidas. A partir
do resultado obtido, propofiemos unha expresién universal para a entropia de entretecemento
dunha rexion esférica en teorias cun potencial quimico pequeno, en termos de constantes que
caracterizan as correspondentes funcions de correlacion. Probamos que esta identidade é certa
en xeral, en base as relacions cofiecidas para os twist operators, e apoiamos a proposta cun
céalculo explicito para as Electromagnetic Quasitopological gravities de orde xeral que atopamos
no Capitulo anterior.

Se ben todo o traballo previo se centrou en considerar correccions con derivadas superiores
en aplicacions holograficas, é loxico pensar en estudar tamén o efecto das mesmas noutros
escenarios. Este é o tema central da Parte III, a ultima do traballo, onde poremos o foco no seu
papel en astrofisica.

No Capitulo 6 estudamos distintos problemas de acreciéon de materia por un buraco negro,
engadindo a accion gravitatoria o escalar de Einsteinian cubic gravity. Isto modifica a forma da
solucién de buraco negro en catro dimensions, cambiando tanto o radio do horizonte como a
xeometria no exterior, o cal influird no comportamento da materia nas sias inmediacions. Coma
sempre, os termos cubicos aparecen multiplicados por unha constante de acoplamento, cuxo
valor non coflecemos, e ainda que existen cotas experimentais estas non son moi restritivas.
En calquera caso agardariamos que o parametro fose pequeno, pois estas teorias s estan ben
fundamentadas no limite perturbativo, mais para ilustrar o efecto destes termos consideramos
valores relativamente grandes. As correccions de orde superior son sempre mais importantes
en rexions de curvatura alta. Isto fai que sexa interesante estudar o escenario de acrecion, no
cal o buraco negro absorbe continuamente materia da rexion preto do horizonte. Consideramos
xeneralizacions relativistas de dous modelos clasicos de acrecion, analizando a influencia
dos termos cubicos nos mesmos. O primeiro deles considera o escenario en que existe un
movemento relativo entre o buraco negro e a materia, habitualmente cofiecido como acreciéon
de vento, mentres que no segundo estan en repouso un con respecto ao outro, o cal se denomina
acrecion esférica. Nos dous casos realizamos calculos semianaliticos, empregando a solucion
de buraco negro obtida de forma numérica para a teoria ctubica. Esta é sempre a xeneralizacion
da solucion de Schwarzschild, por simplicidade, xa que non é posible construir solucions
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con rotacion para Einsteinian cubic gravity fora dalgins limites concretos. Os resultados do
primeiro modelo, que considera a materia como un conxunto de particulas masivas que non
interactian entre si, son respaldados por outros obtidos a partir de simulaciéns numéricas de
hidrodinamica relativista. Nos dous casos atopamos que os termos ctibicos producen de forma
consistente un aumento da taxa de acrecion. De feito, o efecto é maior que o incremento do
radio do horizonte, co cal este cambio non é suficiente para explicar o resultado, indicando que
o comportamento da solucion fora do buraco negro posue relevancia. Ademais, as diferenzas
son maiores en réximes de enerxias altas, nos cales as correcciéns relativistas tenden a ser
mais importantes. En calquera caso, o cambio non é relevante para buracos negros de tamafio
astrofisico, pero si para outros de tamafno mais pequeno. Isto permite especular coa aplicaciéon
deste estudo aos hipotéticos buracos negros primordiais, propostos como unha contribucién a
densidade de materia escura, pois poderia influir nas cotas existentes sobre a sia presenza no
Universo.

Finalmente, a tese pecha cun Capitulo breve no que expofiemos unhas conclusions xerais so-
bre o traballo, asi como posibles futuras direccions. Isto serve como complemento as discusions
incluidas ao final de cada un dos Capitulos principais.
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OVERVIEW OF THE THESIS

This thesis is a compilation of the results obtained during the last four years of work, in
collaboration with the supervisor, José Edelstein, and several other authors: Ignacio Araya,
Pablo Bueno, Pablo Cano, Nicolas Grandi, Angel Murcia, Gabriel Rodriguez, Emilio Tejeda,
David Vazquez, Alejandro Vilar and Xuao Zhang. This document incorporates material from
the works [24-28], and an additional, related article has been authored separately [29].

The purpose of the current Chapter is to provide a concise overview of the contents within
this thesis. We commence by clarifying the motivations and objectives that drive the research,
which might get diluted as we dig into more intricate details in the following Chapters, as well
as a general description of the methodology and tools employed to attain the desired results.
Afterwards, we provide a preview of the reserach presented here, with the aim to assist the
reader by offering a brief insight into the topics and problems covered in each Chapter.

MOTIVATION AND OBJECTIVES

The main goal of this work is to explore the consequences that incorporating higher-derivative
terms in the gravitational action can have in different physical scenarios. The appearance of
these terms is a general feature of proposals for a quantum theory of gravity, and in this work
they are obtained from a bottom-up approach. This considers the Einstein-Hilbert action as the
lowest-energy contribution in an infinite series of terms, where higher-derivative corrections
become important in regimes of large curvature. We are primarily interested in theories
belonging to the Generalized Quasitopological class, which provide non-trivial corrections in 4
dimensions while retaining some of the desirable features of former models such as Lovelock
gravity. Originally, these theories are built by supplementing the action of general relativity
with certain combinations of higher-order contractions of the curvature tensors, and their
actual form can be known to arbitrary orders.

Among their wide range of applications we must highlight their role in holography, since
they serve as toy models to study dual quantum theories with features that can not be described
with Einstein gravity alone. This will be the main focus during a significant portion of this
work. In particular, we intend to propose an extension for general theories of the holographic
renormalization procedure, which produces some counterterms for the action that are able to
cancel divergences while providing a well-posed variational problem in the bulk theory. The
AdS/CFT correspondence is also known to be a powerful tool to study problems in condensed
matter physics, and it is interesting to investigate the role of higher-derivative terms in this
setup, which are traditionally assumed to correspond to finite N or finite coupling effects in
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the dual theory. We will do so by studying the addition of such corrections in what is perhaps
the most famous example: the holographic superconductor.

Beside the pure gravity corrections, it is reasonable to think about higher-derivative correc-
tions built with contractions of other fields, which can provide even richer holographic toy
models. In this regard, we can wonder about the effects of a non-minimally coupled chemical
potential in the boundary CFT. We will model this by adding to the bulk action contractions of
the curvature tensors with a differential form, that can be related to an electromagnetic field by
means of a duality transformation. Therefore, this will provide a description for more general
setups involving a chemical potential in the CFT, and in particular can be useful to check and
propose universal features of such models.

Lastly, it is possible to depart from the holographic framework and study the implications
of these corrections in other contexts. A well-established scenario where higher-curvature
terms can play a significant role is that of cosmology, and in fact some of these theories are
known to provide useful models for inflation. Given this, it is reasonable to examine the impact
of these corrections on astrophysical systems and processes as well. A specific objective of this
thesis is to delve into the interaction between matter and black holes, which leads us to the
study of problems of accretion.

METHODOLOGY

Similarly to any work in theoretical high-energy physics, carrying out this thesis involved
delving into an extensive body of existing literature. This is essential in order to gain knowledge
about the current status of the field, enabling the identification of relevant open questions,
but also serves as a valuable resource for acquiring concepts and techniques that aid in the
actual computations. Additionally, the procedure of work is further supported by engaging
in discussions with fellow researches, which can prove useful to find intuition about the
interpretation of the results, as well as decide what avenues are worth pursuing.

With respect to tools used for the actual computations, aside from the traditional pen and
paper the problems pursued often require the help of different pieces of computer software.
Wolfram’s Mathematica plays a pivotal role in this regard, as we use it extensively for both
symbolic and numerical computations. Its capabilities are further enhanced by the suite
of packages for tensor computer algebra xAct [30], which is able to manipulate complex
expressions involving contractions of tensors in an efficient manner. For a specific part of the
thesis we also rely on the GPL software aztekas [31,32], to simulate the dynamics of relativistic
fluids on a fixed background. Finally, custom implementations of numerical algorithms, for
problems such as integrating differential equations or finding roots, are at times indispensable.
For these cases we chose to work with the programming language C++, due to its performance.

OUTLINE

All the work presented here revolves around incorporating higher-derivative corrections into
the gravity action, and examining their implications in various scenarios. Therefore, before
delving into the results, it is crucial to establish the necessary background by presenting this
kind of gravitational theories, and in particular those that hold our primary interest: the
family of Generalized Quasitopological gravities. This is treated in Chapter 1, where we also
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provide an explanation of some relevant concepts in black hole thermodynamics, as well as an
introduction to the gauge/gravity duality, which is another central topic that will be explored
throughout a significant portion of the thesis.

The different results of the research carried out are presented after this, grouping the
main Chapters of the text in three distinct Parts according to the topics that they address.
Each individual Chapter features its own introduction and conclusions, but we present a brief
overview of their contents in what follows.

First, in Part I we study the consequences of adding higher-curvature corrections to the
gravity action in the context of the AdS/CFT duality. In Chapter 2 we treat the problem
of holographic renormalization for this kind of theories. We propose a method based on
the Kounterterms introduced in [18, 19], and we show that it is enough to cancel the near-
boundary divergences, while also providing a well-posed variational problem, for generic
higher-curvature theories of gravity in an AdS bulk with 5 dimensions or less.

Following that, in Chapter 3 we consider one of the most celebrated applications of the
AdS/CFT correspondence in the realm of condensed matter physics: the holographic supercon-
ductor. Again, we are interested in the role that higher-curvature terms in the bulk action can
play in this description, so we add to the action the contribution of Einsteinian cubic gravity,
which is the simplest extension to Einstein gravity in 4 dimensions that fulfills certain physical
requirements. We perform the usual computations of the condensation and conductivity in the
superconducting phase, which requires us to implement some complex numerical methods, and
find that the net effect of the cubic terms is to decrease the critical temperature, thus making
the superconducting phase harder to reach. The results are compared with similar studies
performed for higher-dimensional supercondutors with Lovelock corrections.

After that we move to Part II, where we extend the previous construction of higher-derivative
theories of gravity to include also certain matter fields. In particular, we introduce the family
of “Electromagnetic Quasitopological gravities” for arbitrary dimension in Chapter 4. These
involve contractions of the curvature tensors with a (d — 2)-form field, which can be dualized
to form a theory with a non-minimally coupled electromagnetic field, that corresponds to a
chemical potential in the holographic dual theory. We provide the form of these Lagrangians
for any power of the curvature and the differential form, and study extensively the lowest
order representatives in the holographic setup. We carry out different calculations, such as
computing correlators or the thermodynamic phase space of the boundary theory, that allow
us to characterize the dual CFT as well as place bounds on the couplings of the gravity theory.

This study of holographic models with a non-minimally coupled chemical potential is
continued in Chapter 5, focusing on the study of Rényi and entanglement entropies for a
spherical entangling region. We prove that the theories considered respect a set of relations
involving their Rényi entropies and the corresponding twist operators, which were previously
known to be universal. The results obtained allow us to propose, and also prove, another
relation about the dependence of this entanglement entropy on the chemical potential for
general theories.

Finally, in Part III, we shift our focus towards a rather different topic: the role of higher-
curvature corrections in astrophysics. This is composed only of Chapter 6, where we consider
the problem of accretion of matter by a black hole. Since we want to characterize the qualitative
effects that the higher-curvature terms can have in this setup, we again supplement the 4-
dimensional action with the relatively simple scalar of Einsteinian cubic gravity. We study
different settings in the background of the black hole, most importantly those of wind and
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spherical accretion, and find that all the results obtained point towards an increase in the rate
of accretion due to the quantum corrections, whose effect becomes more important in the
higher-energy regimes.

The main body of this thesis is closed with a short Chapter where we provide some global
conclusions about this work, and mention possible future directions. Finally, we include several
Appendices to complete different discussions in the main text.
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NOTATION AND CONVENTIONS

Throughout this thesis we will include some very technical computations and discussions. The
text intends to be self-consistent, and while most conventions used are more or less standard
in the literature, it can be useful for the reader to find them collected here.

As is usual in the field of high-energy theoretical physics, we will in natural units where
the speed of light is ¢ = 1, and when required we also set the reduced Planck constant to be
h = 1. Newton’s gravitational constant Gy is written explicitly in most of our expressions, and
its value will be clear otherwise.

DIMENSIONS, INDICES AND CURVATURE

We always consider the spacetime described by our gravity theories to be D-dimensional. In
most cases however this is an anti-de Sitter spacetime, which has a boundary where the dual
CFT resides. The dimension of this boundary, and thus of the dual theory, isd = D — 1. The
coordinates of the total D-dimensional manifold are always denoted by Greek indices, y, v, ....
In Chapter 2 we will split the coordinates between those normal and tangent to the boundary,
labeling the latter with Latin indices i, j, ..., but this will be emphasized again when necessary.

As is customary in this area of research, we use the “mostly plus” signature, meaning for
example that the Minkowski metric takes the form

Ny = diag(=1, +1, +1, ..., +1). (1)
We follow also the usual prescription for the components of the Riemann tensor,
A A
R'uvpt)' = aprfja - aﬁrfjp + rﬁprva - rﬁnrvp > (2)

and the Ricci tensor and curvature scalar are computed from these as

R. = R? R=g"R, . (3)

HV pav 2
DIFFERENTIAL FORMS AND THE GENERALIZED KRONECKER DELTA

In Part II (this is, Chapters 4 and 5) we will introduce a (d — 2)-form field that generalizes the
electromagnetic potential to higher dimensions. Therefore, we need to establish some notions
and conventions on differential forms, for which we follow [33].
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Let us start by defining the completely antisymmetric Levi-Civita symbol on a D-dimensional
manifold, as

+1 if pypty ... pp is an even permutation of 01...(D — 1),

€y = —1 if pupy ... pp is an odd permutation of 01...(D — 1), (4)

0 otherwise.

The components of this symbol are defined in this way for any right-handed coordinate system,
but from this we can construct the Levi-Civita tensor, which does transform as a tensor. Its
covariant and contravariant components are given by

- 1 .
€pppyy = */|g|€u1pz..-uz> , PN \/Eeplyz_m, (5)

where g is the determinant of the metric of the manifold. Note that the position of the indices
(upstairs or downstairs) in the Levi-Civita symbol € is irrelevant.
We can sometimes find expressions with contractions of Levi-Civita tensors, which can be
simplified using the identity
6.“1--vﬂpppﬂ--»PDGVlmvpppHmpD = (-1)°p!(D — P)!5flvll N (6)

vpl?

where s = 0 if the manifold is Fuclidean, and s = 1 if it is Lorentzian.
DIFFERENTIAL FORMS

We can define a p-form «, which is a (0, p)-tensor that is totally antisymmetric. In general, it
can be expressed in terms of the basis vectors of the co-tangent space of the manifold, dx*, as

1
a ==y, dx A A dX (7)

p!
where A denotes the wedge product, an antisymmetrized product of differential forms. In
particular, given a p-form « and a g-form f, the wedge product @ A 8 is a (p + q)-form whose

components are given by

(p+9)!
@A Bpeppeg = Wa[mm,,pﬂﬂpﬂmym] , (8)

where as usual indices between brackets are antisymmetrized.
The exterior derivative d is the natural extension of the derivative operator to differential
forms. For a p-form «, it is defined as
d -—18 dx” ndx! A - Ndxtr
o= 17 YOy, A% x e Ndxtr (9)

so da is a (p + 1)-form whose components are given by

(da)vul.‘.,up = (P + 1)a[vay1...yp] . (10)
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Notice that, because of commutativity of partial derivatives, it follows that
d(da) = 0. (11)

The final operator that we need to introduce is the Hodge star x, which acts as a map from
p-forms to (D — p)-forms, as

1

a:i=———a dx'P A Adxt? (12)
pUD —p)t

Hi---Hp
€ Hp+1---HD

or in components

(*a)pl.‘.,u[),p = € vy By (13)

One can also apply this operator twice, recovering the original form « with an additional sign,
as
xx = (-1 Pq, (14)

where again s = 0 or s = 1 for Euclidean or Lorentzian signature, respectively. This identity can
be checked by applying the Hodge star operator twice and replacing products of the Levi-Civita
symbol using Eq. (6).

Of course, differential forms play a role in many problems, and they fulfill some other
relations that could be useful in different contexts. However, the ones reviewed here should
be enough for our purposes, and we refer the reader to [33] for a more in-depth but also
pedagogical introduction that follows our same notation.

THE GENERALIZED KRONECKER DELTA

Both in Chapter 2 and in Part II of this thesis, although in different contexts, we will come upon
expressions with contractions of antisymmetrized indices. These can lead to some cumbersome
computations, which are greatly simplified if one introduces the generalized Kronecker delta.
Following the conventions of [34], this is defined as the antisymmetrized product of p Kronecker
deltas,

Siyt = det [5511 55;’] = p!éfﬁl 55:] . (15)
Some useful properties of this object in D dimensions are the following:
fiefp e QVp+1--Vg (D B P)! Haef
51/14..1/;1/;“...1/;5;1;1...;1?1 =(q- P)!rq)!&/l...v;’ 5 (16a)
Sl ptpsty (D - P)!5u1~~up b
Vil Vplpi-ollg m VieVp s (16 )
Spi. oy Oy =PI (16¢)
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LI1ST OF ABBREVIATIONS

(A)dS (Anti-)de Sitter

AlAdS Asymptotically locally AdS

CFT Conformal field theory
ECG Einsteinian cubic gravity
EE Entanglement entropy
EFT Effective field theory

EH Einstein-Hilbert

EM Einstein-Maxwell

EoS Equation of state

EQG Electromagnetic Quasitopological gravity
FG Fefferman-Graham

GB Gauss-Bonnet

GHY Gibbons-Hawking-York

GQG Generalized Quasitopological gravity
GR General relativity

HDG Higher-derivative gravity

HR Holographic renormalization

IR Infrared

ISCO Innermost stable circular orbit
MSS Maximally symmetric spacetime
PBH Penrose-Brown-Henneaux

QFT Quantum field theory

QTG Quasitopological gravity

RE Rényi entropy

SSS Static and spherically symmetric
uv Ultraviolet

WGC Weak gravity conjecture
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INTRODUCTION

Our fundamental understanding of Nature rests upon two cornerstone theories developed
during the 2oth century: the Standard Model of particle physics and Einstein’s general relativity.
The former is based on the postulates of quantum mechanics, and describes accurately the
behavior of particles and their interactions on microscopic distances, providing unparalleled
precision in its predictions. In contrast, general relativity is an elegant explanation of gravity
in terms of curvature of spacetime, excelling on cosmic scales.

However, when attempting to rejoin these two descriptions we have to face several chal-
lenges. The Standard Model unifies in a robust manner the electromagnetic, weak and strong
nuclear forces, but gravity lies completely outside its domain. In fact, trying to describe the
gravitational interaction with the language of quantum mechanics one finds that it is non-
renormalizable [35-40], which implies that it does not admit a quantization in its current
form.

Another puzzle posed by the current understanding of the large-scale structure of the
Universe is the ACDM model. This is built on the foundations of GR, but relies on the presence
of two cryptic components dubbed “dark energy” and “dark matter” to match experimental
measurements of the accelerated expansion of the Universe, the cosmic microwave background
and dynamics of galaxies. The first of these is a constant vacuum energy density with negative
pressure, and the second is believed to be some kind of matter that is only subject to gravitational
interaction, and thus can not be observed directly. The existence of these two entities cannot
be accounted for by the field content of the Standard Model, and several alternatives for their
origin have been proposed throughout the years [41-45], each with its own perspective on the
cosmic puzzle. However, ideally we would expect a corrected theory of gravity to provide a
better description for these empirical observations, perhaps without the need to include such
components.

Lastly let us turn out attention to black holes, whose existence is one of the most successful
predictions of general relativity and for which there is extensive experimental evidence. Still,
these objects bring some fundamental puzzles on their own, such as the curvature singularity
behind the horizon and the unknown microscopic nature of their entropy. Besides, the issue of
black hole evaporation deserves special mention. While black holes are predicted to behave
as thermal objects and emit radiation, from a semiclassical treatment it is not clear how these
outgoing particles can account for the information encoded in matter that could have been
absorbed before, which would lead to a loss of information that is forbidden in a quantum
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theory that respects unitarity. This is known as the “information paradox” (a review can be
found in [46]), and is tightly related to the problem of the nature of the black hole entropy.

The fact that all the issues mentioned arise at the intersection of gravity and quantum field
theory points towards the need to join both descriptions in a theory of “quantum gravity.”
This has occupied many theoretical physicists during the last few decades, and among the
most promising approaches we should mention loop quantum gravity [47-50] and string
theory [51-54]. This thesis, however, fits into a distinct but not unrelated line of research.
We will consider a bottom-up approach, which consists on adding corrections to the action
of gravity that become relevant only at high enough energies, and that must fulfill certain
physical requirements. These higher-order terms are agnostic about the actual form of the
UV-complete theory, and thus allow us to perform computations and identify behaviors that
should be expected from a quantum description of gravity.

In what follows, we offer some background knowledge that is crucial for motivating and
comprehending the findings presented throughout the rest of the thesis. Each subsequent
Chapter is featured with its own introduction, that delves into more specific and technical
concepts. We begin by reviewing general relativity and higher-derivative extensions to it,
which pose the underlying theme of this thesis, placing particular emphasis on the family of
Generalized Quasitopological gravities. Then we move on to some general notions on black
holes and their thermodynamic properties, and finish with a short overview of the AdS/CFT
correspondence and the role of higher-derivative corrections in this duality.

1.1 GENERAL RELATIVITY AND HIGHER-DERIVATIVE EXTENSIONS

Since its original proposal more than a century ago, Einstein’s general relativity has stood
out as one of the most remarkable achievements in the history of physics. It provides a novel
description for the gravitational interaction that departs from the classical notion of it as a
force between masses. Instead, it emerges as a consequence of the geometry of the cosmos,
with massive entities inducing curvature which shapes the trajectories of other objects that
move in this landscape.

Originally,' the theory is formulated in terms of a symmetric tensor g,,, which is to be
interpreted as the metric of a torsion-free D-dimensional manifold M. The dynamics of this
field is determined by the Einstein-Hilbert action

1
Spy = dx J—gR, .

where R is the Ricci scalar associated with g,,. This is in fact the simplest non-trivial covariant
action that can be constructed from the metric tensor. The Einstein-Hilbert action is usually
supplemented by a cosmological constant term, A, which is interpreted as a vacuum energy
density. Also, there can be matter fields in the system, and in this case the entire action reads

- 1
B 1677,'GN

[ d R =20 + S (12)
M

1" An alternative approach to general relativity is the Palatini formulation, which considers the metric and the
affine connection to be independent fields, thus obtaining first order equations of motion. A review of this
formalism can be found in [55].
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The equations of motion are obtained by varying this total action with respect to the metric
tensor, finding Einstein’s field equations

1
Ew =Ry — Eg#VR + Agw = 8GN (1.3)

where T, = —%%ﬁf“ is the stress-energy tensor associated with the matter distribution.
Besides, due to diffeomorphism invariance these equations fulfill the Bianchi identity V,£*" = 0,
which is consistent with the conservation of the stress-energy tensor, V, T+ = 0.

If the manifold M has a boundary, however, it is necessary to specify certain boundary
conditions in the metric when performing the variation. For that, one fixes the value of the

metric there with Dirichlet boundary conditions,

Sguwloa = 0. (1.4)

However, taking this into account when computing the variation of Eq. (1.2) one is left with an
undesirable boundary term, that should be cancelled. This is achieved by supplementing the
action with the Gibbons-Hawking-York term

Scay = € /dD_lx\/—_hK, (1.5)
87TGN oM

where h;; is the induced metric on the boundary dM, € is the norm of the unit vector normal
to that boundary and K is the trace of the extrinsic curvature of h;;, given by Eq. (A.9).

Einstein’s theory of gravity has undergone rigorous scrutiny through a multitude of ex-
periments, each supporting its accuracy as a description for the gravitational dynamics of
the Universe. Among the classical tests, we should mention the prediction of the perihelion
precession of Mercury’s orbit, the deflection of light by the Sun, gravitational redshift, and the
Shapiro time delay. However, one of its most outstanding predictions are black holes, whose
thermodynamic properties are reviewed in Section 1.2. While at the beginning they were
believed to be mere mathematical constructs, substantial evidence for their existence has been
accumulated over time. This is in fact a very promising area of research, particularly with
recent breakthroughs such as the direct measurement of gravitational waves produced during
mergers [56—67], which are actually another striking prediction of the theory, and the images
obtained by the Event Horizon Telescope collaboration [68-71].

However, all these tests prove that general relativity is accurate at cosmological scales,
since the available experiments are only able to measure regimes of small curvature. In fact,
trying to extrapolate the results of this theory to shorter distances one is faced with the issues
mentioned before, such as the non-renormalizability and the appearance of singularities. One
possible approach to this problem, and the one that we are interested in, is to consider the
Einstein-Hilbert Lagrangian (1.1) as the first term in an effective field theory expansion of an
(unknown) UV-complete theory of gravity. Therefore, it would be natural to include terms in
the action that become relevant at higher energies, and in order to respect the symmetries of
the theory they must be made of scalar contractions of the curvature tensors. Schematically,
this action would read

1
S =
167Gy

[29) a3
d’ =g (R —2A+ —=RPD 4+ ZRO 4 ) , (1.6)
/M & M? M
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where {a;} are coupling constants of © (1), and the new scale M, determines when these new
terms become relevant. The object R™ represents a term with contractions of n tensors of
curvature, but whose actual form is not known. The series would continue to infinity, but in
practice it needs to be truncated.

The appearance of such higher-curvature corrections is motivated by string theory, as
they appear in the low-energy expansion of the action of different models weighted by the
string length a’ [72,73], which would be proportional to M;? in our notation. But this is not
the only reason why such terms are desirable from a theoretical point of view. Indeed, it has
been known for some time that adding contributions that are quadratic in the curvature to
the Einstein-Hilbert action is sufficient to obtain a renormalizable theory [74], although at the
expense of producing ghost excitations in general.

Following a more phenomenological approach, higher-curvature models have been con-
sidered in different physical scenarios. One of these is cosmology, and we should mention
Starobinsky’s model [75], which improves the Big Bang singularity by introducing a R? term
in the action. In the same line, it was recently shown that certain higher-curvature gravities
can produce an inflationary behavior without the need to introduce the hypothetical inflaton
field [76-82]. Finally, these models are relevant in holography, since they provide descriptions
for dual field theories with properties that are not achievable with Einstein gravity, as we will
see later.

1.1.1 GENERAL NOTIONS ON HIGHER-CURVATURE GRAVITIES

As mentioned above, in this thesis we are mostly interested in theories of gravity whose
Lagrangian contains corrections made of different contractions of the curvature tensors.? In
the case of pure models of gravity, the action can be written in general as

S = /M d% =gL(gu- R",,5) (1.7)

and they are typically dubbed “higher-curvature” theories. In Part II of this thesis we will
consider also corrections made with contractions of the curvature tensors and an additional
field, and we will refer to these generically as “higher-derivative” gravities. However, for now
we stick to theories of the form (1.7), assuming in particular that they admit an expansion as
that given in Eq. (1.6). Also, in this work we will be concerned about the first few terms of the
series, since contributions of higher order would become relevant only at increasingly large
energy scales.

The variation of a general action of this form was first performed in [83], and it results in

oM
dS = / dPx —g&,08" + / d’x J=gV, v, (1.8)
M
where the first term produces the equations of motion

1 1
gﬂv = P,UPUARVPUA - Egﬂvﬁ o zvavaﬂPUV - ETIJV ’ (1.9)

2 Tt is possible to consider also terms with explicit covariant derivatives of the curvature tensors. In fact, we treat
them in [29], where we show that they generally suffer from the appearance of ghost excitations. However,
since these corrections are not relevant for the work presented in this document we do not mention them
explicitly.
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while the boundary term is
vt = 2PN 6 g,, — 268,V PP (1.10)
These expressions are written in terms of the tensor

oL

aRng gaﬂ

PHVPO =

, (1.11)

which by definition inherits the symmetries of the Riemann tensor. Also, the equations of
motion (1.9) also fulfill the Bianchi identity V,£* = 0 [83]. This is not straightforward to see
from the form of the equations, but it is a consequence of diffeomorphism invariance.

In principle, if the manifold has a border one should add a boundary term that cancels the
one produced in the variation of the action (1.8), provided that suitable boundary conditions are
imposed. For Einstein gravity this is achieved by supplementing the action with the Gibbons-
Hawking-York term, written in Eq. (1.5), but this will not be valid for most higher-curvature
theories. While the equivalent term is known for some particular models, for generic theories
it is still an open problem, and indeed it is one of the main questions treated in Chapter 2 of
this thesis.

We will deal mostly with spacetimes that have a large amount of symmetries. These are
typically counted in terms of the Killing vectors &¥, which represent directions on the manifold
along which the metric remains unchanged, and fulfill the Killing equation

V) =0. (1.12)

Of particular interest are vacuum solutions with the maximum number of isometries or inde-
pendent Killing vectors, which for a D-dimensional manifold is D(D + 1)/2. These are known
as maximally symmetric spacetimes (MSS), and their Riemann tensor is given by

K

vapcr = E (gppgva - gpagvp) > (1'13)

where L and k are related to the cosmological constant in Einstein gravity as

(D-1)D-2)
K————.

A= T2

(1.14)
Here, L has units of length, while k determines the global topology of the manifold. In particular,
if k = 0 the spacetime is said to be flat or Minkowski, while xk = 1 or k = —1 correspond to
de Sitter and anti-de Sitter solutions, respectively. Hence, L is usually known as the (A)dS
radius. Notice that this fulfills the field equations of Einstein gravity, Eq. (1.3), with T, = 0.
However, when higher-curvature terms are taken into account this is not exactly true, but it is
enough to replace the length scale L in Eq. (1.13) with a new one, L, which will be related to
that appearing in the cosmological constant with a proportionality factor that is obtained by
plugging it into Eq. (1.9).

When classifying higher-curvature theories of gravity, we will be concerned primarily
about static and spherically symmetric (SSS) configurations. The metric of a static spacetime
does not change in time3 and is also irrotational. In this case we want it to admit also a spherical

3 This means that the manifold has an asymptotically timelike Killing vector, which is the defining property of a
stationary spacetime. Hence, it is a special case of a stationary metric.
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symmetry, and thus the metric can be written in general as

dr?
f@r)

where dQ%D_Z) is the line element of a (D — 2)-sphere of unit radius. This also describes black
hole solutions, in which case there is some value of r for which f(r) = 0, which is known as
the event horizon. It is possible to consider also spacetimes with different topologies, for which
one would replace this by d>} (0—2)» Where k = —1, 0 or +1 corresponding to a hyperbolic, flat
or spherical horizon, respectively. General relativity has solutions of this form with N(r) = 1,
or in other words g, g, = —1, which are usually known as single-function black holes, since
the entire solution is determined by f(r). Therefore, it is possible to classify higher-curvature
theories of gravity depending on whether they admit such solutions or not.

A general higher-curvature theory will not admit single-function solutions of this form
(this is, with constant N(r)). Even if it does, it might happen that the equation of motion of f(r)
is up to fourth order in derivatives, due to the term V°V*P,,,, in Eq. (1.9), which would mean
that it is impossible to obtain the solution for f(r) without specifying additional boundary
conditions. Besides, that same term in the general equations of motion (1.9) points to another
important problem that higher-curvature gravities typically possess: they propagate ghost
excitations on MSS backgrounds. This is a consequence of Ostrogradsky’s theorem [84, 85],
which implies that the Hamiltonian of any system whose equations of motion are more than
second order in derivatives will present instabilities, which in this case manifest as these
negative-energy modes. Indeed, for any theory of the form (1.7) these can be found explicitly
using the linearization procedure for MSS backgrounds introduced in [3,86].

While these are generic features of such theories, they can be avoided for certain combina-
tions of the higher-curvature corrections. In this thesis we will focus on those belonging to the
recently proposed family known as "Generalized Quasitopological gravities” [3,6], which we
will introduce shortly. However, before that let us discuss a few other models that are relevant
in this regard.

dsiss = —N*(r) f(r)dt* + + r2dQ€D—2) ) (1.15)

1.1.2 EARLY EXAMPLES OF HIGHER-CURVATURE THEORIES
1.1.2.1  f(R) gravity

The simplest possible corrections to the Einstein-Hilbert model are those given by f(R) theories
(see the reviews [87-89]). In this case, the gravitational part of the action takes the form

Str) =

/ d’ (=gf(R), (1.16)
M

167TGN

where f(R) is some smooth scalar function involving only the scalar curvature R. The equations
of motion of such a theory can be obtained explicitly, and read [87]

' (R)Ryy — %f(R)g,,v — [V, — gwo] f/(R) = 87G\T,,, (1.17)

where T, is the stress-energy tensor associated with some matter fields that could appear in
the action. Due to the derivative operators between brackets, it is clear that this equation
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is fourth order in derivatives of the metric, which in principle implies the appearance of the
negative-energy excitations.

In this case, however, it is possible to get rid of these instabilities. For that let us introduce
a new scalar field ¢, and rewrite the action in terms of it as [89]

1
167TGN

Sy = /M Pe FR-V@] . V) = 0@ fG@).  (118)

where ¢ is given implicitly by ¢ = f’(/). The transformation is valid as long as f”(R) # 0, and
leaves us with a scalar-tensor theory of the Brans-Dicke type [9o]. This means that the pure
gravity action (1.16) can be translated into an equivalent model containing the usual massless
graviton of GR, plus an additional scalar field ¢, thus avoiding the appearance of the ghost
excitations in the gravitational sector.

Because of this, f(R) models have been extensively considered in particular for studies of
cosmology, for example for explaining inflation or the current accelerated expansion of the
Universe (see again [87, 88] for reviews of the topic). The counterpart of this is that, since
the modified behavior is “absorbed” by the scalar degree of freedom, these theories do not
introduce new gravitational dynamics, and in fact, all vacuum solutions of the equations of
general relativity also solve the equations of motion of f(R) gravities. Therefore, while these
theories are simple to study and can be useful for certain setups, they are not interesting for
our purposes.

1.1.2.2 Lanczos-Lovelock theories

The other extension of Einstein gravity that we would like to talk about are the Lanczos-
Lovelock, or simply Lovelock, theories [1,2] (see also [91]). For a spacetime with dimension D,
the action is given by

LD/2]
1
S = dPx = a, "y, 1.1
Lovelock 167TGN /J\/[ 8 ; n Xon ( 9)
where {a,} are some coupling constants, ¢ is a length scale and |x| is the floor operator,
which produces the largest integer that is smaller than or equal to x. The scalars y,, are the
dimensionally continued Euler densities, given by

1
Yon = —=OMTHmRMY: L RVan-tVan : (1.20)

on ViVen H1H2 Han—1H2n
Due to the antisymmetry in the generalized Kronecker delta, it is clear that y,, vanishes trivially
for D < 2n, while at the particular dimension D = 2n it is a topological quantity by virtue of
the Chern-Gauss-Bonnet theorem, which does not modify the equations of motion. This is
manifest in the upper limit of the sum in Eq. (1.19).

This theory is a direct generalization of general relativity, in the sense that the lowest order
terms produce the Einstein-Hilbert Lagrangian. In fact, by convention we consider y, = 1,
corresponding to the cosmological constant term in Eq. (1.2), and it is possible to compute
X2 = R. The next term in the series is quadratic in the curvature, and reads

xa = R* - 4R, R" + Ry pe RMP7 . (1.21)
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This is usually known as the Gauss-Bonnet density, and has been extensively studied in the
literature. However, as mentioned above it is topological in D = 4, and one would have to
consider spacetimes with more dimensions in order for it to become non-trivial.

The equations of motion obtained from the action (1.19) read

LD/2]

n—2 o(n) _ n) _ _ A1+ lzn PV1V2 ... DVan-1Van
Z anfz 8yv =0 ’ gpv - on+1 gp/la\/Vl"'VZn R Hifa R Hon—1f2n ° (1'22)
n=0

where we can see clearly that the term of order 2n = D, whose action is topological, does not
contribute to the equations of motion. However, the most important aspect of these expressionw
is that they are algebraic in the curvature tensors, and thus these theories produce second
order equations of motion for any metric. From the discussion before, this means that these
models do not suffer from the Ostrogradsky instability, and thus propagate the same degrees
of freedom as GR. In fact, Lovelock’s theorem states that these are the most general theories
with this feature that can be constructed, implying that Einstein gravity is the only non-trivial
theory of gravity in 4 dimensions with second order equations of motion for any background.

Finally, let us mention that the equivalent to the Gibbons-Hawking-York boundary term
is known for these particular theories [92,93]. Also, contrary to what we discussed for f(R)
models, Lovelock gravities do modify the solutions of the field equations of GR, and the form
of different metrics such as black holes have been obtained (see e.g. [94-97]). Besides, certain
Lovelock terms have been found explicitly in EFT expansions of string theory (as is the case for
Gauss-Bonnet [98, 99]), which makes them interesting from the point of view of the AdS/CFT
correspondence [100-106].

1.1.3 (GENERALIZED) QUASITOPOLOGICAL GRAVITIES

One consequence of Lovelock’s theorem [1, 2], as already stated, is the fact that the only
non-trivial theory of gravity that has second order equations of motion in D = 4 is Einstein’s
general relativity. This means that we need to drop that requirement if we want to find a
higher-curvature theory that modifies the gravitational dynamics in four spacetime dimensions,
but we can still think about enforcing it only in some particular setups.

This reasoning led to the discovery of Quasitopological gravity [107, 108], which is a cubic
theory in D > 5 that has second order traced field equations and propagates only the massless
graviton around maximally symmetric backgrounds. For general D, its Lagrangian is given by
the combination

1 3(3D — 8)
=RPPR*FPRHFYV 4 RupoR¥P°R — 3(D — 2)R,, ,o R*? , R
ZD pv *po ap (ZD—S)(D—4)< 8 VP ( );lp a
3(3D — 4 3D
+ 3DR,ps R¥R™ + 6(D — 2)R,'R /R /' — %RJRJ‘R + ?R3> .

(1.23)
Besides those mentioned above, the most important feature of this theory is that it admits static

black hole solutions with different horizon topologies characterized by one single function,
whose equation of motion is algebraic. The same construction has been generalized to quartic
[109] and quintic [110] orders in the curvature, thus it is natural to define the family of
“Quasitopological gravities” (QTGs) as those satisfying the same set of properties. However, as
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appealing as they might be, QTGs have the same problem as Lovelock theories for our purposes:
they do not modify the gravitational dynamics in D = 4.

More recently, a new type of theories sharing some of the same features have been identified.
These are dubbed “Generalized Quasitopological gravities” (GQGs), and the main difference
with QTGs is that the equation of motion for the function f(r) in the black hole metric can be of
second order instead of algebraic. Also, they provide non-trivial corrections in four dimensions.
This is therefore a much broader family than that of Lovelock or GQG theories, which are of
course contained within it.

The first Lagrangian belonging to this class was found in [3] through the analysis of
metric perturbations on a maximally symmetric background. Indeed, the authors developed a
procedure to compute the spectrum of propagating modes for any L(R/}) theory on such a
background (see also [86]), and applied it to the most general theory built with cubic contractions
of the Riemann tensor. Alongside the usual massless graviton, this unveiled the existence
of two massive modes: a ghost graviton and a scalar, whose masses depend on the relative
couplings of the cubic scalars. Therefore, it is possible to fine-tune these constants to make the
masses of the undesired additional modes infinitely large, which prevents their propagation.
This results in six different linearly independent combinations, which reduce to only two after
imposing that their coefficients do not depend on the spacetime dimension. One of these is
cubic Lovelock (which results from setting n = 3 in Eq. (1.20), and is trivial for D < 7), while
the other is a novel Lagrangian, dubbed “Einsteinian cubic gravity, that reads

P =8R,/R/R, —12R"R" Ry s + 12R /R * PR/ + R, PR PR ™. (1.29)

The main attractive of this theory is the fact that it produces non-trivial contributions in the
equations of motion in D = 4, while preserving the spectrum of Einstein gravity. Shortly
after the discovery of this theory it was found that it admits simple generalizations of the
Schwarzschild black hole, and also static solutions with planar and hyperbolic horizons [4, 5].
These are determined by a single function f(r) whose form is given by a second order equation
of motion, while the thermodynamic properties of the solution are accessible by solving a
system of algebraic equations.

Later, it was proved that the requirements that the theory admits single-function black hole
solutions and has Einstein spectrum are equivalent [7]. This results in a more powerful and
straightforward procedure to identify theories of this kind, which we outline now. For this
it is necessary to introduce the reduced Lagrangian Ly, ¢, which is nothing but the original
higher-curvature Lagrangian multiplied by ./=—g and evaluated on the SSS metric (1.15),

LN,f(r7 fa Na f/’ N/> ) = N(r)rD_2£’|N,f . (1'25)

Also, we will denote by L this reduced Lagrangian after setting N(r) = 1. Using the chain rule,
it is possible to show that the equations of motion (1.9) on the background (1.15) are equal to
combinations of the Euler-Lagrange equations of Ly, ; with respect to each function, as#

1 6L 2 1 6L &
AR , NS + N&,, . (1.27)
P2 SN Nf 2 5f  Nf?
4 As usual, the equations of motion for a general gravitational theory are defined as
o(J—gL
Ew = L(if) ) (1.26)
J=g gt
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The fact that these relations hold is a consequence of the symmetries of the spacetime, and this
procedure is not valid for general metrics. In this case we only have two unknown functions,
N(r) and f(r), so the solution must be determined by two equations of motion. In fact, using
the Bianchi identity V¥&,, = 0 it can be shown that the angular components of £,, are satisfied
whenever &, = £,, = 0, while the off-diagonal components of £,, are identically zero due to
the symmetries of the metric.5
As shown in [7], the condition for the theory to belong to the GQG class is simply
8Ly ALy d dLy N d_2 dL¢

5Ff = of draf drzﬁ =0, Vf(r). (1.28)

This means that the Euler-Lagrange equation for L; vanishes identically for any form of f(r),
implying that L; is a total derivative, Ly = L. Therefore, the reduced Lagrangian can be
expanded as [7]

Ly s = N(r)L| + N'(r)L, + N”(r)L; + O (N*/N) , (1.29)

where L, L, and L; depend only on the function f(r) and its derivatives. After integrating by
parts, the corresponding action reads

Sx.f = Qo / dt / dr [N (L~ L+ 1) + 0 (N?*/N)| | (1.30)

in addition to some boundary terms. The equation of motion for f(r) is obtained by taking the
variation of this with respect to N(r) and then setting N(r) = 1. From the current form of the
action it is clear that this equation is a total derivative, which after integrating once reads

Li-L,+L,=C, (1.31)

where C is a constant that turns out to be proportional to the ADM mass of the solution
[111-114]. Therefore, obtaining the equation of motion for f(r) in a GQG is greatly simplified
by this formalism, since it is enough to evaluate the reduced Lagrangian Ly, ; and then identify
L;, L, and L; through Eq. (1.29).

As argued in [7], Eq. (1.31) will involve at most the first two derivatives of f(r). This
is indeed the defining property of the Generalized Quasitopological gravities,® and means
that it admits black hole solutions that are characterized only by the ADM mass. The actual
form of f(r) can be obtained by employing numerical methods, and it is always a continuous
deformation of the equivalent solution in GR, which means that the theory has a well-defined
Einstein gravity limit (this is, the limit in which the couplings of the higher-curvature terms are
set to zero). Besides, the thermodynamic properties of these metrics are accessible through a
system of algebraic equations [4-8,115], which make these GQGs very appealing for holographic
setups.

5 A discussion of this point for D = 4, but that can easily be extended to general dimensions, can be found at
Appendix B of [23].
Quasitopological gravity theories also belong to the Generalized Quasitopological family, and they correspond
to the limiting case in which Eq. (1.31) is algebraic in f(r), this is, it does not involve derivatives of this function.
It is conjectured [7] that for these theories the reduced Lagrangian takes the exact form

Ly, f = N(r)L7+ N’(r)L, + N”(r)Ls, (1.32)

following the same notation as before.

10
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Based on this construction, theories belonging to this class can be obtained for any order
and dimension [10, 11]. In fact, for D > 5 there exist n — 1 inequivalent densities of order n in
the curvature, and only one for D = 4. It was also shown [9, 10] that any higher-curvature
gravity theory can be mapped to a GQG via field redefinitions of the metric tensor, which
means that these models are able to capture the effects of general higher-curvature terms in
gravitational dynamics.

Throughout much of this work we will focus on this kind of theories, or extensions thereof.
In particular, we will be interested mostly in the simplest non-trivial correction of Einstein
gravity in D = 4. This is given by Einsteinian cubic gravity, whose Lagrangian density is
written in Eq. (1.24), but also the cubic scalars C and C’ identified later in [6]. These also belong
to the GQG family, and read

1
C = Ry, R R ~ R

Vpo 1% 1 1%
=Ry ps R“P°R~2R,,,,R"R" + R,'R/R, (1.33)

v po
C'=R'RPRY —SR'RIR+ -R° (1.34)
T v T 4 Hv 8 34

and it can be checked that they fulfill the relation

4(Cc-2c) "R RS R (1.35)

= e/,tvpaa
Notice that for D = 4 the Levi-Civita tensor with five indices is identically zero, so C = 2C’,
meaning that in this particular case it is enough to consider only one of these Lagrangian
densities.

The scalars C and C’ were not studied at first, since they do not modify the equations of
motion of the SSS metric given in Eq. (1.15). However, they gained relevance when these
theories were considered in the cosmological setup. This was treated for the first time in [76],
where it was found that the particular combination P — 8C produces second order equations
of motion also when evaluated on the Friedmann-Lemaitre-Robertson-Walker metric, which
is time-dependent and thus not stationary. Therefore, the evolution of the scale factor of the
universe can be computed without supplying any additional initial condition at the Big Bang,
and indeed it was found that this model can produce an exponential expansion of the universe
without the need to introduce the inflaton field. Another point in favor of considering the
density P — 8C is the fact that it can be derived from 5-dimensional Quasitopological gravity,
as shown in [77]. The construction was generalized afterwards by including corrections with
arbitrary powers of the curvature tensors [78, 80], and the inflaton field was reintroduced
in [81,82]. This, however, suffers from a series of problems, the most important being those
arising in the study of perturbations [82,116]. In any case, for consistency with these results,
and even though this will not affect most of our results, in this work we will work with the
cosmological version of ECG, P — 8C.

Due to their interesting properties, Generalized Quasitopological gravities attracted a lot
of attention in the last few years, and have been considered in the study of a wide array of
problems, most of them related to holography and black holes [117-140]. However, in a recent
paper [141] it was argued that these theories should only be trusted in the EFT regime, which is
the setup in which they were originally proposed. In any case, they provide very useful models
to study the effects of higher-curvature corrections to different problems.

11
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1.2 BLACK HOLE THERMODYNAMICS

Black holes are one of the most remarkable and intriguing predictions of general relativity.
They are asymptotically flat solutions’ that contain an “event horizon,” a null hypersurface
which encloses a region that is not in the backward-directed lightcone of future timelike infinity.
In more layman terms, no causal signal can come out from behind the horizon and reach an
observer sitting infinitely far away.

Let us introduce also the concept of the Killing horizon, which is a null hypersurface 3
whose normal vector ¢ is also a Killing vector of the spacetime. This is interesting for us, since
the event horizon of a stationary and asymptotically symmetric black hole is typically also a
Killing horizon.® Since £,£# = 0 on the hypersurface, its gradient V(¢ - ) must be normal to it,
and thus proportional to £ itself. Taking into account the Killing equation (1.12), this can be
stated as

£V, = kE s, , (1.36)

where the proportionality factor x is known as the surface gravity, and is constant at the
horizon (a proof can be found in Section 12.5 of [142]). Its value is equal to the acceleration that
an observer would experience while falling through the horizon of a static and asymptotically
flat black hole, assuming that the Killing vector is normalized as £,£# = —1 at infinity. Also, we
will see later that this quantity is proportional to the Hawking temperature of the black hole.

A black hole in general relativity is fully characterized by only three conserved quantities:
mass, electric charge and angular momentum, and also magnetic charge if it were found to
exist. This idea is commonly referred to as the “no-hair conjecture,” and poses quite a few
challenges when viewing the black hole as a quantum object, as it implies that the information
of the matter that formed it was somehow lost. However, this is very advantageous when
constructing the actual solutions in GR, as they are fairly simple. Particularly relevant are the
static and spherically symmetric neutral solutions of the field equations, which is given for
general dimensions by Eq. (1.15) with N(r) = N, (N, = 1 for asymptotically flat spacetimes)
and

167GyM 2Ar? h o 27 (P-D/2
— ,  Where o) =
(D - 2)Qp-P  (D—1)(D-2) O~ 1

fn=1 CEYR (1.37)
This is known as the Schwarzschild-Tangherlini solution, and is fully determined by the ADM
mass M. Besides, it will have different asymptotics depending on the sign of the cosmological
constant A, as explained below Eq. (1.14).

The form of this solution will change due to the higher-curvature corrections that we are
interested in, and indeed in order to find the form of f(r) for Generalized Quasitopological
theories one generally needs to rely on numerical techniques. Trying to add a non-vanishing
angular momentum for theories of this kind is usually a rather complex task, and such solutions
could only be found in some approximate regimes, such as slow rotation and small coupling
constants [125,127,131]. Therefore, in this thesis we will stick to static solutions, which should
be enough to identify different effects of higher-curvature terms.

7 Although not trivial, most of the intuition and results presented here can be extended to (A)dS black holes,

which are actually of relevance in a large part of this thesis.
8 We should stress out the fact that the Killing and event horizon are two different concepts, and they are not

equal for general metrics. A discussion on this point can be found at Section 6.3 of [33].

12
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1.2.1 THE LAWS OF BLACK HOLE MECHANICS

Black holes are now understood as thermodynamic systems that have a macroscopic tempera-
ture and thus radiate part of their mass away. While this is by no means measured or observed,
it is widely accepted due to the amount of theoretical clues and arguments in this regard. In
order to understand where this association comes from, let us start by summing up the four
laws of black hole mechanics [143].

« ZEROTH LAW: The surface gravity « is constant over the event horizon of a stationary

black hole.

« FirsT LAw: If a stationary black hole of mass M, charge Q and angular momentum J is
perturbed and settles down in such a way that these quantities change respectively in
dM, 6Q and 6], then the change in the mass must be given by

SM = —~

5AH + @H5Q + QH6] 5 (138)
87TGN

where Ay, &y and Qp are respectively the area, electrostatic potential and angular

velocity of the horizon.

« SECOND LAW: The area of the event horizon can not decrease in any physical process,

AAy > 0. (1.39)

« THIRD LAW: It is not possible, by any physical process, to reduce x to zero in a finite
sequence of operations.?

These resemble very closely the usual four laws of thermodynamics, and in particular point
towards the identification of the surface gravity with a temperature, and the area of the horizon
with some notion of entropy.

The actual expression of the former was derived by Hawking, who studied semiclassically
the behavior of quantum fields in the vicinity of an event horizon [144]. It reads

K
TBH = —, (1'40)

2
and corresponds to the thermal distribution of particles emitted by the black hole that an
asymptotic observer would measure. This expression is valid for any metric, with the only
unknown parameter being the surface gravity k. For a SSS solution as the one given in Eq.
(1.15) this takes the value k = f’(r;)/2, where r, is the horizon radius, f(r,) = 0. Then the
temperature can be obtained simply by evaluating

Tgu = ) (1.41)
T

which will prove useful throughout the following Chapters.
The first law of black hole mechanics, as written in Eq. (1.38), can be very easily compared to
the first law of thermodynamics dE = TdS + .... This is consistent with the identification of the

9 This law is only proposed as a conjecture in [143].

13
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horizon area with an entropy, and the actual proportionality constant can be obtained by taking
into account Eq. (1.40), thus finding the formula for the Bekenstein-Hawking entropy [145,146],

= o0

While it might seem surprising at first, the fact that black holes themselves carry entropy is
required in order for the second law of thermodynamics to not be violated as external matter
falls through the horizon. However, this poses an interesting problem, since we do not know
what set of microscopic states can provide this entropy. This has been an open question for a
few decades now, and one would expect a full quantum theory of gravity to answer this, which
is another argument in favor of studying black holes with higher-curvature corrections.

Let us make one final comment about the Bekenstein-Hawking entropy formula. Since
the entropy is a measure of the degrees of freedom in a given region, one would expect it to
scale with its volume, as usually happens in quantum field theory. In this case, however, it
is proportional to the area of the horizon, suggesting that the dynamics inside the horizon
should be described in terms of some degrees of freedom located at the boundary, which might
actually be a general feature of gravity theories [147, 148]. This is known as the “holographic
principle” (see e.g. [149] for a review), and we will come back to it in Section 1.3, as it is one of
the foundations on which the AdS/CFT correspondence stands.

Spn (1.42)

1.2.2 BLACK HOLE THERMODYNAMICS IN HIGHER-DERIVATIVE GRAVITIES

A natural question that arises when considering higher-curvature terms is whether the laws
of black hole mechanics are satisfied. It turns out that the first law is not directly fulfilled as
written in Eq. (1.38), since the derivation of that expression relies on the particular form of
Einstein’s equations [150, 151]. Therefore, in order to reformulate it we need to find more
general expressions for the thermodynamics quantities.

The horizon temperature can be computed in different theory-agnostic manners, which
only require the existence of the horizon, and one always arrives at Hawking’s result given in
Eq. (1.40). Besides, it has been shown that the surface gravity is constant on the horizon of
any static or axisymmetric black hole with purely geometrical arguments [151-153], so we
conclude that the zeroth law of black hole mechanics holds in general HCGs, at least for this
kind of solutions.

Therefore, the only way to obtain a relation equal to the first law of thermodynamics is that
the entropy is not proportional to the area of the horizon in general, but a more complicated
function of the parameters of the black hole. The existence of such a first law was shown by
Wald [154], and it is a consequence of the diffeomorphism invariance of the theory. It replaces

Eq. (1.38) by

oM = 2L55Wa1d + @560 + QydJ, (1.43)
T
and Swayq is given by [150, 154, 155]
oL
Swald = _277/ dD_zx \/E—e,uvepa > (144)
Zh 5R,uvpo*

where h is the determinant of the induced metric at the bifurcation surface of the horizon, >,
and €, is its binormal, which is antisymmetric and normalized as €,,€"" = —2. The functional

14
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derivative is computed by considering the Riemann tensor as a field independent to the metric.
For a general Lagrangian that can contain also explicit covariant derivatives of the curvature,

it is computed as

5L oL v ( oL )+ (1.45)

- L e, 1.45
5Ryvpo- aRyvpo- a(vaRyvpa)

but for our purposes only the first term is relevant. Of course, if we plugged in the Einstein-
Hilbert Lagrangian £ = R/(167Gy) we would recover the Bekenstein-Hawking result given in
Eq. (1.42).

Let us close this discussion with a short comment on the second law. In general relativity
it states that the area of the horizon is monotonically increasing, which is a consequence
of Hawking’s area theorem [156]. This however does not take into account the process of
evaporation, and in that case one should formulate the second law in terms of a generalized
entropy Sgen = Spu + Sour, Where S, is the contribution corresponding to the quantum fields
outside the horizon (see [157] for a review). For higher-curvature theories we would expect
a modification of the first law, also implying the monotonicity of some entropy evaluated
at the bifurcation surface of the horizon. One possibility is that proposed by [158-160],
which considers the Camps-Dong functional introduced in [161, 162] to construct Sy, =
Scamps-Dong T Sout- This quantity is shown to be monotonically increasing, ASy,, > 0, for
small perturbations of the metric around stationary black holes. Therefore, since we are only
interested on this type of solutions, we can conclude that Wald’s formula (1.44) is enough for
our purposes.

1.3 HOLOGRAPHY AND HIGHER-DERIVATIVE GRAVITIES

The other foundational pillar upon which a significant portion of this thesis is built is the
gauge/gravity duality, which is a relation between the dynamics of a strongly-correlated
quantum system and a classical theory of gravity with one dimension more [12-14]. This
is perhaps the most fruitful manifestation within the vast net of dualities inherent to string
theory, and has focused the efforts of many theoretical physicists since it was first proposed
more than two decades ago.

Moreover, since the degrees of freedom of the quantum theory are localized at the boundary
of some manifold in the gravity side, this duality aligns with the holographic principle men-
tioned at the end of Section 1.2.1. Because of this, it is often called the “holographic duality” In
this Section we will introduce some basic concepts behind it,'® and comment on the expected
consequences of adding higher-derivative terms in the gravitational action.

1.3.1 THE GAUGE/GRAVITY DUALITY

The most important embodiment of the gauge/gravity duality is known as the “AdS/CFT
correspondence,” which establishes connections between the dynamics of a theory of quantum
gravity in a (d + 1)-dimensional anti-de Sitter spacetime and those of a conformal field theory
that resides in its d-dimensional boundary. Nonetheless, this duality is believed to be more

10 Some detailed reviews of the holographic duality can be found at [163-169], while other references focusing
on its application to condensed matter physics are [170-172].
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general, linking different pairs of theories that might not necessarily come from string theory,
and hence both denominations of the correspondence are often used interchangeably.

The original formulation of the duality was proposed by Maldacena in [12], and it states
an equivalence between Type IIB string theory on an AdSs x $° spacetime and 4-dimensional
Super Yang-Mills theory with N = 4 supersymmetry and gauge group SU(N).!! In the string
theory side, N is the number of units of flux of a 5-form on the $°, we denote by L the radius
of both the AdSs and $° spacetimes, and there are two additional constants: the string length
I, = Vo’ and the coupling g;. On the other hand, in the QFT side the only free parameters are
the coupling gyy and the degree of the gauge group N. While N appears explicitly in both
theories, the different constants are related as'?

4

2 2 L
&ym = 27gs 2gyuN = R (1.46)

The backbone of the duality is the equality between the two partition functions,

Zcrr = Zstring > (147)

which is conjectured to hold independently of the values of the parameters. However, we
intend to focus on a regime that is actually tractable. For that, let us start by defining the ’t
Hooft coupling A = g&,N. As a first step we choose g, — 0 to suppress contributions from
string diagrams with loops. In view of Eq. (1.46) this implies that gyyy — 0, but we do so
keeping the 't Hooft coupling A constant, so N > 1 and the SYM theory has a large number
of degrees of freedom. Then we go to the strong-coupling limit of the gauge theory, A — oo,
which means that the length of the string becomes negligible, as L*/a’* — . Therefore, the
string theory reduces to classical gravity in an AdS; background, which is under control.
The partition function of the string theory is greatly simplified in this case by means of
the saddle-point approximation, which takes into account the fact that in the classical regime
quantum corrections are fully suppressed in the path integral. Therefore, the equality between
path integrals reads
ZoFTINseo, 1oroo = €78 (1.48)

where Sg gravity is the Euclidean action of classical (super)gravity evaluated on the solution of
its equations of motion.

For our purposes, the original duality presented until now serves as a motivation for a
more ambitious form of the AdS/CFT correspondence. Indeed, the holographic duality between
classical gravity in AdS spaces and highly-quantum field theories, in the form written in Eq.
(1.48), is now regarded as a general feature of these theories. Therefore, it is possible to consider
theories with different dimensions, field content, black holes in the bulk of AdS, etc. In general
cases we do not know the exact form of the dual QFT, but as before we expect it to be strongly
coupled and have a large number of degrees of freedom, and we can learn about it by studying
the dynamics of the fields in the AdS spacetime. This is in fact the philosophy followed in this
thesis and a large variety of other works, and is interesting for several reasons. For instance,

11 1n this case we are relating a 4-dimensional QFT to a gravity theory in 10 dimensions. This contrasts with
the previous description of the AdS/CFT correspondence, which implies that the gravitational theory should
have only one additional dimension. However, the 5 compact dimensions on the sphere are reduced via a
Kaluza-Klein procedure, producing an infinite tower of massive modes, and thus the dual spacetime is effectively
AdS5

12 A pedagogical review of the two theories involved in this duality can be found in [167].
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the gauge/gravity duality is a powerful computational tool, since it allows us to easily compute
quantities in the CFT in a regime that is not accessible through the standard perturbative
methods, and it can also be used to capture generic features of such conformal field theories.

In order to actually perform computations using the gauge/gravity duality, we need to
establish a set of equivalences between quantities in both sides, which is commonly known as
the “holographic dictionary.” These are derived from the equivalence of the partition functions,
Eq. (1.48), and in order to illustrate this we outline now the computation of expectation values
and correlators of fields in the boundary.

We denote collectively by ¢(x) the fields in the CFT, while /(x)|sa4s are those living in
the bulk of AdS. These are integrated subject to certain conditions at the boundary, which
are identified with the values of the fields of the dual CFT. According to the saddle-point
approximation, the partition function of the CFT in the large-N and strong coupling limits is
given by

Zerl0Gy oy = exp { = SETY0(lonss] } (1.49)

where SE™[(/(x)|saqs] is the classical action of Euclidean gravity, properly renormalized in
order to cancel the divergences due to the infinite volume of the bulk near the boundary,
which correspond to short-distance divergences in the dual CFT (see e.g. [173] for a review
on holographic renormalization). The action is evaluated on the field configuration /,(x)|sads,
which is a solution of the classical equations of motion with the boundary behavior!3

lim 2~ (z, x) = p(x). (1.50)

for some constant A. So we see explicitly how the CFT field ¢(x) is related to the asymptotic
value of the bulk fields at the conformal boundary. In the CFT action, ¢(x) would appear
together with an operator O(x), in the schematic form | d%g(x)O(x). Hence, ¢(x) can be
interpreted as the source for that operator, and A corresponds to its mass scaling dimension.

Let us consider now a general n-point function of the operator O(x). As usual, this can
be computed by taking functional derivatives of its corresponding generating functional with
respect to the source and then setting said source to zero. By virtue of Eq. (1.49), for a
holographic theory this becomes

3" [Yolonas]
Sp(x1) = 80(xn) |p=o

But ¢(x) is nothing but the (regularized) boundary value of a bulk field, as given in Eq. (1.50).
Thus, we see how this CFT correlator can be computed uniquely from quantities in the bulk, and
by considering different field contents in the bulk (such as scalars, vectors or even perturbations
of the metric), it is possible to compute correlators of the corresponding fields in the CFT side.

We can also think about modifying the metric in the gravity theory, and particularly
interesting is the case of an asymptotically AdS spacetime containing an event horizon. As
we argued in Section 1.2, black holes are thermodynamic systems, in the sense that they have
an associated temperature and entropy that fulfill the usual laws of thermodynamics. In the
holographic setup, this spacetime is dual to a thermal state in the boundary theory, whose
temperature is given by Hawking’s result in Eq. (1.40), while its von Neumann entropy is equal
to the Bekenstein-Hawking (or Wald, in HCGs) entropy of the horizon.

(O(x1) -+ O(xn)) =

(1.51)

13 Customarily, z is the coordinate corresponding to the direction normal to the asymptotic boundary of AdS, and
it is defined in such a way that this boundary is located at z = 0.
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This last identification is intimately related to the proposal by Ryu and Takayanagi to
compute entanglement entropies of holographic CFTs [174, 175]. Loosely speaking, the entan-
glement entropy of a region A in a QFT, Sgr(A), is a measure of the amount of entanglement
between that region and its complementary A. In the language of quantum mechanics this
could, in principle, be computed in terms of the matrix density of the system. However, for
holographic theories in the highly-quantum regimes, it can be evaluated by means of the
Ryu-Takayanagi formula'4
Area(T'y)

4Gy
where I'4 is a hypersurface with a minimal area that penetrates into the bulk and ends in 0A. If
we choose A to cover the entire boundary, then the homologous surface I'y would be nothing
but the event horizon of the black hole, thus recovering the result for the Bekenstein-Hawking
entropy given in Eq. (1.42).

The Ryu-Takayanagi proposal is considered to be one of the most important achievements
of the gauge/gravity duality, as it directly relates concepts of quantum information to the
geometry of a spacetime in a rather unexpected manner. The prescription has been extended to
take into account also the entropy of quantum fields that may be present in the bulk [176, 177],
and this in turn has been explored to tackle the problem of loss of information during black hole
evaporation [178, 179], which has attracted a lot of attention in the recent years. Furthermore,
this intuition has led to the suggestion that gravity and geometry in the bulk could appear
as a consequence of entanglement in the dual theory [180, 181]. All in all, while some of
these proposals might be speculative, it is clear that this all points to the existence of a deeper
relation between gravity and quantum entanglement, which is one of the most groundbreaking
outcomes the gauge/gravity duality.

See(A) = (1.52)

1.3.2 HIGHER-DERIVATIVE CORRECTIONS IN HOLOGRAPHY

In the holographic setup, we are typically interested in the strong-coupling and large-N regime
of the boundary theory, and we know this to be equivalent to the low-energy limit of the
dual string theory, which reduces to Einstein gravity. However, as mentioned in Section 1.1,
this effective action can be expanded with terms of higher orders in the curvature, weighted
by powers of the string length va’. Thus, it is legitimate to consider the higher-curvature
corrections in the gravity action that we introduced earlier, which following this logic would
correspond to finite A and N effects in the dual CFT.

In general, we do not know the actual quantum model dual to a given higher-curvature
gravity. An interesting approach therefore is to consider the corrected theories of gravity as
toy models, that allow us to describe CFTs that are not dual to general relativity, and thus
belong to different universality classes. In this thesis we will follow this philosophy, by consid-
ering higher-curvature corrections with desirable physical properties, such as the Generalized
Quasitopological gravities reviewed in Section 1.1.3, and compute different quantities of their
corresponding dual theories.

14 This formula is valid assuming the CFT is dual to Einstein gravity, and if we were to consider higher-curvature
corrections it should be replaced, in the same spirit that the Wald entropy (1.44) generalizes the Bekenstein-
Hawking result. For general £(Ry) theories one should consider the Camps-Dong functional [161,162], which
is equal to the Wald functional evaluated on the minimal surface I'4 plus an anomaly term, that vanishes on a
Killing horizon.
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The first thing that one must study when considering higher-curvature terms in holography
is the existence of an AdS vacuum. This is a MSS solution of the equations of motion with a
negative cosmological constant, given by Eq. (1.14) with x = —1. In Einstein gravity, the metric
of this spacetime can be written in Poincare coordinates simply as

L2
dsids = = (dzz + lyyvdx”dx") , (1.53)

where z is the coordinate that penetrates into the bulk, in such a way that the asymptotic
boundary is located at z = 0. For a general higher-curvature gravity this solution is not
guaranteed to exist, and if it does the length scale will not necessarily be equal to the one
appearing in the cosmological constant. Then, in Eq. (1.53) we would change

L — L=— (1.54)

T

and similarly in the corresponding Riemann tensor, given by Eq. (1.13). Here, f. is a constant
whose value can be computed from a polynomial equation obtained from the corresponding
equations of motion. In principle this will have several solutions, depending on the order of the
higher-curvature theory considered, and some of them (or all) might be complex or negative.
Among the positive solutions, we are always interested in the one that connects smoothly with
the value obtained in Einstein gravity, f., = 1, when the couplings of the higher-curvature
terms are taken to zero.

Once the existence of a well-behaved AdS vacuum is ensured, we can move on to the
characterization of the dual CFTs through the computation of different quantities, and see how
these differ from those dual to Einstein gravity. As an example of this, let us comment on
the coeflicients a and ¢ of the trace anomaly in 4 dimensions. Indeed, while the stress-energy
tensor of a CFT should be traceless due to conformal symmetry, this might not be the case in
the presence of anomalies that arise due to placing the theory in a curved background. Ind = 4

we write in general [117]
c a

(LY = fomlt ~ Tem ¥t
where y; is the Gauss-Bonnet scalar written in Eq. (1.21) and I, is the square of the Weyl tensor,
Iy = Wy,,sWHP?, both evaluated in the 4-dimensional metric of the CFT. a and ¢ are known
as the central charges, and for a theory that is dual to Einstein gravity they take the same
value [15,16,182],

(1.55)

rL?
a=c= Frevh (1.56)
But it is possible to break this degeneracy in the central charges by adding higher-curvature
terms on the gravity side of the duality. Indeed, supplementing the action on the 5-dimensional

bulk by the Gauss-Bonnet term, as £ = R — 2A + AL?y,/2, one finds [117]

nLl? nl?
a:@(l—&lfw), c:@(l—z/lfm), (1.57)

where L = L/ \/ﬁ, with f, given by

fo==(1-V1-42). (1.58)
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Thus, we see clearly how higher-derivative theories can be used to explore holographic CFTs
that would not be possible to access with Einstein gravity alone. A similar conclusion would
be reached by studying other quantities of the dual CFT that can be computed holographically,
such as the parameters t, and t, that characterize the angular distribution of the energy flux
after a local insertion of the stress-energy tensor [183], and are also related to the 2- and
3-point functions of the stress-energy tensor. These constants are zero for theories dual to
Einstein gravity, but a non-vanishing value can be achieved by introducing higher-curvature
corrections [100-102,117], thus describing theories that belong to wider universality classes.

Based on this, one can think on using higher-curvature theories to propose or check
universal relations that can not be tested with Einstein gravity alone, and whose determination
from first principles is sometimes not possible. The paradigmatic example of this is the
computation of the ratio between the shear viscosity and the thermal entropy density of a
plasma, which for a CFT dual to Einstein gravity takes the constant value [184-186]

U (1.59)

Sler 4
independently of the dimension. Based on experimental results, this was conjectured to be
the minimum value of this quantity that any fluid in nature could achieve, which is known
as the Kovtun-Son-Starinets (KSS) bound [186]. However, computations of the ratio n/s in
different higher-curvature extensions of Einstein gravity have proved that this value can in
fact be lowered [100, 105,117,119, 122, 123, 187-196], so it might not be a universal bound after
all. We will come back to this in Section 4.6 of this work, where we compute it explicitly for a
certain family of higher-derivative theories.

There are other universal relations that have been proposed following this approach, such as
the c-theorem established in [197,198], the behavior of corner contributions to the entanglement
entropy [199, 200], or the universal relation between the free energy of a CFT in a squashed
sphere and the coefficients of the 3-point function (TTT) [121, 128], to name a few. Some other
interesting examples of relations obtained with this procedure can be found in [201-204]. We
see therefore that, even without knowing the actual form of the dual theory, the gauge/gravity
duality proves to be a powerful tool to inspect whether different features of holographic CFTs
dual to Einstein gravity are general or not.
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RENORMALIZATION IN
HIGHER-CURVATURE GRAVITIES WITH
D <5

The AdS/CFT correspondence provides a method for computing correlation functions in a
quantum field theory, using the action of a dual gravity theory in an asymptotically AdS
spacetime as a generating functional. These correlators in a QFT will typically suffer from
UV divergences, due to the infinite number of degrees of freedom present. On the gravity
side, due to the UV/IR relation [205], these manifest as IR divergences in the action that are
produced by the infinite volume of AdS near the boundary. So in order to make sense of the
holographic duality one needs to get rid of these divergences appearing on both sides in a
consistent manner, and identify the remaining results. Apart from this one also requires that
the variational problem is well posed, in the sense that the variation of the action produces
the Einstein equations subject only to the condition that the metric (and not its derivatives) is
fixed at the boundary.

In standard GR and Lovelock gravity, both requirements are achieved through the holo-
graphic renormalization prescription, first introduced in [15, 16], and further developed in [17]
(see also [173,206-209]). A similar method for Lovelock gravity theories has been proposed
in [210]. The basic idea is to first supplement the action with the standard Gibbons-Hawking-
York term (or the Myers term for Lovelock [211]), and then expand the on-shell action in a
series of powers of a regulator near the boundary in order to identify and isolate the diverging
terms. Finally, these divergences are removed by adding boundary terms that depend only on
the induced metric at the boundary and its curvature, while preserving the well-posedness of
the variational principle. We will review this procedure for GR in Section 2.1.

Being it the central topic of this thesis, we are interested in exploring these ideas of holo-
graphic renormalization in theories of gravity with higher-derivative corrections. For arbitrary
HCGs, the boundary terms required for fixing the variational problem and renormalizing the
action on AlAdS spacetimes are not known. However, it has been suggested that the action
of GR with the corrections of Einsteinian cubic gravity can be rendered finite with the same
combination of the GHY and the HR counterterms used in GR, up to a coupling-dependent
overall factor [119]. Hence, it is worthwile to consider the possibility of formulating in a similar
manner a universal prescription for renormalization, that would work for arbitrary HCGs and
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in any dimension, allowing to cancel the divergences of the action and pose the variational
principle properly.

In this Chapter, we will propose such a renormalization scheme for generic HCGs, in
spacetimes with dimension D < 5. In order to achieve this, we study the radial decomposition
of the equations of motion for an arbitrary higher-order theory of gravity, expanded in the
Poincare coordinate z by means of the Fefferman-Graham expansion of the metric [212], which
is standard for AIAdS manifolds. From these we will find that the coefficients of order z and z*
in this expansion are zero in general, while the third coefficient (of order z®) has a universal
form. Also, we will see that the terms which contribute to the divergences of the on-shell
action at the boundary, for bulks with D < 5, depend only on the first four FG coefficients of
the metric. Using these facts, we will be able to show that the extrinsic curvature counterterms
introduced in [18, 19], with theory-dependent overall constants, successfully implement the
renormalization and fix the variational principle! at the asymptotic boundary.

The research presented in this Chapter has been published previously in [24]. The informa-
tion of this article can be found in page 210.

2.1 HOLOGRAPHIC RENORMALIZATION IN GENERAL RELATIVITY

Before getting into the more general prescription, we review in this Chapter the standard
holographic renormalization procedure valid for general relativity. Let us start by considering
the Einstein-Hilbert action in D dimensions, supplemented by the standard Gibbons-Hawking-
York term

Sen + Sy = ! AdeJTG (R + (D - 1D - 2)) + 8]:GN /M d%-hK . (2.1)

1677,'GN L?

The D-dimensional global manifold M has AdS asymptotics, hence the value A = —(D—-1)(D—
2)/(2L?) for the cosmological constant. We denote its metric by? G, and its coordinates X*,
while its boundary oM has d = D — 1 dimensions and an induced metric h;;. K is the extrinsic
curvature of the boundary, which can be computed from h;; using Eq. (A.9). The constant € is
the norm of the vector normal to the submanifold dM, as defined in Eq. (A.3). In this case,
since the boundary of AdS is spacelike, € = 1.

The GHY boundary term in (2.1) is enough to make the variational problem well posed
when subject to Dirichlet boundary conditions, but we still need to identify and cancel out the
divergences that appear when expanding the bulk action close to the boundary. For this, let us
write the AIAdS metric in the Fefferman-Graham form, as [15,16,212]

L2 .
ds? = GudX'dX" = 4—pzdp2 + hij(x, p)dx'dx’, (2.2)

where p is the holographic radial coordinate, defined in such a way that the boundary is located
at p = 0, and the coordinates x', i = 0, ..., d, correspond to the directions tangent to the

1 In the particular case D = 5 the well-posedness of the variational principle will require the boundary to

be conformally (or Weyl-) flat, as will be made clear later on. For lower dimensions this requirement is
automatically fulfilled, since any manifold with d < 3 has a vanishing Weyl tensor. In general relativity the
prescription is valid regardless of this.

Although the notation of the metric of the total spacetime by G,, can conflict with the rest of the thesis, we
make this choice to be consistent with the standard literature on holographic renormalization. g;; is reserved
for the conformally rescaled version of the induced metric at the boundary, as will be clear later.
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boundary. h;; is the tangent part of the metric, and it can be rescaled and expanded in a power
series in p as

phif(x, p) = gij(x, p) = g () + pgl () + .+ p7g ) + pPlog p AP ) + ., (23)
where the term proportional to p?/? log p only appears if d is even, and ultimately corresponds
to the metric variation of the holographic conformal anomaly [15]. The term g,-(]p) is the metric
at the conformal boundary, and by expanding Einstein’s equations order by order in p it is

poss1b1e to compute the coefficients g( ), g(d 2 hff), and the trace and covariant divergence

of gi ; ) as algebraic expressions of the first coefficient (explicit expressions for some of these
can be found in Appendix A of [17]). Also, Einstein’s equations forbid terms with non-integer
powers of p from appearing in the expansion (2.3). Whether or not this is the case for more
general theories of gravity will be a central point in the discussion presented in this Chapter.

The renormalization procedure requires the identification of the divergent terms of the
gravitational action (2.1) close to the boundary. For this, we restrict the integration range to
p > €, where € > 0 is a cutoff, and expand the action in powers of this. Schematically, it takes
the form [15-17]

1
1677,'GN

Ser + Scuy =

/ d%\—g® (e"2aw) + e * agy + ... + € ay) + log eagy + O(€)) ,
p=¢€
(2.4)

where the coefficients a, are local covariant expressions involving the boundary metric g(o)
and its curvatures, whose explicit forms can be found in Appendix B of [17].

The renormalized action is obtained by subtracting these divergent terms explicitly, whcih
is achieved through the addition of some counterterms. The actual form of these depend on
the dimension of the spacetime, but for d < 6 it is given by [207]

ct

d
16”GN/ d% - [—+®(d 3)—R o
L3 E

l]_L 2
CETVER (RUR 4(d_1)7z)+...

where ©(x) is the Heaviside step function, which is equal to one for x > 0 and zero otherwise,
and is introduced to make sure that the higher order terms only appear for large enough
dimensions. In other words, the amount of divergent terms in (2.4) depends on the dimension,
and therefore the series of counterterms in S.; needs to be truncated correspondingly. This
action is written in terms of the curvature of the induced metric, R = R(h) ~ pR(g), and
this combined with the determinant factor h produce the different divergent powers of the
regulator that are found in Eq. (2.4). The renormalized action is finally computed as

+0(d—5)

Sren = Sgn + Scry t+ Set - (2.6)

The counterterm action (2.5) depends only on the boundary geometry, in the sense that all
the relevant contributions of the FG expansion (2.3), and thus the curvature R;;(h), can be
written in terms of gi(;)) and its derivatives with respect to the tangent coordinates. Therefore,
the well-posedness of the variational principle achieved by adding the GHY term in Eq. (2.1) is
preserved.
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Even though the procedure for computing the counterterms (2.5) can be more or less sys-
tematized, they can not be written in a closed form for arbitrary dimensions. However, an
alternative proposal for the regularization appeared in [18,19,213-216], and it requires the ad-
dition of the so-called Koutnerterms. These are topological quantities that can be written in any
arbitrary dimension as expressions involving the extrinsic curvature of the boundary, and have
the advantage that they cancel the divergences and provide a well-posed variational principle
for the EH action at the same time. These will be the main ingredient of the renormalization
procedure for general HCGs proposed in this Chapter, and we will introduce them explicitly in
Section 2.3.

2.2 PROJECTED EQUATIONS OF MOTION IN HCGs

In order to be able to test the method for renormalization of the action that we will propose
later for a general higher-curvature theory of gravity, we need to understand whether or not
our theory admits a Fefferman-Graham expression equivalent to that given in Egs. (2.2) and
(2.3), which is the goal of the current Section.

Let us start by considering a HCG in D < 5, whose action that can contain any possible
term constructed from arbitrary contractions of the Riemann tensor and the metric, with the
only condition that it admits vacuum AdS solutions. We denote this as

S = /M d"X-GL (R7) . (2.7)

As already written in Eq. (1.9), the equations of motion for such a theory are given in general
by [83]

1
£, = PLURG — J8,L = 2V"VyPl, (2.8)
where the tensor P47 is defined as
oL
ng = aRﬁ;‘ . (2.9)

Since we are interested in asymptotically locally AdS (AlAdS) backgrounds, we consider that
the Riemann tensor near the boundary behaves as

o2 l (o (o2
wa — T (555V _555;1) , (2.10)
where L is the effective AdS length scale, related to the one appearing in the cosmological
constant, Ay = —(D — 1)(D — 2)/(2L3), through a relation L = L(L,) that depends on the
particular theory. Notice that by construction P4 has the same symmetries as the Riemann
tensor, and therefore close to the boundary it becomes

1
P — SCW) (887 - 8757) - (2.11)
The constant C(L) introduced here can be obtained by replacing these expressions in the field
equations, and it is given by [86]

L’ L>  0L|ags

o) = 2D - 1)£|AO‘S “2D(D-1) oL

; (2.12)
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where L|aq4s is the Lagrangian evaluated in the AdS vacuum solution. In the case of Einstein-
Hilbert gravity, this constant is nothing but 1/(167Gy).

Our goal is to identify and cancel the divergences of the general action (2.7), similarly to the
standard HR procedure described in Section 2.1. For this we need to consider the FG expansion
of the bulk metric, which requires splitting the coordinates into those normal and tangent to
the boundary, as X* = (x/, z), where z is the holographic coordinate. The line element in the
D-dimensional manifold is

L2 S
ds’ = G, dX"dX" = ;dz2 + hij(x, z)dx'dx’ . (2.13)

The induced metric h;; can be expanded in powers of z as

1 1
hij(x, z) = ;gij(x’ z) = = (gi(]Q

' +2g )+ 2P+ 2P +.) . ()
where we are omitting the logarithmic term that would appear for even dimensions of the
boundary, since it is unimportant for our purpose. The Poincare coordinate z is related to p
introduced in Eq. (2.2) as p = z*. While the odd terms in the expansion (2.14) vanish in GR,
gi(jl) = g,.(f) = 0, in more general higher-curvature gravities this might not be true, so it makes
sense to write our expressions in terms of z.

The coefficients gl-(j")(x) with n < D — 1 are determined completely in GR as expressions of

gl-(jp)(x), by means of the projected equations of motion £ = 0, £} = 0 and &7 = 0. Since we
are considering D < 5, we want to scrutinize the terms in the FG expansion up to order z°, in
particular to see whether they are the same as those in Einstein’s gravity,

gi(jl) =0, (2.15a)

O (£9) - 1R (g©) g (2.15b)
U T Tp—3\ Y 2(D - 2) T

g} =0, (2.15¢)

or not. In these expressions, R;;(g”) and R(g(”)) are respectively the Ricci tensor and curvature
scalar computed from gl-(]@, the metric at the conformal boundary, and thus do not depend on
z. In the form (2.13) the metric is naturally decomposed in the parts that are normal (zz
component) and tangent (ij components) to the boundary. The tangent indices are raised with
the inverse metric h/(x, z) = z%g"(x, z), which has an expansion in z such that h;;h’* = §/.
The vector normal to the boundary, n, is defined as

z
n=ntd, =n"d, = —Zaz, n'n,=1, (2.16)
where the minus sign appears due to the fact that the boundary is located at the lowest limit
of the range of values of the radial coordinate z, and the norm being positive means that the
boundary is a spacelike hypersurface. We can also define a covariant derivative compatible

with the tangent part of the metric, V;, such that
ﬁihjk = @igjk =0 s (2.17)

since hj = gix/z% and Viz = 0 by definition. As h; ; and g;; depend on z, the tangent covariant
derivative will also admit an expansion in this normal coordinate. Apart from this, the usual
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covariant derivative is compatible with the global metric, V,G,, = 0. For completeness, we
write the explicit form of the different non-vanishing Christoffel symbols obtained from the
metric (2.13),

1 . ‘ 1. . 1 z2
W=--, O=T,M-= Ehlkazh,-k, I5(V) = —-=ad:hy;,  (2.18)

whereas TF, (V) = f.‘j(ﬁ) + O(z). Again, since h;; = h;;(x, z), most of these can be written as
an expansion in powers of z, in terms of the different coefficients in (2.14). We further need
to know the form of the extrinsic curvature of the induced metric at the boundary. It can be
computed using Eq. (A.9), and in this case it reads

1 1, 1z_ (1
Kij = Eﬁnhij = 5" d.hij=—--0, <;gij) . (2.19)
We can now use the Gauss-Codazzi equations presented in Appendix A (with € = 1, since the

normal vector is spacelike) to write the different components of the Riemann tensor of the bulk
metric in terms of the induced metric,

12 . )
Rizjz = = (_EnKij + KuK; —aia; + v(iaj)) , (2.20a)
z
Rijk: = —n; (ViKj — V;Ky) (2.20b)
Riju = Rij(h) + KuKj — KiK. (2.20¢)

In these expressions, a, = n“V,n,, and R;;(h) is the usual Riemann tensor of the tangent
metric h;;(x, z), which can be expanded also in powers of z,

l]kl(h) ljkl(g) - (Rijkl (g(O)) + O(Z)) . (2'21)

Notice that the indices of R;jx(h) are raised with the inverse tangent metric A"/, while those of
Riju(g) must be raised with g". This implies, for example, the relations

Ry = 2Ry (§9) +OG),  R™M(h) =2'R™ (g©) + Oz, (2.22)

which one needs to take into account in the computations.

With these ingredients, we are now in position to project and evaluate the equations of
motion (2.8), in order to compute the form of the coefficients of the FG expansion for a general
higher-curvature theory of gravity. In what follows we will do so order by order in z, up to the
third power required for D < 5.

2.2.1 VANISHING OF gi(jl) IN A GENERAL HCG

First, let us expand the equations of motion to next-to-leading order in the holographic coordi-
nate, to see whether or not gi(jl) = 0. By explicitly computing the different components of the
Riemann tensor, we find that they match the expression

R = —§5£"5V] + 25 5[”g(1)v + O(z%), (2.23)
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where by definition only the components of g"" with both indices in the tangent directions
can be non-zero. Regarding P/, we can use its definition (2.9) together with the expression of
the Riemann tensor (2.23) to constrain its tensorial form,

P = C(L)SSY) + 2 (A“)(L)(s},ﬂ g™+ BOL)sls)Te g(l)) + 0%, (2.24)

where C(L) was given in Eq. (2.12), whereas AV(L) and B!V(L) are scalar functions depending
on the couplings of the particular theory and the effective AdS radius L. Also, Tr g® := g(..

The Lagrangian itself also appears in the general expression of the equations of motion
(2.8), so we expand it symbolically to first order in z as

£L=r94 POISRE + ... = £O 4+ 2eW 4+ 0P, (2.25)

where £© := £|5gs is the Lagrangian evaluated in the background solution (2.10), and we
denoted by SR/7 the deviation of the Riemann tensor with respect to this background. Therefore,
by taking into account Eq. (2.23) we see that R/ ~ z, which allows us to compute
D-1
W = TC(L)Tr g, (2.26)
Using these expressions, the equations of motion decomposed in their radial and tangential
components and expanded in powers of z read

1-D)C(L) £
£ = <( LZ)C( ) EZ ) + 2 (@) + (0 - DBIWD) Trg® + 06, (2.27)
. 1-D)C(L WY . zZ(D-2 i :
£ = <( LZ)C( ) _ ‘CZ ) 5+ % (a(l)(L)g(l) C+ BO(L)S T g(1)> + O, (229
8;7' = m (a(l)(L)v]g(l)l] + b(l)(L)ﬁ,Tr g(1)> + (9(23) s (2'29)

where
a(L) := (L) - AM(L),
(2.30)
(L) := —C(L) — AY(L) — 4BY(L).
The zeroth order gives the aforementioned result for C(L), Eq. (2.12), and all the information
of the equations at the next lowest order is encoded in a”(L) and b(L). The main feature of
these is that, except in some particular cases, they imply

g,-(jl) =0. (2.31)

More specifically, the equations of motion fix the (z) coefficient of the FG expansion to be
zero, as found in GR, except in some particular cases:

o Ifa®(L) # 0 and bV (L) = —aV(L)/(D — 1), the off-diagonal components of g,-(jl) are fixed
to zero and the elements in the diagonal are fixed to be equal to each other, but their
actual value is free.

o IfaW(L) = 0 and bV (L) # 0, Tr gV is fixed to zero, but the rest of the components of g,-(jl)
are free.
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« And finally, if both a’(L) = 0 and b)(L) = 0, gi(jl) is completely free and not restricted
by the equations of motion.

This is interesting as it means that, for a generic HCG theory, the equations of motion require
the O(z) coefficient in the FG expansion of the metric to vanish, just like for Einstein-AdS
gravity. This is analogous to the universality of the O(z?) coefficient as implied by the PBH
transformation [217], which will be reviewed in the next subsection, and both are central to
the applicability of the generic renormalization procedure presented in this work.

An example: quadratic curvature gravity

Let us illustrate this further by working out explicitly the case of quadratic curvature gravity.
Its action can be written as

1
S = / d°’X V-G [ (R—2A¢) + iR, R + auR* + a3 )| (2.32)
M

1677.'GN

where y; is the Gauss-Bonnet combination written in Eq. (1.21). By explicitly computing P4
for this theory we can obtain the values of C(L), a®’(L) and bV(L), which read

aV(L) = 167:'GN — é [3D — 4)a; + 2D(D — 1)ay, + 2(D — 3)(D — 4)as] (2.34)
POL) = —— 4 L (D= Dy + 20D = DD — Dty + 20D - 3)D - D] . (2.35)
1677,'GN L2

The equations of motion imply gl.(jl) = 0 unless one of the conditions discussed after Eq. (2.31) is
met. Some examples of quadratic curvature gravity theories where a(L) = b(L) = 0, such

that gl-(jl) is not fixed by the equations of motion, include:

« Einstein-Lanczos-Gauss-Bonnet gravity at the (dimensionally continued) Chern-Simons
point. In [218], the authors find that in this theory the coefficients of the FG expansion
are not fixed by the equations of motion, which vanish identically.

+ Conformal gravity in 4 dimensions [219-221], where it is found again that the equations
of motion at the lowest orders vanish for any form of the coefficients in the expansion.

+ New massive gravity [222,223] at the special point (in the language of [222]).

A feature all these cases share is that their AdS vacua are degenerate. Indeed, we checked that
this is true for any quadratic or cubic gravity fulfilling (L) = b”(L) = 0, but not the other
way around. However, while these particular cases allow for gi(jl) # 0, they do not enforce it. In

particular, gi(jl) cannot be given as an expression in terms of gl-(;)), thereby its value must be fixed

as a boundary condition [221]. Therefore, in general we could pick gl-(jl) = 0 for any theory in
vacuum, and build the rest of our discussion on top of this assumption.
We have also repeated this analysis for general theories of gravity with cubic contractions

of the curvature tensors. The results are written in Appendix B.
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2.2.2 UNIVERSALITY OF glsz) FROM THE PBH TRANSFORMATIONS

We now turn to the term of second order in the FG expansion, g,.(]?). In general relativity it takes
the value given in Eq. (2.15b), which is fixed by symmetry under a certain type of conformal
transformations [217]. As will be shown, and was already assumed in [217], these arguments
carry on with minimal modifications to a general higher-curvature theory. While it should
be possible to perform a similar analysis to what is shown in Section 2.2.1 for gi(jl), expanding
the equations of motion £ to order z?, the current approach is simpler and produces a more
robust result.

The argument is based on the invariance of the bulk metric under PBH (Penrose-Brown-
Henneaux) transformations, which are a subset of the bulk diffeomorphisms that act as Weyl
transformations on the boundary, while leaving the form of the bulk metric unchanged [217].
In particular, these act on the first coefficient of the FG expansion (2.14) as

gy () — gD (236)
Let us consider the ansatz for the transformation of the coordinates
z=2e"" =7 (1-0(x)), ¥ =x"+d(x, 7)), (2.37)

where primes denote the transformed coordinates and the a'(x’, z’) are infinitesimal and will
be restricted by requiring that the form of the metric is invariant. Working to the lowest order
in the parameters of the transformation o and d', the line element becomes

LZ

ds* = — (d2”? — 20dz” — 22/ 9podz’dx™™) (1 + 20)
z
1 . . . . ) )
+ s (1+ 20) (gl'] —7'00,g; + akakgij) (dx”dx” + 209,ddx"dx" + 262a’dx"dz’) )

(2.38)
Comparing this expression with the original form of the metric (2.13) and combining some
terms, we find the change of the tangent metric

5gij = 0'(2 — z&z)g,-j + @,-aj + ﬁja,- . (239)

As we said, these transformations should leave the form of the bulk metric unchanged, and in
particular the off-diagonal components dx”’dz’ in Eq. (2.38) must vanish in the FG gauge. This
relates the parameters of the diffeomorphisms as

d.d =1*2g"9;0. (2.40)

It is also possible to integrate the given expression, subject to the boundary condition a'(x, z =
0) = 0, but the differential form is enough for our computation. a'(x, z) admits its own
expansion in powers of z near the boundary,

ae )= 3 a0, (2.41)

where the term at order O(z") does not appear due to the mentioned boundary condition.
Replacing this and the FG expansion of the tangent metric (2.14) in Eq. (2.40), and studying
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separately the terms with different powers in z, we find
i
aqy =0,

i L_2 (O)ija,
A = 5 & 799 (2.42)

. L3 i
as) = _?g(l) ‘9,0,

and equivalent relations at higher orders, which are irrelevant for us. Applying the same
procedure on the expression of dg;;, Eq. (2.39), we find the variation of the different coefficients
in the transverse metric due to the Weyl transformation of the boundary metric (2.36),

5gl © — 20’g(0)

ij
) _ (1
6g;" =08,

552 = V04® + 7042,

8g;

(2.43)
® _ (,g@) + 704D + 706 4 g(O)V(l) @k 4 OG0 4k

+ DTV @k 4 gDFODK
In these expressions, V" refer to the term of order z" that appear when expanding the covariant
derivatives of the tangent space, V;, being v the one compatible with g(l).

™ that depend covariantly only on the data at

the boundary. The transformations under study do not fix the coefficient g,-( in terms of g(o),
in principle it could be left as free data, and all odd coefficients in the series can be constructed

with contractions of gi(jl) with tensors of the boundary metric. However, as we have seen before,

We want expressions for the coeflicients g;;

most theories require gi(}) = 0, which we will assume from now on.

However, the variation § gl-(jz) is independent of g,-(jl), which means that it takes the same form
in any theory. In particular, it contains terms with two derivatives in the transverse coordinates
x, as can be seen more clearly replacing a,@ using Eq. (2.42). Therefore, g,-(jz) must be a linear
combination of terms proportional to the Riemann tensor of the boundary metric gi(JQ), the most
general form being

gy =aRi; (§2) + R (g2) & (2.44)

If we compute gl-(jz), taking into account the form of the Weyl transformation of the curvature
tensors, and compare it with Eq. (2.43), we can read off the values of the constants & and f and
thus the form of gl-(jz), which matches that found in Einstein gravity,

L? 1
@ _ (0) 0)) O
—— (R, - - R _ _
8ij D—3 ( J (g ) 2(D 2) (g )gl] ) (2 45)

Following the same procedure it is possible to obtain the form of the coefficients that appear
at higher even orders in z, as done in [217], although for our purposes it is enough to stop at
quadratic order.

We should note that, since this procedure builds upon invariance under the boundary
Weyl transformations (2.36), it fails to capture further contributions made of contractions
of the Weyl tensor of the boundary that might appear.3 However, for 2- and 3-dimensional

3 Of course, Wl',f (g9) vanishes identically due to symmetry, so this term is ruled out. However, at this order

there could appear contractions with two free indices, for example with the schematic form vWOW©), as
seen for the case of Chern-Simons gravity in [218].
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boundaries, which correspond respectively to D = 3 and D = 4 bulk dimensions, the Weyl
tensor is identically zero and thus these contributions do not occur. While this is not true for
D =5, when treating the well-posedness of the variational problem we will need to assume
Asymptotic Conformal Flatness [224], which implies that the Weyl tensor of the boundary
metric must be zero. Therefore, we see that under these assumptions the coefficient gl-(jz) takes
the same form in a general HCG as in Einstein gravity.

2.2.3 VANISHING OF g,-(jS) IN A GENERAL HCG

As a final step before getting into the problem of renormalization of the gravity action, we
should discuss the term of third order in z in the FG expansion (2.14). In particular, we will see
that in general it should take the same value as in Einstein gravity, which is g(3) = 0. This is
the last relevant coefficient for the dimensions that we are interested in, since terms of higher
order do not contribute to the divergent part of the action for D < 5, which will be clear later
on when analyzing the cancellation of these divergences.

Following the same logic as in Section 2.2.1, we expect the coefficient gi(jg) to be fixed, in
general, by the contributions of the equations of motion multiplied by z*. In order to obtain
this we need to expand the different objects that appear in £/ as written in Eq. (2.8), and in
particular we use symbolic expansions for both £ and P};. Since we have already fixed g(l) =0,
and we know the form of the zeroth order coefficients in these two objects through Egs. (2.11)
and (2.12), these can be written as

2(D ~1)

L= CL)+22LP + 2L + (2.46)

Hv Hv
P = C(L)cSL”cSZ] +2° PP+ 2P+ (2.47)

We are interested only on the third order terms in the equations of motion, so we should
understand the form of P(3)H This will depend on the theory, of course, but we can follow
the same reasoning as before and use its tensorial structure to write the components PO  and
P(3) as the combinations

PO = AO@)Sl g + BOL)SL 5T g
(3)# 3) G3)! (3) i 3) (2.48)
P¥, =DY(L)g”; + EV(L)5Tr g

where the constants A®(L), B¥(L), D®(L) and E®(L) depend on the effective AdS radius L
and the hlgher -curvature couplings. Since we already assume that g(l) = 0, terms of the form

g(l) i g(z) ; will not appear in these general expressions. Also, the components with one index in

the normal direction, such as P®?,, could have terms proportional to Vg®, but these appear in
the equations of motion at higher orders in z, since they must be contracted with n* = z/L.
Regarding the expansion of the Lagrangian, L£® can not have contributions of the form
V;g®7, as there are no objects with an odd number of tangent indices to contract it producing
a term of order z°. Therefore, it can only contain terms that are proportional to Tr g®, and if
we expand it as in Eq. (2.25) we see that they can only be produced by P(O)” . (3)p . Plugging in
the third order terms of the components of the Riemann tensor, which for the metrlc (2.13) are

ij _ [i zi 3 i
R(3)kl E 5[2 g<3)l] , R(a) = 2L2 g(3)J ’ (2.49)
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we find exactly
3(D-3)

® =
LY = Iz

C(L)Tr g(3) ) (2.50)

With all of this, we can compute the terms of third order in the projections of the equations of
motion, which read

z 1
eV = 22 (0(3)(L) + (D — 1)b(3)(L)) Tr g®, (2.51)
8(3)i. = E <a(3)(L)g(3)i' + b(s)(L)(SlTI' g(S)) (2 52)
J 212 J J > :

where the constants a® (L) and b®®(L) are related to those introduced in Eq. (2.48) as

a®(L) = 3C(L) + 4(D — 6)D®(L) — (D — 3)A®(1),

(2.53)
bA(L) = =3¢(L) — A®(L) — 2(D — 2)BP(L) + 4(D — 6)E®(L).

For completeness, we give the values of the constants a® (L) and b®®(L) for general quadratic
and cubic theories of gravity in Appendix B.
From the discussion above on the different contributions to £ and P(3)ﬁz, it is clear that

the equations £ (3)2 =0 ﬁxes, for general HCGs,* Tr g(3) = 0. This in turn means, when we
consider the equation &€ (3)1]. = 0, that

g =0. (2.54)
As we commented when fixing gi(jl) = 0, there are families of theories for which the value of

gi(ﬁ) is not determined by the equations of motion. In particular, the same analysis discussed
after Eq. (2.31) applies in this case as well, but considering the coefficients a®®(L) and b®)(L)
instead. All the quadratic and cubic theories considered in Section 2.2.1 and Appendix B, at

the particular points mentioned, allow for g-(-g) # 0 even when choosing gi(jl) = 0 as a boundary

1
condition.> However, the conditions that leave gl-(j3) undetermined do not imply degeneracy of

the different AdS vacua for the quadratic and cubic theories considered in the Appendix.

2.3 COUNTERTERMS FOR GENERIC HCGs IND <5

Now that we understand the behavior of the bulk metric near the AdS boundary, by means of
the Fefferman-Graham expansion (2.13) and (2.14), we are in position to tackle the problem of
regularization of the action.

It was suggested in [119], for Einsteinian cubic gravity, that one can renormalize the action
using the same boundary terms that are used in the holographic renormalization of Einstein-
AdS gravity, reviewed in Section 2.1, multiplied by a coupling-dependent overall coefficient.
This was introduced with the objective of the cancellation of divergences of the gravity action,
leaving aside the well-posedness of the variational principle, since for higher-curvature gravities

4 Notice that Tr g must vanish for D = 4, while gi(f) is left undetermined. This is expected, given that in three

boundary dimensions gi(f) is dual to the stress-energy tensor and there is no conformal anomaly.

5 Except for new massive gravity, since it is a 3-dimensional theory, ant therefore the coefficient g@

is sub-
ij
normalizable and should not be considered in the expansion (2.14).
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(except for Lovelock theories [211]) this is an open problem. As explained in what follows,
this idea for generating counterterms based on the Einstein-AdS case can be generalized to
arbitrary HCGs considering the asymptotic behavior of AIAdS spaces.

When considering pure AdS vacua, a minimal requirement for the renormalization pro-
cedure is to render the Euclidean on-shell action equal to either zero or the vacuum energy
of the maximally-symmetric configuration. The vacuum energy appears if the bulk is odd-
dimensional, and in the context of AdS/CFT it is related to the Casimir energy of the CFT side.
One can then assume that the boundary term for HCGs is equal to the one for Einstein gravity
with a coupling-dependent overall factor, that can then be fixed by requiring the cancellation
of divergences in the action for the maximally-symmetric solution. Said action evaluated in
the vacuum solution is proportional to the AdS volume, with an overall constant that depends
on the couplings of the theory, and one can then check if the same boundary term works for
other AIAdS solutions besides the pure AdS configuration. This will be performed explicitly in
Section 2.4, making use of the FG expansion reviewed above.

A similar approach was pursued in [225] and [226], where the authors considered some
counterterms with a multiplicative constant —that matches the prescription in [119]— in order to
compute the Noether-Wald charges for quadratic curvature gravities in even-dimensional AIAdS
spacetimes. In [227] the same additional terms are introduced to obtain finite entanglement
entropies.

The counterterms considered in these last three references are, however, different from
the usual HR proposal. The latter prescription produces a series of terms, whose complexity
depends on the dimension and can not be expressed in any closed form. The alternative
approach consists on adding to the action some topological quantities dubbed Kounterterms,
because they can be naturally written in terms of the extrinsic curvature of the boundary.
They were originally proposed in [18,19,213-216] to renormalize the Einstein-Hilbert action
and obtain a well-posed variational principle, which then allows to compute finite conserved
charges in AdS gravity. Moreover, this method has been considered also for the computation
of renormalized entanglement entropies [224, 228, 229].

In the present work, we aim to expand this prescription to more general theories of gravity
admitting AIAdS solutions in up to 5 dimensions, whose metric can be expanded in terms of the
radial coordinate as in Eqs. (2.13) and (2.14), with the coefficients written in Eq. (2.15). In this
Section we will simply introduce the form of the Kounterterms for even and odd dimensional
bulks, as given in the literature. The only modification that we propose is to multiply these
boundary terms by the constant C(L) defined in Eq. (2.12), which is the only theory-dependent
part of the entire expression. In Sections 2.4 and 2.5 we will see that this constant appears
naturally in the terms that need to be cancelled, thus motivating our prescription.

2.3.1 KOUNTERTERMS FOR EVEN BULK DIMENSIONS

The Kounterterms for D = 2n dimensions are given by [18]

Skt = o / % By 1 [h, K, R, (2.55)
oM
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where B,,_; is the n-th Chern form®

JieeJon-17i izl3

1 o /1 o
an_1 = —Zn\/—h/ dt 5’.1“'12”*11(,]1 (_Rjzb _ tZKviJZZKviJ;)
0 : (2.56)

I2n—212n—1 Ion—2 = “l2n—1

X e X (%ijz_hnl _ tZKJanKj2n1> ,

and we write the constant ¢,,_; as

(1)

“nzn—2) 2)!C(L)- (2.57)

Con—1 =

This recovers the usual value of the constant for Einstein gravity, presented for example
in [230], since in that case C(L) = 1/ (162Gy) with our conventions. However, we claim that
this boundary term is suitable for more general theories of gravity whose Lagrangian is made
of arbitrary contractions of the Riemann tensor, in particular, whose bulk is 4-dimensional.

As shown in [230], for Einstein gravity the Kounterterm (2.55) is exactly equivalent to the
usual HR prescription in D = 4 and, at least, in D = 6 as long as the boundary is conformally
flat. We will see this explicitly in Section 2.4, when we show that it cancels the divergences of
the on-shell action in 4 dimensions.

Besides, let us mention that by means of Euler’s theorem this even-dimensional Kounterterm
can be written also as a bulk integral. In particular,

/ P4 = (47)'mly (M) + / By (2.59)
M2n aA/’-Zn

where y (Ms,) is the Euler characteristic of the manifold M, and &,, is the 2n-dimensional
Euler density
J=G

£2n — 5H1~-/12nRV1V2 RVZn—lVZn . (259)

on Vi---Von = "H1}H2 Hen—1H2n

This alternative form, albeit interesting, will not be necessary for our purposes.
2.3.2 KOUNTERTERMS FOR ODD BULK DIMENSIONS

For D = 2n + 1 bulk dimensions, the Kounterterm reads [19]

Skt = cz,l/ d*x By,[h, K, R], (2.60)
oM

where the integrand B,, is given by

1 d S o 2
By = —2n\~h / dt / ds 8% K o (573!”4 — PKPKE + 3—5435!4)
0 0

Ji---Jon i3i4 K i3 Vg

(2.61)

2 i2n—1i2n ion—1 " “ion E ion—1 " l2n

2
NI <1Rj2nlj2n _ tZKJZn—lKJZn + s_5j2n—1 5j2n> ,

6 In these expressions, 5;:1]’; is the generalized Kronecker delta defined in Eq. (15).
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and the overall constant c,, is

(_LZ)n—l

B 22n=2p(n — 112)

c(L). (2.62)

Con =

As in the even-dimensional case, we recover the values of this constant presented in [230] if
we set C(L) = 1/ (167Gy), as corresponds to Einstein gravity. Also, this is equivalent to the
counterterms derived with the HR proposal, up to logarithmic divergent terms, in D = 3, 5 and
7, as long as the boundary is conformally flat [230].

In this case, B,, can not be written as the pullback of a topological quantity in the D = 2n+1
manifold, contrasting with what is found for even dimensions. Also, the fact that B,, depends
on the AdS radius L, while B,,_; does not, is an indicative of the topological origin of the latter.

2.4 DIVERGENCE CANCELLATION IN HCGs up ToD =5

We now address the problem of renormalizing the action of a general higher-curvature gravity
when evaluated on an AIAdS background. For this matter, we will first find the form of the
divergent terms at the boundary, with a general expression valid for D < 5. This restriction is
motivated by the fact that we are interested on holographic applications in realistic situations,
with strongly coupled gauge theories in at most four dimensions. Then, we will analyze the
divergent terms explicitly for D = 3, 4 and 5, and show that they are indeed cancelled by the
Kounterterm presented in Section 2.3.

2.4.1 DIVERGENT TERMS IN THE ON-SHELL ACTION

Let us consider the action of a general higher-curvature theory of gravity in D < 5,
S= / d"X-GL (RY) (2.63)
M

and evaluate it on an asymptotically locally AdS spacetime. We want to find the divergent terms
that appear in each dimension, so we write the metric as in Eq. (2.13), with the coefficients of
the FG expansion given by Eq. (2.15). Since in these coordinates the asymptotic boundary is
located at z — 0, we can identify the divergences in this region simply by looking at the terms
with negative powers of z in the expansion of the action. Given the form of the metric (2.13),
to leading order near z = 0 the square root of the determinant behaves as

V-G ~ ziD , (2.64)

plus additional higher-order contributions that decay faster near the boundary. However,
this leading behavior is enough to identify the terms in the Lagrangian that will produce
divergences. As shown in Section 2.2, the odd coeflicients in the FG expansion of the tangent
metric (2.14) up to the order that we are interested in vanish, so the on-shell Lagrangian can
only have terms of the form z* with i € Z". In the action, these result in

/sz—GzZi ~ /dzzZiD ~ 220D (2.65)

So such a term can produce three different behaviors as z — 0:
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« Ifi < (D —1)/2 the term is divergent, and it needs to be subtracted.
« Ifi > (D — 1)/2 the term vanishes at the boundary.

« For odd spacetime dimensions, there can be contributions with i = (D —1)/2. In this case
the integral above is not correct, as it produces a logarithmic divergence at the boundary.
This is universal and related to the conformal anomaly of the dual CFT [223,230], and it
is not cancelled by the topological Kounterterms.

Therefore, depending on the dimensionality of the spacetime the last term that produces
divergences will be different. In our case, for up to 5 dimensions we will have to look at
terms with i < 2. This is the reason why the higher-order contributions in the counterterm of
standard HR, given in Eq. (2.5), only appear for large enough D.

In order to isolate the divergent terms, first of all we have to obtain an expansion of the
Lagrangian £ (Rﬁf ) close to the boundary. This can be written as

_ p(0) v o
L=LY+PSRT+ ...

- o S (2.66)
= L£© + PJSRY + 4PISR) + 4PZ/SRE + ..,

where SR/7 denotes the terms in the components of the Riemann tensor that are different from
the background value (2.10), this is, those that depend on z. They can be computed using the
Gauss-Codazzi equations (2.20), finding

2 2
i _ z Ogi si_ ¥ polig, 2p0i 4
2.3 . 2.3
SR = L% (@(o)jR(o)f _@(o)kR(o)l{> N L'z (17RO — SFORO)
D-3 2(D —3)(D - 2) 07
+0 (zs) ,

SR =0(z"),

where we introduced the shorthand notation V© = V (g) and R©® = R (g©). Therefore,

since p(O)j;; = 0, the lowest order contributions in the expansion of the Lagrangian are

L£=L9+PY)SR!+0(z2"), (2.68)

where O (z*) includes terms coming from Pf,i(SRif,
the expansion of P/;.

Also, although we are not writing them explicitly, in this expression there should be
terms with higher derivatives of the Lagrangian with respect to the Riemann tensor. How-
ever, since any such derivative is, to the lowest possible order, constant in z, a term of the
form (0"L/(9R)") (SR)" will be at least © (22”). Therefore, second or higher derivatives are
unimportant when looking for the divergences in low dimensions.

If we now compute P(O)ZﬁRij explicitly with the expressions above for R/7 and P(O)Z; given
by Eq. (2.11), we find that it vanishes to the lowest order in z. So we conclude that the only
divergent part of £ (Rﬁf ) is

and others with higher powers of z from

L=L94z4®, (2.69)
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where the term £* will contribute only to the logarithmic divergence in D = 5. This contains
all the terms of order z* mentioned in the paragraph above, but its particular form is not
relevant for our computations, since we assume that our method of renormalization will not
cancel divergences of this type.

Now that we have expanded the Lagrangian in the coordinate z, we need to do the same
with the determinant factor that appears in the action (2.63). Using again the FG expansion of
the metric given by Egs. (2.13) and (2.14), this is

J=G = \/_ L z—g(o <1 + Z;Tr g(z) +0 (24)> . (2.70)
Plugging everything in, the divergent terms of the general action (2.63) for D < 5 are
Saiver = / d"X -G (£ +2'£®)
-1 [ i [ dz( 1oy £<0>Trg<o>+@<w>),

where we introduced the cutoff z, in the lower limit of integration, which must be taken to zero
once the divergences have been cancelled. The actual form of these divergent contributions
once integrated in z depend on the dimension of the spacetime, and in particular the second
and third terms produce the aforementioned logarithmic divergences at D = 3 and D = 5,
respectively. However, the terms that we want to cancel, the power-law divergences, always
appear multiplied by £ at these low dimensions. This is proportional to the constant C(L)
appearing at the lowest order in P through Eq. (2.12), or equivalently

(2.71)

_2(D-1)
L?

£© = C(L). (2.72)
Therefore, this supports our claim that the Kounterterms which cancel these divergences are
the same as those introduced for Einstein gravity, with the general prefactor C(L).

2.4.2 EXPLICIT ANALYSIS IN DIFFERENT DIMENSIONS

We will now show how the Kounterterms introduced in Section 2.3 are able to cancel the
divergences in Eq. (2.71), explicitly in 3-, 4- and 5-dimensional spacetimes. Notice that the
computations carried out here were already done in Section 3.4 of [230], and the only difference
in our results is the generic constant C(L) that multiplies both the Kounterterms and the
divergent terms in the on-shell action. In order to see that, we will have to write the objects in
(2.55) and (2.60) in terms of the intrinsic curvature of the boundary metric g(o).

In particular, provided the coefficients of the FG expansion are given by Eq. (2.15), the

extrinsic curvature reads

. 1 . ;
— Rk Ky = _5; : g(z) ( g(z) gj(z) g(4) )

I . o ) (2.73)
—5+ZD 3(RJ mR 5) (Z)
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The determinant of the tangent metric also needs to be expanded in powers of the radial
coordinate, and by means of Eq. (2.15b) it can be written as

F:m<

2 Lz 0 4
1-z mR()Jr(?(z )> (2.74)

2.4.2.1 3 bulk dimensions

In D = 3, the divergent terms in (2.71) become, after integrating in z,

Sdiver = C(L)/d —g(0 [— + Llog z, RO )] (2.75)
Lz}

where we used Eq. (2.15b) to rewrite Tr g®, and Eq. (2.72) for £. We need to find whether
the Kounterterm (2.60), particularized for D = 2n + 1 = 3, cancels the divergences found here.
In this case, the constant ¢, and the function B, are equal to

c, = —C(L), B, = —J—hK . (2.76)

Therefore, replacing the determinant 4 and the extrinsic curvature K in terms of the intrinsic
curvature of g( ), we find that the total Kounterterm for D = 3 dimensions reads

2
Skt = €, / d* B, = C(L)/dzx —g© [F +0O (zg)] , (2.77)
20

which cancels the power-law divergence found in Eq. (2.75), but not the logarithmic one, as we
had anticipated in Section 2.3.

2.4.2.2 4 bulk dimensions

The divergent terms (2.71) in d bulk dimensions become

2 3L
Saiver = —C(L) [ d*J—g© — - RO, 78
e = =0 [ =g | 2= (279)

The coupling of the Kounterterm that should cancel this and the second Chern form read

L? 1. .
_ —C(L) B =4 \/_51”213Kh ( R]ZJS _ gKiJ;KiJ:) ] (2.79)

J1J2J37 1 Ixl3

Writing it all together, the Kounterterm for a general theory in D = 4 is

2 L
Skt = C(L)/ol3 —g(o [L 3 ZOR(O)Jr(D(z )] (2.80)

which cancels exactly the divergent terms as written in Eq. (2.78).
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2.4.2.3 5 bulk dimensions

In this case, the divergent part of the action will have an additional logarithmic term, which
depends on Tr g® and £®,

2 L
Sdiver = —C(L) / d%—g© [—4 - —R®+0O(og zo)] . (2.81)
Lzy 3z

As before, this should be regularized by the Kounterterm (2.60) particularized for D = 2n+1 = 5.
The value of the constant ¢, and the function B, are

L2 i . o 1 . .
Cy = EC(L) s B4 = —V—hcsjijig](ijll <R{221J33 - K'QZKJ; + ﬁ&lj(gl};) . (2.82)
Then the total Kounterterm in this dimension is
4 2 L (0)
St =C(L) [ d%-g0 | — - SRV +00)], (2.83)
Lz; 3z

which cancels the divergences (2.81) except for the logarithmic one, as in the case D = 3.
As mentioned before, these divergences are universal terms, proportional to the conformal
anomaly of the dual field theory, and therefore they were not expected to be cancelled out by
this renormalization procedure.

2.5 VARIATIONAL PRINCIPLE IN HCGs up TOD =5

The other problem that we need to take into account is that of the well-posedness of the
variational principle, which ensures that the equations of motion for the metric are obtained
with the condition that the value of the metric, and not its derivatives, is fixed at the boundary.
In practice, this requires that the boundary terms that appear when varying the action depend
only on the variation of the metric of the conformal boundary, gi(;) .

We will show here that the Kounterterms presented in Section 2.3 are also able to achieve
this in the dimensions that we are interested in. First we will obtain the form of the boundary
terms that we need to cancel for general dimensions up to 5, and then particularize the analysis
to D = 3,4 and 5 as done in the previous Section to treat the divergences of the on-shell action.

2.5.1 DIVERGENCES IN THE BOUNDARY TERM OF THE VARIATION OF A GENERAL HCG

Let us consider again the action (2.63) for a general theory of gravity with higher-order
contractions of the Riemann tensor. Its variation produces two contributions [83,86],

5S :/ d°X-GE,,86G" +e/ dP " x N—hn,Sv". (2.84)
M am

The first of these is proportional to the equations of motion (2.8), and thus vanishes on-shell,
while the second one is a contraction of the vector normal to the boundary dM (normalized
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such that n,n" = € = +1) and the quantity’
Svt = =2PH° 8T, — 2V, P**7"5G,,, . (2.86)

We want to evaluate the boundary term in a solution of the equations of motion with AdS
asymptotics, so we consider the metric to be given by the usual FG expansion given by Egs.
(2.13), (2.14) and (2.15). The vector normal to the boundary is given in Eq. (2.16), and therefore
€ = 1 from now on.

In order to evaluate the boundary term in S we need expressions for the variation of the
Christoffel symbols. In particular, the ones we need can be written in terms of variations of the
extrinsic curvature (2.19) as

‘ 1 . . L_ .
8Ty = 5h" (ViShy + VShiy — ViShy) 8T, = %51@, oI, = —;51(;. (2.87)
Also, we expand the tensor P/ asymptotically as
vV C(L) 14 14 vV
Pl== (815, — 8187) + 5P (2.88)

where 5P} is not a variation, but a symbolic way of writing all the terms in P} that contain
powers of z (see Eq. (2.90) below). As explained, when evaluated on-shell the variation of
the action is equal to the boundary term proportional to (2.86), which after replacing the
expressions above for I and P/ becomes

55 = — / d*xV=h|C(L) (25K + (h™'5h)| K/ ) + 257 (26K + (h7'6h), K)
oM ! (2.89)
— an VPN (71 8h), — 2n*h V. 6PShy ).

1

J
metric on the conformal boundary § gi(;)) on-shell, due to the relations (2.14) and (2.15). If we
restricted the analysis to Einstein gravity, we would have C(L) = 1/(16xGy) and 5P5; =0,
independently of the background. Therefore, only the first term in these expressions would
contribute, recovering the results in Appendix D of [224].

The expressions above are written in terms of variations of the metric and the extrinsic
curvature. However, they are related on-shell through Egs. (2.15) and (2.19), and therefore the
variations of K;; can be written as variations of the metric gl»(jp), thus leading to a well-posed
Dirichlet problem once we get rid of the divergences. The next step is to expand 5P} in (2.89)
in powers of z. We are not interested in more than D = 5 bulk dimensions, so it is enough to
keep only the terms with powers up to z*, as the behavior of the determinant in the integrand

to leading order is v—h ~ z~®~V. Knowing that gi(jl) = 0, we can expand 6P/ as

where (h’lcSh) = h*Shy;, and the variation 6h;; = §g;;/2z* can be written as a variation of the

5P£’; = zZP(z)Z:, + Z3P(3)z; + z4P(4)ZZ +.... (2.90)

7 Notice that this is equal to the boundary term written in Eq. (1.10), which can be checked if one takes into
account that the variation of the affine connection is given by

1
oy, = EGM (Vp0Gao + Vo8Gpr = V30G,0 ) - (2.85)
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Plugging this into (2.89) and evaluating the covariant derivatives explicitly yields

c(r) (26K; + (n'oh) K7

2

+ zzf0 (—(ZD —7)PDI 4 2P(2)lk> (h'5h), (2.91)

58 = —/ d°'xN—-h

oM

3

+47 (—(D —HPO 4 POT) (h5h), + 240 (8g) +

The term of order z; inside the brackets contains the contractions ij and P(3)Z<, which can be
seen to vanish® provided g(3) = 0, following the reasoning of Section 2.2.3. So these divergences
do not appear in the general theories that we are interested in.%

The contribution at order z? requires some attention, but we will see that the two contrac-
tions of P(z) - appearing here vanish when evaluated on-shell. The tensor P/ is defined as the

derivative of the Lagrangian £ (Rg;) with respect to the Riemann tensor, so its components
will be given by contractions of the curvatures with four free indices that fulfill the symmetries
of the Riemann tensor itself. Since we are interested in the form of the terms at order z? in this
tensor, P®"’ »0» We need to study the components of the Riemann up to this order, which are
given on-shell by

- 9
Rg:—§5£’5{]+zz( —_— (2)’]+R )+(9(z4),

zi 1 i .
sz = _E(Sj +0O (24) , (2 92)
=0(2") .

As said, also contractions of the curvature can contribute to P in a general theory, and in
particular in this case it is enough to consider R;’,‘C and RZ. If we impose that the equations of

motion are fulfilled, g(z) is given by Eq. (2.15b) and thus the form of these contractions is found

to be

D 2 D-1

R = i+0(zY),  Ri=- +0 (%) . (2.93)

Thereby we see that the uncontracted components R} are the only ones that can contribute to
Py on-shell at order z°. This means that we can write

ij zi zi
p@) = c® ( — 5} (2)11 + R”) PO =P® =0, (2.94)

where C® is a constant depending upon the parameters of the particular theory that we
consider. However, these expressions are enough to see that, once gi(]fz) is replaced by its form

8 As seen before, in D = 4 only Tr g® = 0 is fixed, while the other components of gi(ja) (the off-trace part) are

free and correspond to the holographic stress-energy tensor of the dual CFT. In this case it can happen that
P(3)lf + 0, thus mducmg a constant term at the boundary, which is standard.
9 The expansion of P(3) . also contains terms of the form Vg(®. However, these are only present in the components
P(3)j~l or P(3)Zk, Wthh are absent at this order, although they might appear at higher orders in the expansion of
the boundary term of the variation (2.89).
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given in Eq. (2.15b),
zk Ik
P(Z)zi = P(Z)li =0, (2.95)
and thus the terms at order z? in the boundary term of the variation of the action, written in
Eq. (2.91), are zero on-shell in general.

Gathering everything up, we see that the boundary term of the variation relevant for D < 5
reads

55 = - /MdD-li—_h[C(L)(zafq+ ('on) K7) + 20 (6g) + .| (2.96)

By simple inspection, we observe that the only divergent part in up to 5 bulk dimensions is the
same as that of Einstein gravity, presented for example in [224], multiplied by the constant
C(L) which depends on the particular details of the theory. Therefore, we will assume that
the divergences in this object can be regularized by adding to the original action (2.63) the
usual boundary Kounterterms that are known to work for Einstein gravity, multiplied by the
constant C(L) as given in Section 2.3, and which we already know that are enough to cancel
the divergences of the on-shell action in these dimensions.

2.5.2 EXPLICIT ANALYSIS IN DIFFERENT DIMENSIONS

We will now see how the Kounterterms presented in Section 2.3 can be used to cancel the
divergences in the boundary term that appears when varying the action on-shell, given by Eq.
(2.96). Although the following computations are carried out more generally in Appendix D
of [224], here we will show them more explicitly in up to 5 bulk dimensions.

2.5.2.1 3 bulk dimensions

In this case the determinant factor is v—h ~ z7%, so the only non-vanishing terms of the
variation (2.96) are simply

= —C(L) / d J_ 20K + (h 15h); K/ ) . (2.97)
In order to regularize this, we add the Kounterterm (2.60) particularized to D = 3, which reads
Skt = C(L)/ d>\—hK . (2.98)
oM
It is straightforward to compute its variation, finding
8Ske = C(L) / d~—h (51@ (h‘%Sh)ZK) . (2.99)
Then, adding this to §S above we get the variation of the regularized action in D = 3,
1 i
8Sreg = 65 + 88 = C(L) / dx\—h (5 (h'6h) K — (b 15h) 5Kl> (2.100)
oM

To the lowest orders in z, the extrinsic curvature behaves as given in Eq. (2.73), which can be
written as

1 . .
= Z5; + zzLS‘]’. (g(o)) +..., (2.101)
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where S ( g(o)) is the Schouten tensor of the boundary metric g(o),

1 1
Sij (g(o)) ~D_3 <Rij (g“’)) - mR (g(o)) g,(JO)) . (2.102)

Using this, we see that the terms in the parenthesis start at order z?, which is finite when
multiplied by the determinant factor. Therefore the Kounterterm cancels the divergences in the
variation for this dimension of the spacetime, and it also allows the variation to be written only
in terms of variations with respect to gi(;)), thus leading to a well-posed variational problem.

2.5.2.2 4 bulk dimensions

The divergent boundary terms of the variation of the action in D = 4 are
=—C(L) / d* \/_ 26K! + (h*15h)i, K’ ) . (2.103)

These should be cancelled by the Kounterterm (2.55) with n = 2, which is

Ji2j3"h 1213

Su = ~L*C(L) /aM d T 81 g ( REP %Kfo) . (2.104)
Its variation can be evaluated explicitly term by term, and the final result reads [224]
8k = C(L) /a | dxh (26K + (n'sh) &)
+L2C(L) l A [Wj{ ((hom), Kt +26K7 ) (2.105)

— 8k K, (h*lah);"] .
The first term in this expression cancels exactly the divergent terms in the variation (2.103).
The second integral in §Sk; is finite if we assume Asymptotic Conformal Flatness. Indeed, in
this case the relevant components of the bulk Weyl tensor behave as*® I/VJ’II ~zP71 = 2% and
since 0K ~ z° due to Eq. (2.101), only the first term in that parenthesis contributes. The last
term of Eq. (2.105) can also be shown to vanish for this number of dimensions. Assuming that
the boundary submanifold is infinite, we can integrate by parts without adding a boundary
term,

\/_h5lllzl3K]1v13v (h_15h)f — J—p Girias (h‘%h)f v, VEK (2.106)

J1J2J3 J1J2J3

But since @Ki]; ~ 7% at least (to zeroth order of K] is proportional to §}) and the indices of the
covariant derivative are raised with the metric b/ = z%g", we have

NE (h 15h) V, VK] ~ (2.107)

J1J2J3

10 The Asymptotic Conformal Flatness (ACF) condition [224] implies that the leading behavior of the bulk Weyl
tensor with all indices in the directions tangent to the boundary is that of a normalizable mode, W,é{ ~zP71 As
shown in Appendix C of [224], ACF is equivalent to the boundary being conformally flat. In the case D = 4
this is fulfilled directly, since any 3-dimensional manifold is conformally flat, but in higher dimensions it is
necessary to specifically require the Weyl tensor of the boundary metric to vanish.
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so this term vanishes as z — 0. Therefore, the boundary term of the variation of the regularized
action in D = 4 reads

O8Seg = S + 8k = L*C(L) / d*-hW)] (h—lah);k,.’f, (2.108)
oM

which is finite and can be written as depending only on the variations § gl-(f), thus leading to a
well-posed variational problem with Dirichlet boundary conditions and no divergences.

2.5.2.3 5 bulk dimensions

In 5 bulk dimensions the form of the divergent terms is the same as before, with the difference
that now also the terms of order z; contribute,

5 = — /m d* e =h|C(w) (26K + (h7'oh) K/ ) + 230 (5g) + . |. (2.100)
In this case only the first term inside the brackets produces divergences, and the second one is
constant in z,, so it does not need to be subtracted and its actual form will not be relevant for

our purposes. The boundary Kounterterm that should cancel these divergences is (2.60) with
n=2,

L? S
Sk = ——C(L) / di =R 8 K
8 oM

JijeJs ™ ia

. S 1 .o
(Rjz_js — K”2K5 + _5!25.13) . (2.110)

1213 12 7713 3L2 12 713

Obtaining the variation of this Kounterterm entails a rather involved computation, which again
can be carried out following Appendix D of [224]. The final result reads

88« = C(L) / d—h (zaK;' + (h‘léh); K/ ) +85M) 4+ 58O 4 55Y) | (2.111)
oM

where the first term cancels exactly the divergent part of (2.109), and we have defined

L2 b . ) 3 i
65 = ~ZC(1) /aMd4xJ—h5j1jg];m§5 (26K + (n'om), ) . (2.112)
L’ i1iisi j3.J j5 7). I
55 = 1_6C(L) /aM dN—h &7 (szi]f - KK + §5f5ijf> (2.113)

i

x ((h—lah)f (Kot - 6FKE) + 25{}51(5) ,

- L2 o o~ o~
857 = el / dc\=h )% (h'6h)” U, VK] (2.114)
oM ’

Jij2j3
With this, the variation of the total regularized action is
8Sieg = 65™ + 65© 4+ 55) 1 55(0) (2.115)

where 55(%) corresponds to the terms of order z; in §S that produce a constant in the integrand,
and whose particular form depends on the theory. In order to show that this variation of the
regularized action is finite we should count the powers of z appearing in each of the terms,
which we do now.
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The variation §S™ can be rewritten by expanding the sum in the indices of the antisym-
metric delta, and using W;/ = 0, which follows from wh = W:il = 0. We find

L2 ) . .
65" = ZC(w) / d5Nh W (251@1 + (h’léh)iKik) . (2.116)
oM

But now recall that Eq. (2.101) implies that 6K/ ~ 2%, and under the assumption of
conformal flatness VV]’,l ~ zP™' = z* Then, since V—h ~ z7*, the term with K] in the
parenthesis does not contribute, and we can simply write

12 - :
5S™) = - C) /M dx=hw} (h™'8h), KF. (2.117)
9.

The first parenthesis in §S can be rewritten in terms of the Weyl tensor of the bulk
metric, using the Gauss-Codazzi equation (A.10),

R = Ry, — 2K K], (2.118)
and the definition of the Weyl tensor, which to the lowest order in z yields
i iy 2sis
W, =R+ 7209 - (2.119)

These two expressions can be combined in the form

i _ i j J
The first parenthesis in §S*), taking into account the prefactor 5}172']3;;4 can now be rewritten
as ) )
R —KPK) + Iz SOl =Wl + KK — Iz 5161, (2.121)

and since W] ~ z* and K! = &' /L + O (2?), we see that to the lowest order

R — KPKY + —6060 ~ 2°. (2.122)

i3iy JE i3 Yiy
In the second parenthesis of §S in Eq. (2.113) we have
b ko .
K6 — 0, Ky ~ 2, SK? ~z*. (2.123)

Therefore, the whole integrand starts at order z*, and when integrated with d*x v—h it
produces a term that is constant and thus non-divergent when z — 0.

Performing a naive power counting in the term §5(Y), we could find that it produces a
constant at the boundary z — 0. Indeed, as was shown in D = 4, VlKl-’; ~ z2. Therefore,
one might be tempted to think that

V=h &, VP ~ 1. (2.124)

B3
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However, this expression vanishes if we impose the boundary to be conformally flat.
Indeed, since we can expand K]’ in terms of the Schouten tensor as in Eq. (2.101), to
leading order in z we can write

U, VK] = 22 LV, VE SO 1 = 2 LYOVOR SO 4

Loy . o . (2.125)
_ ngvg)) (vmm SO _ GO 5(0);3) +o

where quantities with the superscript (0) correspond to the boundary metric gi(]p), and

their indices are raised using that instead of h”, thus the extra z* factor in the second step.
To get to the last line we used the fact that this quantity is contracted with a generalized
Kronecker delta, and hence it is antisymmetrized in the indices j; and j;. We can now
use the definition of the Cotton tensor,

0 (0 0 (0 0
€O = FOSY IO (2.126)

in order to rewrite the expression above as

o~ L. i

V,, VEK] = z“EVl(f)C(O)iIM3 +.... (2.127)
But the Cotton tensor of g® is related to its Weyl tensor as [230]

- - 1 - . . .
VES)C(O).IMS = OGOy B (2.128)
" T D-4" h

which is zero if we impose the metric to be conformally flat, W(O)z = 0. Therefore, the
term of order z* in V;,V2K/" vanishes, and V;,,V*K/" ~ z°, which means that the total

integrand in 65 () is zero in D = 5, since

V—h 5232;]33 (h_15h)f ﬁiﬁkKi{l ~ 7 (2.129)

vanishes at the boundary z — 0.

Gathering everything up, we find that the boundary term of the variation of the regularized
action in 5 bulk dimensions is

2 .
OSreg = / d4xJ—_h[%C(L)w;; (h'oh), K + 230 (g9)] (2.130)
oM

which again corresponds to a well-posed Dirichlet variational problem. The last term between
brackets contains the contributions of order z; appearing in the original variation (2.109), as
well as those coming from §S©.

2.6 DiscussioN

In this Chapter, we have proposed a renormalization procedure that can be applied to arbitrary
higher-curvature gravity theories, evaluated on asymptotically locally AdS manifolds and with
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up to 5 bulk dimensions.'* This method uses the counterterms proposed in [18, 19], whose
expressions involve the extrinsic curvature of the boundary, but with a theory dependent
coupling constant, as given in Eqs. (2.57) and (2.62).

In order to show the universality of the method, first we decompose the equations of motion
of an arbitrary higher-curvature theory into their components normal and tangential to the
boundary, and expand them in powers of the holographic Poincare coordinate. By means of
these, we are able to argue that in general the relevant odd coefficients of the Fefferman-Graham
expansion of the bulk metric, gi(jl) and gi(f), are zero. Furthermore, requiring symmetry under

the PBH transformations [217] we argue that gi(]fz) is constrained to have the universal form
given in Eq. (2.15b). Then, considering these general features of the FG expansion, we verify
that the proposed procedure is enough to ensure the cancellation of divergences on the on-shell
action (Section 2.4) and the well-posedness of the variational principle (Section 2.5).

The argument presented fails for particular theories (discussed in Section 2.2.1 and Appendix
B), for which the equations of motion do not constrain the form of the coefficients gi(jl) and/or
gi(]?) of the expansion. Even though these theories correspond to zero-measure submanifolds in
the theory space spanned by the couplings of the higher-curvature terms, they are interesting
on their own, since they include theories displaying degenerate AdS vacua and modified AdS
asymptotics. While one usually wants to avoid such behaviors, it can be interesting to use the
conditions obtained in Section 2.2.1 to look for new exotic theories of gravity.

Expanding the method to higher dimensions would be a natural continuation of this work,
but this entails some additional difficulties. Besides the need to extend further the FG expansion
(2.14), in D > 5 one would need to consider also the divergent terms of ©@ (z“‘D ) and higher in
Eq. (2.71), which would become relevant. However, with our analysis we have no reason to
think that these will be proportional to £, as required for the current approach to work. In
any case, we can not make any claim in this respect, and an explicit study would be needed for
larger dimensions.

Finally, while the study presented here is very abstract, in the sense that we only propose
and show the validity of the method, it can be considered for more practical purposes such as
obtaining finite asymptotic charges for black hole solutions in higher-curvature theories. Also,
in the context of the AdS/CFT correspondence, one would use the method for renormalizing
holographic entanglement entropies, as in [224,227-229,231]. In fact, our prescription has been
used to compute entanglement entropies and some related quantities, as anomaly coefficients
and central charges, for general cubic theories in [232,233].

1 In the case D = 5, one needs to explicitly require Asymptotic Conformal Flatness, which is equivalent to the

(2)

boundary being conformally flat [224]. This is needed to guarantee that g;;” has the universal form given in Eq.

(2.45) and for the variational principle to be well-posed, as discussed in Section 2.5.2.3.
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HOLOGRAPHIC SUPERCONDUCTOR IN
EINSTEINIAN CUBIC GRAVITY

The holographic duality relates the dynamics of a strongly-coupled QFT in its large N limit to
those of a classical gravitational system [12], much easier to treat. Therefore, it can be regarded
as a tool to study strongly correlated quantum systems, that are untractable by conventional
methods. Although it was originally formulated in the realm of high-energy physics, the
AdS/CFT correspondence has been applied also to different condensed matter setups, the
resulting branch of research being known as AdS/CMT, for condensed matter theory [234].

The simplest example of one such system is the “holographic superconductor,” whose
existence was first established in [20,21] (see also [22]). This is a (2 + 1)-dimensional system
with a U(1) symmetry, which is spontaneously broken below a critical temperature by the
condensation of a scalar operator O, thus giving rise to a transition into the superconducting
phase [235]. At the other side of the duality, this corresponds to a planar black hole in
(3 + 1)-dimensional AdS spacetime, with a scalar field which develops an instability below
the critical temperature. This holographic setup reproduces several known features of high-T,
superconductors [236], which are not described by the usual BPS theory, and whose physical
mechanism is not known. The crystalline structure of these materials is often layered, with a
strong coupling inside each of them, so it is reasonable to study them as this (2 + 1)-dimensional
holographic model.

As mentioned before, the classical regime of the gravity system corresponds strictly to
the infinite N limit of the QFT. However, this is not realistic enough, and one would try to
improve this description by introducing 1/N corrections into the boundary setup. A subset
of these diagrams —which also include 1/ /1 effects, being A the °t Hooft coupling— can be
resummed producing higher-curvature terms in the bulk action [72]. So classical holography
in the higher-order gravity background would take into account some such corrections to the
dual field theory.

In a top-down approach it could in principle be possible to find the form of these higher-
curvature terms, provided we know the D-brane configuration, field content and regularization
scheme at hand. This however is not feasible in general, so we will stick to the bottom-up
construction that we always follow in this thesis, choosing our gravitational Lagrangian based
on generic physical requirements alone. As always, we want a theory that admits black hole
solutions with a single function, does not propagate any modes other than the massless graviton
and is non-trivial in 4 dimensions, in particular for an AdS background. The lowest order
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theory fulfilling these conditions that we know of is Einsteinian cubic gravity, introduced in
Section 1.1.3. In particular, the gravitational part of the action will be

pL!

R—-2A—-—
54

1
SGravity = Sgn + S(S) = /d4x V™8 (P - SC) > (31)

6R6 ™ 167Gy

where Gy is Newton’s constant, L the AdS length scale and f the coupling parameter of the
cubic terms, normalized in a convenient way for this Chapter. P and C are the cubic Lagrangian
densities, whose form is given in Egs. (1.24) and (1.33), and the combination P — 8C allows
the theory to have also a well posed cosmological scenario [76]. Although this construction
could be generalized to any higher order in the curvature [78], for simplicity we will stick to
the cubic case, which should be enough to identify some features of generic corrected models.

This gravitational action can be used to describe a dual CFT with a non-zero value for the
stress tensor three-point function t;, —which is a function of the coupling ﬂN [119]—, but it can
also produce causality issues [103, 104,237,238] for relatively large values of the coupling. If
we further required the positivity of energy fluxes as in [183], we would need [t;| < 4, which
results in a bound on the coupling as restrictive as 0 < f < 0.0211 [119]. However, this would
lead to very small corrections on the system and we did not find any noticeable effect when
this bound is violated. Therefore, since our aim is to explore the effect of the cubic terms we
will ignore this constraint.

The Coleman-Mermin-Wagner theorem rules out the spontaneous breaking of a continuous
symmetry in (2 + 1)-dimensional systems at finite temperature, due to the presence of long-
wavelength fluctuations that prevent the order parameter from having a non-zero expectation
value [239,240]. In a holographic setting, these fluctuations would be suppressed in the large
N limit [241], since the Goldstone fluctuations only show up at subleading order. Said regime
corresponds to Einstein gravity in the holographic framework, and this is the reason why the
scalar field is able to condense during a phase transition.

In order to restore the Coleman-Mermin-Wagner theorem, one could naively think that
it is enough to consider corrections away from the large N limit. However, since it is a large
distance effect it is not restored by simply adding these 1/N contributions, and it would indeed
require the calculation of Witten loops in the bulk [242] (see also [236]). In spite of this, it
has been observed that different higher-curvature corrections make the scalar condensation
more difficult, delaying the superconducting phase transition to lower temperatures [243-246].
However, in all these cases the system is higher-dimensional, and thus the theorem cannot be
directly applied. The interest of studying the superconductor in Einsteinian cubic gravity resides
in the fact that it is the first theory that allows us to explore the effects of such higher-curvature
corrections on a (2 + 1) dimensional boundary theory.

The contents of the current Chapter have been publised in [25]. The details of that article
can be found in page 211 of this document.

3.1 THE MODEL

Let us start the study by defining the setting of our problem. We want to describe a (2 + 1)-
dimensional s-wave superconductor,’ so we consider a holographic model in (3 + 1) dimensions.

1 A superconductor system in condensed matter physics is characterized by an order parameter, which is typically
the wavefunction that determines the density of superconducting charge carriers. For the s-wave models that

52



CHAPTER 3. HOLOGRAPHIC SUPERCONDUCTOR IN EINSTEINIAN CUBIC GRAVITY

The boundary has a global U(1) symmetry, which we extend into the bulk by adding a U(1)
gauge field, and a charged scalar that will correspond to the condensate that will break the
symmetry in the superconducting phase transition. The entire action of our bulk system is

S= SGraVity + SMaxwell + SScalar > (32)

where Sgravity is the gravitational action given by Eq. (3.1), and the other terms correspond to
the electromagnetic and charged scalar fields,

1
SMaxwell + SScalar = - / d4x V=8 (ZF,“,F”V + |a¢ - lquMZ + m2|¢|2> . (33)

Here, m and q are respectively the mass and the electric charge of the scalar.

The action has a well-defined probe limit, in which the scalar and electromagnetic fields
do not curve the background geometry. This corresponds to the regime in which the fields ¢/
and A and their derivatives are small, since the energy momentum tensor is quadratic in those
fields, while their equations of motion contain linear terms. However, in order to keep some
interaction between the two fields in this limit, one should take also g — oo while keeping the
products gA and gy finite. In this work we will consider both this probe limit and the fully
backreacting regime.

We are interested in describing a spatially infinite system at equilibrium at the boundary, so
we look for solutions that are static and have AdS asymptotics, and with a (2 + 1)-dimensional
boundary. This is realized by the planar ansatz

ar*  r?
ds? = —Nz(r)f(r)dtz + m + ﬁ (dxz + dyz) , (34)
y=y@), A=, (3-5)
which requires the cosmological constant appearing in Eq. (3.1) to take the value
3
A= —E . (36)

In these expressions, L is a constant with units of length, usually referred to as the AdS length
scale.

The equations of motion for the coupled fields can be obtained by using the reduced action
approach described in Section 1.1.3, which consists on evaluating the action with the ansatz
and then computing the functional derivative with respect to each of the functions in the fields.
After setting 167Gy = 1, which we will keep for the entire Chapter, we end up with

l////+<§+E+f_/>¢’+l(ﬁ—m2)¢:0, (3-73)

S YA AN
o (2 ) ¢ -ho -0, (3.7b)

SN [orm? (65 = mirg? = 2f') = 2fN* (P9 + 2) = 1| - 24" Ny

we are interested on this carries no angular momentum and is spherically symmetric, so it can be considered a
scalar function.
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+ % /§L4{24 N’ f/(rf — f) — 24f*N’(2(*N"* = N*) + rNN’)

v 6rff'N’ [8 N2 f = 2f) — PPN F'(5FN’ + 2N f7) + 4r f*N(4N + rN’)]

+6rNf2f” [4 F(=rNf’ + (N? + rNN' = ©2N"%)) + r2N? f”]

+12r fNN" |2f2(3rN = N) +rf (N(2f = rf) = 3rN'f) + PN £ |
4%*N7%®@@M—Ao+wﬁNfﬁ:w, (3.7¢)
NP (2f°NN' = r N - 'ry’ )

+ % ﬁL4{3N’ [4N2 PR = 2f) + FAN' (4F%(N — 2rN") + 3r2f'(2fN' - N f’))]

+ 3N 2N’ [Nr(S F—5rf) — 6r? fN’]

+3fIN" 2N F(2NI(f = 3rf)) + P2 FN') + N*(2f Carf = ) = 3r°f7)
—3NfN"(2fN” + Nf") = 3rNf*N®(2f(rN' = N) + rNf’) } =0. (3.7d)

Near the AdS boundary, which corresponds to r — oo with our choice of coordinates, the
functions in the metric can be expanded as

f0) = GhR+0 () (33)
N(@r)=N.+0(r?), (3.9)

where f,, and N, are constants. By simple inspection of Eq. (3.4), one can notice that if we
rescale the bulk time coordinate ¢ in such a way that N2 f,, = 1, then it also measures the
boundary time. On the other hand, a horizon at a finite r = r, will provide a finite temperature
to both the bulk and boundary systems. The metric functions can be expanded around that
point as

7)==+ 0 (=) (3.10)

Nr)=N,+O(r —r), (3.11)

where N}, is a constant that sets the time unit at the horizon and T is the Hawking temperature
of the black hole. These expressions, supplemented by suitable expansions of the fields ¢/(r)
and ¢(r), can be plugged into the equations of motion to relate the different constants and
obtain the subleading terms. This computation will be performed numerically in what follows,
for the different phases and limits.

3.2 THE NORMAL PHASE

In order to study this system we must first introduce the normal, or non-superconducting,
phase. This is the vacuum configuration, corresponding to a zero value of the condensate and
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the electrostatic potential, ¥ = ¢ = 0. In this case the equations of motion (3.7¢) and (3.7d) are
simplified and can be partially integrated as for any Generalized Quasitopological theory of
gravity, obtaining

r3

G B (A S (=) ) = (312
NG)= N, (519

where we introduced the integration constants M, which is proportional to the mass of the
black hole [119], and N, which sets the time units.

Plugging the asymptotic expansions (3.8) and (3.9) into these equations of motion we obtain
the relation

B St 1=0, (310

and as said before we choose N = N, = 1/ \/ﬁ in order for t to correspond to the time
coordinate of the boundary:.

Notice that Eq. (3.14) is solved by up to three different values of f., for a given ﬂ~ . However,
in order for the metric to have the correct signature we need f,, > 0, which is only possible for
S < 1. Besides, imposing that the terms of higher order in the asymptotic expansion of f(r) are
well-behaved, so that black hole solutions exist, requires > 0 [119]. Thus, we are left with

0<p<. (3.15)

In this range the equation still has two possible roots, but only one of them produces a positive
effective Newton constant for the gravitational perturbations. That solution flows into Einstein
AdS when f goes to zero [97], namely lim; ,, f = 1. This can be solved analytically, finding

fo (B) = ﬁsm [% arcsin (ﬁ)} , (3.16)

which takes values in the range f., € [1, 3/2], the largest value corresponding to ﬁ~ =121In
consequence, the form of the metric is completely determined by the integration constant M
and the cubic coupling p.

We should now turn to the behavior of the metric at the horizon. Plugging the expansions
(3.10) and (3.11) in the equation of motion (3.12), separating terms with different powers of
r —r, and imposing them to vanish independently, we find the temperature and radius of the

horizon, )
3r, MLz \"?
T =, r, = E——l . 3.18

an?Jf Q—ﬁ) (519

2 The effect of the higher-curvature terms at the boundary can be interpreted as a rescaling of the AdS radius.
Indeed, by looking at the asymptotic expansion (3.8) we see that it is natural to absorb f., in a redefinition

. L
L —L=—F— (3.17)

=

and since f,, < 1 we conclude that the cubic terms decrease the effective AdS radius. This is completely
analogous to what we find in Section 4.2, when studying the effect of the Gauss-Bonnet term on the AdS
asymptotics.
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By looking at these expressions, we see that the limit ﬁN = 1 is of particular interest. Even
though the horizon radius seems to diverge, one can easily check that Eq. (3.12) with M = 0 is
solved by the analytical function

3

0=

(r*=ri), (3.19)
for any value of r,. Therefore, in this limit the sense of scale of the solution is somewhat
lost, since neither the horizon radius nor the temperature are determined by the equations
of motion. For simplicity, in the numerical computations we will set r, = 1 when using this
critical solution.

We still need to obtain the form of f(r) for general values of f inside the allowed range
(3.15). In the GR limit ,B~ = 0, it takes the form

f(r) = % (1 - M;L ) , (3.20)
r

while in the critical one f = 1 it is given by Eq. (3.19). However, for any other value of
the coupling we need to solve Eq. (3.12) numerically. In principle this could be achieved by
implementing the numerical shooting procedure described in [5,119]. While this method is able
to produce numerically accurate solutions, the calculation becomes too complex when trying
to obtain the backreacted solution. In that case ¥/(r) # 0 and ¢(r) # 0, so we need to consider
the entire higher-order set of equations of motion (3.7), and in general N(r) # constant.

In this work we instead employ a numerical relaxation method [247], described in Appendix
C. The main advantage of this approach is that it is able to naturally implement boundary
conditions at both ends of the integration interval, which makes it very appealing for our
purposes. It requires a discretization of the space of values of the independent variable, so the
first step is to make the range r € [ry,, o) finite by introducing the inverse coordinate z = L*/r.
Then we need to specify a seed for the unknown function, which is iteratively modified until it
converges to the solution. In practice we solve for L? f(r)/r?, and choose the seed to be a linear
function in z, equal to 0 at the horizon and to f. at the boundary.

The solutions found with the relaxation method for several values of /5 are shown in Figure
3.1. The numerical accuracy of this procedure was checked by plugging the solution back into
the equation of motion, and it was found to yield significantly lower errors than the shooting
procedure, at least for the first few derivatives of f(r), which are enough for our purposes. The
numerical solution also matches the exact forms known for the cases ﬁ~ =0and ﬁ~ =1

3.3 THE SUPERCONDUCTING PHASE

At low enough temperatures, the near horizon region of the 4-dimensional AdS black hole
metric (3.4) is equal to an AdS, geometry. As in the standard holographic superconductor, a
choice of the mass of the scalar field that is stable in the asymptotic AdS, regime can violate the
two-dimensional Breitenlohner-Freedman (BF) bound in the near horizon region [22], leading
to an instability that results in the development of a charged scalar hair, which represents the
superconducting phase.
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FIGURE 3.1: Function f(r) of the black hole metric, for different values of ﬁ~
and r, = 1.5L. This was obtained by solving numerically Eq. (3.12) in terms
of the coordinate z = L?/r, using the relaxation method with 40 points in
the range z € [0, L?/r;].

3.3.1 INSTABILITY OF THE SCALAR FIELD AT LOW TEMPERATURE

In this Section we will review the procedure that allows the scalar field to develop a non-
zero value at low enough temperatures, which is nothing but the mechanism of spontaneous
symmetry breaking that produces the superconducting phase. We will also take into account
the role of the cubic terms in this phenomenon.

Let us consider the scalar field ¢ to have a mass m and a vanishing value initially, with
an electrostatic potential ¢(r) that modifies the spacetime metric, now corresponding to an
AdS Reissner-Nordstrom black hole. Since i = 0, the equation of motion of the potential (3.7b)

becomes 4 (rE)
reg’(r
which is solved by
2
¢’'(r) = QI;—ZN(r), (3.22)

where Q is a constant proportional to the electric charge of the black hole. This ansatz also
admits a single-function solution in our cubic theory, so we can set N(r) = N, whose value
will be fixed later. Then, the equation of motion for the function f(r) (3.7¢c) reduces to

r? 4rGL*Q* L*

——rft—=
L2 r 27

e A ) T

The asymptotic limit of this equation also corresponds to the same expansion as before, Eq.
(3.8), with f., given by (3.16), so we fix N, = 1/ \/ﬁ Let us now expand f(r) near the horizon
as

1) = T =n) + 5= nF O (= n)) (320
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where £ is a constant with units of length. Plugging this in Eq. (3.23) we find

- 3 = 4nGyLoQ? Vo T TGOt I <3rg - 4nGNL6Q2>3 |

T2 T 12 3
3r;,

anlrd[fe L2 Th L2

Since we are interested on the behavior of the system at very low temperatures, we will take
the extremal limit T = 0, which corresponds to

31 M2\
Q= h o = . (3.26)
471GyL 4

(3-25)

In this case it is easy to obtain the value of ¢ in the expansion (3.24), by replacing it again in Eq.
(3.23) and taking into account the values of Q and r;, above. One finds

L2

= .

< (3-27)
independently of the value of ﬁN
Let us now introduce the coordinates 7 and p, through the relations

£ , Lt (3.28)

- = €— b = 7 > .

T TP £ eN. 32

where € is a small parameter. These are chosen in such a way that the near-horizon metric
becomes, to first order in €,

2 f2
ds® = —%di’z + Edp2 + r,f (dx2 + dyz) , (3-29)

which corresponds to the product of AdS, with the real plane. The electrostatic potential ¢ is
also modified, and it reads3

L2
$:(p) = Q—p. (3.30)
"h
The equation of motion of a scalar field {/(p) of mass m in this background is
2 [Z 2[2
i (5 )y s
p P\ P

so it has an effective mass (squared) given by the second parenthesis In the extremal limit (3.26)

it becomes
) , 3¢

mee=m" — ,
eff 4Gy L2

(3-32)

which is independent of f, since £ is given by Eq. (3.27). In order for the scalar field to become
unstable and condense at these low temperatures it would need to violate the BF bound, which
in the AdS, spacetime of the near-horizon region reads [167]

1
mig > TR (3-33)

3 This can be seen by writing the potential as a differential form A = ¢dt = ¢,dr. The coordinates t and 7 are
related as in Eq. (3.28), and ¢(r) can be expanded near r = ry as ¢(r) = ¢'(r,)(r — rp).
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Equivalently, for the original mass m this bound implies

) 3¢ 1

> .
S G 4l (3:34)

This effective BF bound is independent of the coupling of the cubic terms 5. However, the mass
should be taken with respect to some scale, and since the cubic terms modify the effective AdS
scale it is natural to measure it with respect to L/ \/E, so we should formulate this inequality
in terms of m?L?/ f... If we set L = 167Gy = 1, as in the upcoming numerical computations, it

reads

m? 1

A > e (3-35)

Later we will fix the value of m®/ f,, in such a way that this inequality is violated, so the
field becomes unstable at the horizon and the superconducting phase appears. But since f,
increases monotonically with the coupling of the cubic terms, for a given value of m?/ f,, the
violation of the inequality becomes smaller as [§ grows. Therefore, we can expect that the
higher-curvature terms in the gravity action will make the condensation harder, and decrease
the critical temperature at which the phase transition takes place.

3.3.2 PROBE LIMIT

Let us now turn to the numerical study of the system, first in the probe limit in which the
matter fields do not backreact on the metric. This is the regime in which the scalar field  and
the electrostatic potential ¢, as well as their derivatives, are small enough that they can be
discarded in the equations of f(r) and N(r), (3.7¢) and (3.7d) respectively, where they appear
squared. The gravitational background is thus the vacuum black hole studied in Section 3.2,
on which the equations for the scalar (3.7a) and gauge potential (3.7b) need to be solved. As
mentioned before, in order to keep a non-trivial coupling between the gauge and scalar fields
we need to take the limit ¢ — oo, while keeping qi/, q¢ = constant.

In order to perform the numerical computation, we must first understand the expansion of
the matter fields at the limits of the integration interval. At the horizon we impose regularity
conditions in such a way that A,A* does not diverge. It can be checked with the equations of
motion (3.7a) and (3.7b) that this implies

¢=00—n), (3.36)
Y =9+ 0@ —m), (3-37)

where ¢, is a constant. On the other hand, at large r we find from the same equations the
asymptotic expansions

¢:p+§+(9(r—2), (3.38)
Y=y, 1+O( ) r™+y_(1+0O0 (7)) r, (3-39)
where 1, p and /.. are constants, and the exponents A are given by
A, = 2. 24 Lm? (3-40)
27\4  fe
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In order for the solution to be stable near the boundary, the discriminant inside this square
root needs to be positive, resulting in the well known Breitenlohner-Freedman bound on the
scalar mass. Also, since f, increases with the coupling f, the bound is lowered by the cubic
curvature terms, this is, the field can have a larger tachyonic mass while still being stable.

In what follows we will fix the mass of the scalar field as m* = —2f.,,/L?, producing the
convenient values A, = 2 and A_ = 1 in order to make contact with the standard literature.
This value fulfills the Breitenlohner-Freedman bound in 4 dimensions, but violates the effective
near-horizon bound given in Eq. (3.34), thus allowing the superconducting phase transition to
take place. It also renders both terms in the expansion (3.39) normalizable [167], and any of its
coefficients ¢, is proportional to the expectation value of a boundary operator (. ), which we
define as

(O.) =2y, . (3-41)

The other coeflicient can be identified with the corresponding source J%, but since we are
interested in spontaneous symmetry breaking we will set such source to zero.

3.3.2.1 Numerical method and boundary conditions

For the numerical computations we employ again the relaxation method explained in Appendix
C. This requires the range of the independent variable to be finite, so in practice we work with
the coordinate z = L?/r, which satisfies 0 < z < L?/r,. Besides, we also solve for the function
P(r) = r(r), which goes to either 0 or a finite value at large r, depending on the dimension of
the condensate that is turned on.

This procedure has the advantage that it lets us apply boundary conditions at both ends
of the interval in a natural way, so we will take advantage of this feature. In all cases, at the
horizon z = z, = L*/r, we fix the values

mL? — z ' (z1)
2f(z)

where P, is a constant that will ultimately determine the temperature of the system, and the
last expression can be obtained by studying the equation of motion (3.7a) near the horizon,
taking into account the other two conditions. Furthermore, we will impose one condition at the
boundary z = 0, depending on the condensate that we want to study. Since P(z) ~ ¢_ + zi/,,
these are

P(zp) = 0, P(z) = Py, P'(z,) = (3-42)

P/(0)=0 suchthat (O.)=2y_ =0,
P(0) =0 suchthat (O,)= 2y, #0.

The relaxation method also requires an initial seed for the fields that we want to compute,
which we choose to be a linear function interpolating from the known conditions at the horizon,
and some values at the boundary that will change as the algorithm converges. For the field P(z)
this last number can either be zero (if we want (©,) # 0) or a constant (for (O_) # 0), which we
take to be equal to P,. On the other hand, for the Maxwell potential we take ¢(0) = —p.z;/L?,
where p, is the critical value of the charge density at which the condensation begins.

This critical charge density can be estimated by solving a Sturm-Liouville eigenvalue
problem, as explained in [248]. Let us review this computation here for our case.

(3-43)
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The equation of motion for the scalar field (3.7a) can be rewritten in terms of the coordinate

z and the fields

2 2\ As
fo-5ie.  ro=o5 (L) v, (.49

resulting in

o 2(Ay — 1 Acf AN -3) mL? N

F” + f—~+—(i ) F' + i{+ i(j; )_m~ F+fq~¢F:0. (3.45)
f z zf z Zf f?

Since we want to study the onset of the superconducting phase transition, we can consider

F = 0, so the Maxwell potential is equal to its background value ¢(z) = p.(z —z). Plugging this
into the equation, we see that it now takes the form of a Sturm-Liouville eigenvalue problem

d d z

& O an@ @ =0 K@Yy GL. 6o
where the eigenvalue A and the rest of the functions are identified as

Af | AA=3)f m2L2>

z z2 z2

A= pcz ’ k(Z) — fZZAi_Z ’ q(z) — _ZzAi—z (

(3-47)
a2 Jod" (2 = 20)"

f

and the limits of the interval are z, = 0 and z; = z;. The eigenvalue of the differential equation,
which in our case will give us the value of the critical charge density, can be obtained by solving
the following minimization problem [248]

_ f: dz [k(2)y' (2)* + q(2)y(2)?]
L dzp(2)y(z)

In order to minimize the quotient of integrals with respect to the function y(z) = F(z), we
introduce the relatively simple ansatz F(z) = 1 — az* + bz> + cz*. Then, the problem reduces to
finding numerically the values of the constants a, b and c that minimize that quantity.

Finally, we should comment on how temperatures are treated in this problem. Notice that
the Hawking temperature of the black hole is constant, given in Eq. (3.18), but the numerical
results will be displayed as functions of the temperature of the system. The way to do this is
by finding another energy scale to compare it with, in this case the charge density p that can
be read from the asymptotic expansion of ¢(z), given in Eq. (3.38). In the numerical procedure,
we solve the system for one value of the constant P(z,) = P, each time, as said before. This
will produce a profile for both P(z) and ¢(z), from where we can read the expectation value of
the condensate (. ) and the corresponding charge density p, which we use to measure the
critical temperature as

p(z) =z . Y@ =F(2),

A

(3.48)

Y=Ymin

3, p
T.=—1— |5, 4
L\ (3-49)

Here p, is the critical charge density, obtained from the results of the onset of the superconduc-
tivity. Therefore, even though the temperature of the black hole does not change, since there is
another energy scale involved we can obtain results corresponding to different temperatures.
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3.3.2.2  Results for the condensation

Let us now show the numerical results for the expectation value of the two condensates (O..)
as a function of the temperature, obtained as explained above. Let us remind the reader that in
the numerical computations we always set L = 167Gy = 1, for simplicity.

We checked in each case that the solution found for /() does not have nodes, this is,
points where {/(r) = 0, although it is possible to achieve profiles with these features using our
numerical procedure and different boundary conditions. Such solutions correspond to excited
states of the condensate [249-252], whose study can be interesting on its own, but lies outside
the scope of the present work.

0.0 0.2 0.4 0.6 0.8 1.0

T/T, T/T,
(a) Condensate (O_). (b) Condensate (O, ).

FIGURE 3.2: Condensation of the operators of dimensions 1 and 2 with
respect to the temperature in the probe limit, g — oo, for different values of

B.

In Figure 3.2 we see how the condensate value (O.) in each of the possible quantizations
changes as a function of the temperature. In general, we observe that increasing values of
the cubic coupling ﬂ~ leads to larger condensates at low temperatures, when normalized by
the critical temperature. This is analogous to what was previously reported in other higher-
curvature theories in higher dimensions [243, 245]. As in the standard GR case, there is a
divergence on the condensate ((O_) as T goes to zero, which spoils the decoupling limit but
disappears when backreaction on the metric is considered, as we will see later.

In Figure 3.3 we see the effect of the cubic-curvature terms in the critical temperature
for the superconducting phase transition. It decreases monotonically as a function of the
cubic coupling, until values close to its upper bound ﬂ~ = 1 are approached, where there is a
qualitative difference between the two quantizations that can be understood as follows. In this
limit the function f(r) is given exactly by Eq. (3.19), where the radius of the horizon can take
any positive value. On the other hand, the asymptotic form of ¢(r) and /(r) is still given by Egs.
(3.38) and (3.39). However, if we look at the condensate (O_), this is, we set /(r) = _/r and
¢(r) = u + p/r, the equations of motion (3.7a) and (3.7b) imply that y_ = p = 0, which means
that both fields are equal to zero in this case. Thus, it makes sense that the critical temperature
diverges as seen in Figure 3.3, since the energy scale with respect to which it is measured, ,/p,
vanishes. This does not happen if one studies the other condensate, (O, ), in which case ¥/,
u and p are not determined analytically by the equations of motion and the entire numerical
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F1GURE 3.3: Dependence of the critical temperature of the two operators
with the coupling ﬁN, in the probe limit. Obtained from the critical charge
density p. as given in Eq. (3.49). The divergence on the blue curve at f—1
is due to the vanishing of p in that limit.

computation needs to be carried out, finding a non-vanishing value of the condensate as shown
in Figure 3.2.

3.3.2.3 Electric conductivity

It is possible to evaluate the electric conductivity of the dual theory using standard holographic
methods. To that end, we turn on a perturbation on the spatial component of the gauge field,
such that the Maxwell potential is

A= ¢(r)dt + e SA(r)dx, (3.50)
and the equation of motion of this perturbation reads
7 f/ N/ ’ 1 wz 21,2
A + | — + — | 0A. + — -2 0A, =0. .

This would excite a perturbation in the tx component of the metric, e'§ g;,, but in the probe
limit it is safe to turn it off. By expanding this equation for r — oo we find that, near the
boundary, § A, behaves as

SAW

0A(r) = 5A§C°) + —=+0 (r_z) ) (3.52)
r

If we now look at the behavior of Eq. (3.51) near the horizon, and plug in the previous expansions

for the different fields, we find

SALr) = 8Aqu(r = r) /™ + 8 Ai(r — m) /T, (3-53)

where 6 A, and § A, are outgoing and ingoing modes at the horizon, respectively. Then, in
order for the propagation of the perturbations to respect causality we need to impose d Ayt = 0,
while the actual value of § A, is not relevant as long as it is finite, and in practice we set it to 1.
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Now that we know the form of § A, at the horizon, it is straightforward to solve the equation
of motion (3.51) for any given value of w, plugging in also the value of the field ¥/(r) obtained
previously which we assume to be unchanged by the perturbation. The equation can be
integrated with a standard numerical procedure, starting from the horizon and towards the
boundary, in order to read the values of the coefficients in the expansion (3.52). Following
the usual holographic procedure we can identify the leading term with a perturbation of the
electric potential, 5145;0) = §E, \/ﬁ /iw, and the subleading one with its linear response on the
electric current, 5A§1) = JJ,. Then, the conductivity can be obtained according to the Kubo

formula
8Je  fo 6AW
o= =TT (3-54)
OE, v SAS
14 ' ' 1
1.2 F ]
1.0 _—
Re(o) Re(o) 08 - (N}R
0.6 f — =03
0.4F — f=06 "
02 ﬁ =09 -
0.0 . . . ]
0 50 100 150
/T
10f
— GR — GR
0.8} g ] < ]
— =03 - — p=03:
0.6 5 ] i ]
Im(c) 'B~ 06 1 Im(c) 'B~ 06 ]
oal =09 =09
0.2}
0.0k . — — . . .
0 50 100 150 0 50 100 150
w/T /T
(a) Condensate (O_). (b) Condensate (O.).

FIGURE 3.4: Real and imaginary parts of the conductivity as a function of the
frequency, for different values of ﬁ~ and T /T, = 0.2, in the probe limit. One
can observe that the gap becomes larger as ﬂ~ increases, while the asymptotic
value of ¢ is independent of this coupling.

Plots of the resulting conductivities as functions of the frequency in the superconducting
phase are shown in Figure 3.4, where one can observe two main features that are shared
with the results from Einstein gravity. First of all, there is a frequency gap above which
the conductivity goes to a constant. This could be a hint of the existence of a microscopic
mechanism that is responsible for the creation of superconducting charge carriers, which would
be broken by external excitations with large enough energy, resulting in a finite conductivity
that corresponds to a normal phase.
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The other important feature is a delta in Re(o’) for @ = 0. While this is not observed directly
in the plots, due to the finite resolution of the numerics, it can be inferred from the divergence
of Im(o) and the Kramers-Kronig relation

tm [o(0)] = ——P / " Relo(@Dl, . (3.55)

e W — W

which follows from causality [21]. In this probe limit the delta implies an infinite DC conduc-
tivity [21,22], which is a defining feature of a superconducting system.
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FIGURE 3.5: Plots of the conductivity with respect to a rescaled frequency
for T/T, = 0.2, in the probe limit. The dependence on the coupling /§ is
mostly due to the change in the value of the condensate, with a residual
contribution that is larger in the dimension-2 case.

In the same Figure 3.4 we see that the main effect of the cubic terms is to make the energy
gap larger. However, the dependence of this gap on ,5 mimics almost completely that of
the condensate found in Section 3.3.2.2. This is confirmed by rescaling the frequency with
the appropriate power of the condensate value, as can be seen in Figure 3.5. The residual
dependence can be attributed to f. in Eq. (3.54), and it is stronger in the (O, ) case. This could
have been expected on the grounds of the larger conformal dimension of the operator, as in
Eq. (3.51) the rescaling of w makes the condensate appear linearly as (O, )/ f* ~ (O,)/fZ, as
compared to the quadratic behavior (9_)?/ f2 for the other quantization. In both cases, the
asymptotic value for large frequencies is independent of the cubic coupling.
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3.3.3 BACKREACTION

As the final part of this Chapter, let us turn to the fully backreacted case. As before, we will
analyze the dependence of the condensation of the two operators ((D.) on the parameter of
the cubic terms ﬁ~ but also the electromagnetic coupling q. As explained in Section 3.1, the
probe limit already studied corresponds to ¢ — oo, so now we will consider finite values of this
coupling, the smaller ones corresponding to a stronger backreaction of the fields on the metric.

However, we will not study the electric conductivity with backreaction. Introducing a
perturbation § A, in the gauge field would require turning on also a perturbation dg;, in the
metric, whose equation of motion should be considered. In GR this equation is simple and
can be replaced in that of § A,, so in the end one does not need to actually solve for §g;,. On
the contrary, in the cubic gravity case its equation of motion is modified, and therefore one
would need to actually solve for this perturbation, providing an appropriate set of boundary
conditions. This is an interesting problem on its own, but lies outside the scope of this work.

3.3.3.1 Numerical method and boundary conditions

The main challenge that we are faced with is the complexity of the full system of equations of
motion (3.7), since now the metric is not simply the one studied in Section 3.2 but will depend
on the values of the matter fields. These have a total of ten derivatives, so a naive power
counting would result in ten constants being required to fully determine the solution. However,
several constraints can be found in the system, thus reducing such number.

In the standard GR case the equations of motion for the metric are first order, as can be
seen by setting § = 0 in Eqs. (3.7¢) and (3.7d), so solving the entire system would require 6
constants. Two of the remaining constants are fixed by demanding N2 f., = 1 and f(r;) = 0,
and another one setting ¢(r,) = 0 to avoid a singularity in the norm of the potential. One
further reduction is obtained by evaluating at the horizon the equation of motion for /(r),
which fixes the value of //(r;) in terms of known quantities. The remaining two constants can
be identified with the charge density p in the expansion (3.38) and the value of the condensate
(O;) < Py or (O_) < _. We reduce the number of required constants to one by imposing
the value of the boundary source J_ o« ¢/_ or J; o ¢, in (3.39) to zero, in order to study the
spontaneous condensation of the corresponding operator. Finally, by considering different
values of this remaining constant, we obtain a functional relation between () and p, or more
precisely the dimensionless combination T/ /p.

A similar counting holds in the probe limit studied before, in which the function N(r) is a
constant and the equation for f(r) reduces to (3.12), which was solved independently of the
rest of the system. In the end, the solutions for {/(r) and ¢(r) where characterized by a single
constant (P, in Section 3.3.2.1), and by varying this number we obtained relations between the
condensates (O.) and the ratio T/ /p.

The cubic curvature case is more complex, since the equations that govern the dynamics
of the spacetime, (3.7¢) and (3.7d), have up to six derivatives of the functions of the metric.
However, by expanding the functions in a power series close to the horizon one can find three
relations between these terms, reducing to a total of seven the number of constants required
by the system. There are three more conditions that we can impose in the metric functions:
NZfo = 1, f(r) = 0 and regularity of f(r) at infinity, which further reduce the number of
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integration constants to four. Finally, we need to impose the same boundary and regularity
conditions on ¢/(r) and ¢(r) as in the other cases, and in the end we are led to the usual relation
between (O.) and /p/T.

For the numerical computations, we resort again to the relaxation method explained in
Appendix C. As in the non-backreacted case we work in practice with the inverse coordinate
z = L*/r, and we need to specify some initial seeds for the functions to compute. For the
matter fields ¢(r) and ¥/(r) we do exactly the same as before, described in Section 3.3.2.1. For
the function f(r) we use the solution obtained in vacuum, computed in Section 3.2, while we
set initially n(r) = 1/ \/ﬁ in the entire range of the radial coordinate.

Finally, as explained in Section 3.3.2.1 for the probe limit, we always plot the temperature
divided by the energy scale of the system in each case, which we take to be ,/p, where p is the
charge density obtained in the numerical procedure. Also, since now the form of the metric
depends on the field content the temperature is not given by Eq. (3.18), but instead we need to
compute it from the solutions of f(r) and N(r) as

_ f'm)N(m)
B 41 '

T (3-56)

3.3.3.2  Results for the condensation
Let us show now the numerical results for the condensation in the backreacted case, computed

as explained above.
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(a) Condensate (O_). (b) Condensate (O.).

FIGURE 3.6: Condensation of the operators of dimensions 1 and 2 with
respect to the temperature in the backreacted case, with ¢ = 3 and different
values of f.

In the plots, one can see the profiles of the condensates (9. ) as a function of the temperature
for the backreacted case. First we show the results for different values of the cubic coupling in
Figure 3.6, where we observe that a large cubic coupling leads again to a larger condensate, as
in the probe limit. Then, in Figure 3.7 we compare the condensation curves for different values
of the charge g, which controls the strength of the backreaction. Similarly to what is found in
the Einstein gravity case [22], the condensate (O, ) gets larger due to backreaction, while (O_)
gets smaller. As advanced, the divergence of (9_) at low temperatures disappears.

Finally, in Figure 3.8 we show the dependence of the critical temperature on the two param-
eters. It again decreases monotonically as a function of the cubic coupling, which resembles the
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FIGURE 3.7: Condensation of the operators with dimensions 1 and 2 with
respect to the temperature, for f = 0.9 and different strengths of the backre-
action, controlled by the parameter q.

behavior of other models of higher-curvature superconductors in higher dimensions [243, 245].
Like in the standard Einstein case [22], the critical temperature is reduced as backreaction
becomes more important.

3.4 DiscussioN

The main goal of this Chapter has been to study a condensed matter system using the tools
of holography, and with higher-curvature corrections to the gravity action. In particular we
investigated the already known holographic superconductor in 2 + 1 dimensions, with the
gravity side of the duality being governed by the action of Einsteinian cubic gravity given in Eq.
(3.1), aiming to explore the effects of finite N and ’t Hooft coupling corrections in the physics
of the boundary. We focused on the dependence of the critical temperature and the strength of
the resulting condensate on the coupling of the cubic terms, and computed also the electric
conductivity.

We found that, as previously reported in the higher-dimensional Gauss-Bonnet and Qua-
sitopological cases [243-246], the presence of higher-curvature corrections to the bulk action
makes the condensation of the scalars more difficult, lowering the critical temperature both
in the non-backreacting and backreacting cases (see Figures 3.3 and 3.8). When the critical
temperature is reached and the phase transition occurs, the resulting condensate grows with
the cubic coupling 8 in both cases. We also studied the response to electric perturbations in
the probe limit, finding like in the Einstein gravity case that there is a gap in the conductivity
as a function of the frequency, whose size is compatible with the value of the condensate. A
residual dependence of the conductivity gap on ﬁ can be attributed to the asymptotic value of
the black hole radial function, given by the constant f.. Besides, a delta for zero frequency
perturbations is found in the real part of the conductivity, which corresponds to the infinite
DC conductivity that is characteristic of a superconducting phase.

An interesting point about the results found is the following. The decrease of the critical
temperature as the higher-curvature coupling is increased could be naively attributed to a
gradual restoration of the validity of the Coleman-Mermin-Wagner theorem, as the higher-
curvature terms correspond to 1/N corrections in the boundary theory. In fact, in contrast
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FIGURE 3.8: Critical temperature for the superconducting transition with
respect to the cubic coupling S, for different values of the parameter ¢ which
controls the strength of the backreaction. These were chosen differently
for each plot, in order to make the differences between the curves more
noticeable.

with the previously known higher-curvature superconductors [243-246,253], in our case the
boundary theory is (2 + 1)-dimensional, satisfying one of the main hypotheses of the theorem.
However, higher-curvature corrections to the gravitational action arise from bulk loop diagrams
which are finite in the IR, while the Coleman-Mermin-Wagner result is due to an IR divergence
on the Goldstone boson correlator [254], which can only be captured via the calculation of
loop diagrams in the bulk as done in [242]. Thus, the decrease of the critical temperature as
higher-curvature corrections are added must be attributed to different physics. However, since
this seems to be a generic behavior found for different dimensions and corrections, it deserves
further investigation.

The present result could be straightforwardly expanded by including terms of higher order
in the bulk action, both in the curvature tensors and the Maxwell field. This would allow us to
study richer dual theories in the boundary, and based on the results presented here one would
expect the behavior to be qualitatively similar.
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Part II

HOLOGRAPHY WITH A NON-MINIMALLY
COUPLED CHEMICAL POTENTIAL
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ELECTROMAGNETIC QUASITOPOLOGICAL
GRAVITIES IN ANY DIMENSION

As already argued in Chapters 1 and 3, the interest of considering higher-derivative gravity
theories in the context of the AdS/CFT correspondence resides in the fact that they could
capture finite N and 't Hooft coupling effects in the boundary CFT. In addition, they serve as
toy models to describe a wider range of dual field theories, which may exhibit features that differ
from those of CFTs dual to Einstein gravity. This can also be useful to explore whether known
relations of holographic CFTs are universal or exclusive to those dual to general relativity.

However, these analyses are usually performed perturbatively in 1/N and 1/A, since the
higher-order corrections in the gravity action are taken to be small. In this second Part of the
thesis we will consider theories that allow us to go past this regime, and in particular we are
interested in higher-derivative theories that contain not only the metric, but also a vector field,
which according to the holographic dictionary couples to a current operator J* in the boundary.
As in the case of the £ (Rg;) theories considered up until now, these higher-derivative terms
will allow us to study more general classes of dual CFTs. An important quantity in this regard
is the 3-point correlator (T JJ), whose form is fixed in Einstein-Maxwell theory, but can contain
an additional structure for a general CFT. This is encoded in the energy-flux parameter a;, as
written in [183], which can acquire a non-vanishing value for higher-derivative theories with
non-minimal couplings. It is interesting to note that for QCD a, = —3/2 [255-257], so if one
wanted to provide a holographic approximation to this theory it would be necessary to consider
higher-derivative operators with couplings of order one.

This vector field in the gravity theory will allow us to explore the effect of a chemical
potential in the CFT, again by means of the holographic duality. It is then interesting to
study how the predictions for certain properties of the CFT, such as the hydrodynamics of
charged plasmas [258-260] or entanglement and Rényi entropies [261], change depending on
the couplings of the higher-order terms. Some of these questions have already been explored in
the literature, but most of the analyses so far have followed a perturbative approach [262-267],
or have stuck to particular models [194,268,269]. The goal of the current study is to perform
a non-perturbative analysis of this type of theories, taking into account a wider range of
interactions between gravity and electromagnetism, in particular including higher-derivative
contractions of the schematic form RF?. We will see that these are interesting additions to the
Einstein-Maxwell action, due to their effects on the dual CFT.
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Besides the non-minimal couplings of the Maxwell field and the geometry, in order to build
a general theory to the given order we will need to consider also contractions of curvature
tensors. Since we are interested in carrying an exact exploration rather than a perturbative
one, we require these pure gravity corrections to be amenable to analytic computations, which
is typically not the case when higher derivatives are involved. Of course, we want the theory
to have other desirable features, such as admitting single-function black hole solutions and
propagating only a massless graviton on maximally symmetric backgrounds, as explained in
Chapter 1. Among these, if we further require the corrections to the black hole function f(r) to
be analytic we are restricted to the families of Lovelock and Quasitopological gravity theories.

The mentioned theories can be minimally coupled to a Maxwell field while keeping all
of their properties. However, this is not a sufficiently general theory, as it misses higher-
derivative terms involving the vector field. For this reason, the family of Electromagnetic
Quasitopological gravities (EQGs) was introduced for D = 4 in [23], as extensions of the
Generalized Quasitopological gravity theories with a vector field that can be coupled to gravity
in many forms. These theories were also recently studied in D = 3 in [139], and among their
features is the fact that they are able to provide black hole solutions without singularities
(23,134, 270].

In this Chapter we generalize this construction to an arbitrary dimension D = d + 1, by
writing them in terms of a (d — 2)-form B and requiring the existence of black hole solutions
magnetically charged under this field, whose metric depends on a single function that can
be computed analytically. The differential form B can then be dualized into a vector field, in
terms of which the solutions are electrically charged. Most of the time we will focus on the
lowest order theory, which contains four-derivative corrections, but expressions for EQGs at
any order in the field strength and the curvature will also be provided.

After that we will establish several basic entries of the holographic dictionary for the
resulting theories. We start by computing different 2- and 3-point functions, obtaining in
particular the central charge C; of (J]), as well as the parameter a, that controls the angular
distribution of energy radiated after a local insertion of the current operator J. Then we will
obtain constraints for the couplings of the theory from arguments of causality and positivity
of the energy fluxes, as well as other requirements derived from the mild form of the weak
gravity conjecture [271-273].

Finally, the main interest of these EQGs is the fact that they can be used to learn different
aspects about holography in the presence of a chemical potential, beyond the Einstein-Maxwell
regime. In this line, we will study the thermodynamic properties of the dual CFT, finding a
richer phase structure as a function of the chemical potential y that can even allow for zeroth
order transitions. However, these additional phases are disfavored by the previous constraints
on the couplings. Another interesting quantity to compute is the ratio of the shear viscosity
to the entropy density, and we will find that its behavior with p is different depending on the
sign of the parameter a,. Interestingly, for a, > 0 one can get n/s = 0 for a sufficiently large
chemical potential, even if all the constraints are fulfilled.

The study of Rényi and entanglement entropies in these EQG theories is very interesting
on its own, and for this reason it is left for the following Chapter.

The research presented in this Chapter is published in [26], and its detailed information
can be found in page 212.
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4.1 CONSTRUCTION OF THE THEORIES

4.1.1 GRAVITY, (d — 2)-FORMS AND THEIR ELECTROMAGNETIC DUAL

In this Chapter we consider (d + 1)-dimensional theories of gravity with a (d — 2)-form field B,
whose action is given in general by!

= /J\/l dd+1x\/rg|£ (guv’ Ryvpe le...pd,l) > (4.1)

where R, ,, is the Riemann tensor of the metric g, and the (d — 1)-form H is the field strength
of B, H = dB. The Lagrangian must be a scalar function built with contractions of these tensors,
and we implicitly assume that it can be written or expanded as a polynomial in these. In
particular, we are interested in theories that reduce to the standard Einstein-(d — 2)-form theory
for small curvatures and field strengths,

1 did—-1) 2
167Gn L? (d-1)
Such a theory is invariant under diffeomorphisms and gauge transformations B — B + dA,

where A is a (d — 3)-form. The equations of motion can be obtained by varying the action with
respect to the fields g,, and H, and they read in general

H

g HPHE L] (4.2)

o 1 o
Ew=P,""R 8L+ 2VIVIR i, = (d = DMy, =0, (43)

v)poy
£V1<--Vd—2 — v‘uMHVI'"Vd’Z =0 , (44)
where
pi s L e 1 )
aRaﬂy(S 2 aHalmad—l

Notice that the equation of motion obtained by varying the metric, Eq. (4.3), is equal to the
Padmanabhan equation presented before (see Egs. (1.9) and (2.8)) supplemented by an additional
term, which is due to the field H.

Our interest in these theories lies on the fact that they allow for black hole solutions
magnetically charged under the differential form B, as explained below. Furthermore, the
(d — 2)-form can be related to a 1-form (a vector field) by means of a duality transformation.
This means that it is possible to map any of these models to a higher-derivative extension of
Einstein-Maxwell, which is the interpretation that we are most interested in.

Let us quickly review this process of dualization. Starting from the theory (4.1), we can
dualize the (d — 2)-form B into a 1-form by introducing the Bianchi identity dH = 0 explicitly
in the action,?

~ 1
_ d+1,. | aq...0d+1
I= /AA d“x ‘gl |:£ (guw R,uvpa, H,Ul---lld—l) + 47TGN(d — 1)!Aalaa2Ha3...ad+1€ . (46)

1 A gravity action such as (4.1) needs to be supplemented with Gibbons-Hawking-York boundary terms in order
to make the variational problem well posed [274,275]. This was actually the problem treated in Chapter 2 of
this thesis, where it is argued that the counterterms should be the same as those of Einstein gravity multiplied
by an overall constant, as long as we restrict to asymptotically AdS spacetimes. We will addressed this again in
Section 4.5.1.

The factor 1/(47Gy) is introduced taking into account that the Lagrangian density £ will contain an overall
normalization 1/(167Gy).

75



ALBERTO RivADULLA SANCHEZ

Here A, is introduced as a Lagrange multiplier, whose variation yields the Bianchi identity of
H, and is now a considered a fundamental variable instead of B. We can integrate this dual
action by parts, to express it as

- 1
I= [ d*xgl|L (g Rupo H b (xF), . H®ww
[/l X |g| [ (gﬂ Hvp /11...,ud—1) 477.'GN(d _ 1)!(* ) 1..-0d-1

1
+ / d% \Jhln* A" (xH),, ,
oM

47TGN

(4.7)

where we have defined the field strength F = dA. The variation with respect to A, still yields
the Bianchi identity of H, but now it becomes clear that the variation with respect to H produces
an algebraic relation between this field and F, namely

oL
F =4nGy(d - 1)! x —. 8
7Gx(d = 1!+ 2 (@)

This should be inverted in order to get H(F), and inserting it back in the action I we would get
the dual theory for the vector A,. Note that this process also produces a boundary contribution,
which is precisely the term needed for making the variational principle for A, well posed,
and that corresponds to working in the canonical ensemble (with fixed electric charge) when
computing the Euclidean action.

The dual Lagrangian £ is the Legendre transform of £ with respect to H. Then, by means
of the properties of this transform and Eq. (14) with s = 1, one can write the inverse relation
between H and F as

oL
H=-87Gy* —. .
ﬂN*aF (4.9)

This relation is useful since it allows us to identity the electric and magnetic charges in both
descriptions. In the frame of the (d — 2)-form we will have solutions with magnetic charge,
which in the frame of the vector field correspond to electrostatic solutions. This charge can be
defined in either frame as

1 - 2/ *a[: (4.10)
— - — —, .10
1 47TGN Si-1 Si_1 oF 4

where the integral is performed over any spacelike hypersurface of codimension 1 that encloses
the charge source. In the case of black hole solutions, S;_; can be any surface that encloses the
black hole horizon.

It is not possible in general to invert Eq. (4.8) in order to write the dual Lagrangian. However,
an important type of theories that will be considered in this work are those quadratic in H,
which can be written as

1 2 -
I = dd+1 f Loy — ———— H? PO Ay i ‘
167‘[GN A X |g| |: g (d _ 1)' ( )IJV po (4 11)

where L,y = R—2A + ... only depends on the geometry, Q*”,, can depend on the curvature
tensors and is antisymmetric in both pairs of indices, and we are introducing the notation3

2\ H1eoHn = FTH1--Hnfin1-o-fd—1
(H ) = [{H-Hnkn Hy, vty - (4.12)

V1...Vp

3 It is possible to prove that the most general quadratic Lagrangian can be written using only the object (H 2)ng,

this is, with only four free indices, by expressing it first in terms of xH.
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In this case, it is possible to find the dual theory explicitly. The relation (4.8) can be written as

(*F)al»--ad—l = qu[alaz Ha’3...0!a'_1]/,lv : (413)
In order to invert this, let us first introduce the tensor
~ 12
W= Q5 5] 1
po (d—l)(d—Z)Q ap™” p~ o> (4 4)

and its inverse, that we denote by (Q‘l)yvpa, and which is defined by means of the equation

(07)" 0%, = 8",8", (4.15)
With this, one can check that Eq. (4.13) is inverted by
1 ~_1\ PO
Hal.“ad,l = Eeal..ud,zpa(Q 1)P aﬁFaﬁ s (4-16)

and therefore the dual action takes the form

o GN/ d% \/_ Loray FPVFPU(Q_l)WPJ]
o [ alina (@), F.

If the Lagrangian contained terms beyond quadratic order in H, such as (H 2)2, Eq. (4.8)
would become a tensorial polynomial equation, whose resolution is more involved. One could
nevertheless find an approximate solution by considering a series expansion in terms of F,
which would be valid as long as these fields take small values.

I=

(4.17)

+
47TGN

4.1.2 GENERAL DEFINITION OF EQGs

Since we are interested in constructing theories of the form (4.1) suitable for holography, we
need them to admit charged static solutions with spherical, planar or hyperbolic sections. A
general metric ansatz for these configurations reads

dslz\,,f = —N?*(r) f(r)dt* dzy d-1)> (4.18)

f()

where the metric dX} (@) Of the submanifold normal to the radial direction is given by*

de(d D for k = 1 (spherical),
dZi,(d_l) = —dx(dfl) for k = 0 (flat), (4.20)
d=f, 4 for k = —1 (hyperbolic).

4 This can be written in a more general manner as
2

dp
2 —
R

+ PdeEd—z) 5 (419)

but in practice we don’t need it, as the package xAct used for the computations is able to deal with symmetric
submanifolds in a natively.
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In addition, we assume the magnetic ansatz for the field H,

Hp = Qg (4-1) » (4.21)

where Q is a constant related to the magnetic charge, and wy (-1 is the volume form of d> , ).
This is given explicitly by

1 .
Wk, (d-1) = MMGQI_”“d_Idxal A e Adx® (4.22)

where € is the Levi-Civita symbol defined in Eq. (4), h is the determinant of the metric d>} , ,,
and the indices ay, ..., a;_; label these tangent directions. The integral of this object yields the
volume of the corresponding submanifold, which we denote by V. 41 = f Ok, (d-1)-

Clearly, the form of H given in Eq. (4.21) satisfies the Bianchi identity dH = 0, but one can
also check that, for any theory of the form (4.1), it also solves the equations of motion (4.4)
when the metric takes the form (4.18).> Since we do not have to worry about the “modified
Maxwell equation” anymore, the problem of finding the solutions becomes simpler. Indeed,
we only have to solve the equations for the metric functions N(r) and f(r) that, as shown in
Section 1.1.3, can be obtained by means of the reduced Lagrangian

Ly = \/E£|dsﬁjyf,HQ : (4.24)

The desired equations of motion can be obtained simply by varying this Lagrangian with
respect to the functions in the metric,

Ly 2,
NTUSN P UsE

(4.25)

As shown in Section 1.1.3, €y = £ = 0 imply that the field equations (4.3) are satisfied, taking
into account that Hy solved its own equations (4.4).

So far the analysis is completely general, but typically one would not be able to solve these
equations for a generic Lagrangian. For this reason, we will restrict to a subset of theories,
introduced as Electromagnetic Quasitopological gravities in [23] for d + 1 = 4, that make it
possible to perform analytic computations. These are characterized by the condition that

SLy. s
5f N=const.

which means that for these theories the reduced Lagrangian Ly s is a total derivative when
N(r) = constant. As already known, in the purely gravitational case this definition gives
rise to the Generalized Quasitopological gravities [3,6-8, 10], which include Quasitopological
[107-110] and Lovelock gravities [1,2,91] as particular cases. The construction presented here
extends the definition of those theories to include a (d — 2)-form (or equivalently, a vector

=0V f(r), (4.26)

5 This can be checked by following the reasoning of Section 3.1 of [23], with the generalized magnetic ansatz

H = Y’ (®)wx, 4-1) » (4.23)

where 6 is one of the coordinates tangent to the boundary. As in the reference, the equation of motion for y(0)
can be obtained with the reduced action approach, and one finds y’(6) = constant, which matches our form
for H given in Eq. (4.21).
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field upon dualization), allowing one to study charged black hole solutions with corrections
in the action of the Maxwell field. Let us note that the standard two-derivative theory (4.2)
satisfies the condition (4.26), and therefore belongs to the EQG class. In general, all theories in
this family satisfy a number of properties, which are the same as for their four-dimensional
counterparts [23] and similar to those explained in Section 1.1.3 for GQGs. Let us summarize
them here:

1. They propagate the same degrees of freedom in maximally symmetric backgrounds
as the two-derivative theory. This is relevant in particular in the gravity sector, since
general higher-curvature gravities typically have a massive ghost-like graviton and a
scalar mode in their spectrum, along with the standard massless graviton. The condition
(4.26) guarantees that these modes are absent on MSS vacua.

2. The theory allows for charged solutions of the form (4.18) and (4.21), with N(r) = N; =
constant, i.e, characterized by a single function f(r).

3. The equation for f(r), obtained from Ey|y=n, = 0, can be integrated once, with an
integration constant that is proportional to the total mass of the spacetime.

4. For some theories the integrated equation for f(r) is algebraic and can be solved trivially,
and in this case the theory if of the “Quasitopological” subclass. Other times the integrated
equation is a second order ODE for f(r), meaning that the theory is of the “Generalized
Quasitopological” subclass.

5. The thermodynamic properties of charged black holes can be studied analytically.

In this work we are only interested on dealing with the Quasitopological class of Lagrangians,
whose solution for f(r) can be obtained analytically, thus leading to exact results.

4.1.3 FOUR-DERIVATIVE EQGs

Now that we know the features that define the EQG family of theories, let us obtain their explicit
form. The first non-trivial corrections will contain four derivatives, and at this order there
are four types of terms, schematically R?, RH?, H* and (VH)?, although we will be interested
mostly on the first two. Regarding the pure gravity Lagrangian, the most general form of the
quadratic-curvature corrections is

L% = LR? + 13R, R* + AsRy 0 RMP (4.27)

although there exists only one such combination that satisfies the condition given by Eq. (4.26):
the Gauss-Bonnet, or quadratic Lovelock, density,

Xa = R*—4R,R" + R, ., R"" . (4-28)

It is well known that Lovelock theories possess single-function solutions of the form (4.18)
[94,96—98], so let us turn our attention to the terms coupling the (d — 2)-field H to gravity.
There exist three independent scalars of the form RH?, which can be written as®

L = aH' R+ ap(H')' R, + as(H)" R, (4.29)

0 There exists a four contraction of the form (H Z)ﬂvpoR,Jp .7, but this is related to the term multiplied by a3 in Eq.

(4.29), as can be checked using the Bianchi identity of the Riemann tensor.

79



ALBERTO RivADULLA SANCHEZ

where again we are using the notation introduced in Eq. (4.12). Evaluating this Lagrangian on
the ansatz given by Egs. (4.18) and (4.21) with N(r) equal to a constant value N, we obtain

rd_lL’RHz‘Nkj 9 (rdd+ Dl [(2a3+a1(d—1)(d—2)+052(d—2))(f k)

(4.30)
+ £/ (200(d — Dr + aor) + alrzf”] ,

where we included the factor r*~! that comes from the volume element \/E . In order for this

Lagrangian to belong to the EQG family we need to apply the condition (4.26), which implies

that the quantity above should be a total derivative. Computing the functional derivative of this

reduced Lagrangian with respect to f, we find that there is a single relation for the couplings

that make it vanish identically, and it can be expressed as

az =—(2d —1)(d — Doy — (d — Daz. (4.31)

Therefore, there are two independent contractions of the form RH? that can be added to the
two-derivative Lagrangian while maintaining single-function solutions.

Moving to the next kind of terms, in general dimensions there are two operators of the
form H* that do not violate parity, which can be chosen as’

Lo =i (HY) + Bo(H2)" (H2)' . (4.32)

When evaluated on the ansatz (4.18) and (4.21) we see that both on-shell densities are indepen-
dent of f(r), so they both belong to the EQG class independently. However, since both terms
contribute to the black hole solutions with any k in the same way;, it will be enough for our
purposes to keep only one of them, and for simplicity we choose the (H 2)2 operator. Finally,
we checked explicitly that there are no terms of the form (VH)? that belong to the EQG class.?

Therefore, introducing some normalization factors for convenience, we can write the
general four-derivative EQG theory that we will consider in most of this Chapter as

1 il dd-1) 2 ) AL
- H—
167G /Md x\/E[R+ I @d-n" Td-2a-3y™

Ikgg,a =

(;‘f S (HZR (d—1)(2d - DR”, (H )“’W>

20t2L2 . (4-33)
(d_ 1)Y (R” —(d-DR" (H) W)

(d - 1)!2 - ) ]

Notice that we included also different powers of the length scale L, in such a way that the
couplings A, a;, @, and f are dimensionless.

This theory with four independent parameters should be enough from the point of view of
effective field theory. As shown in [262,265], an EFT extension of Einstein-Maxwell theory only

7 This is easier to see if one works in terms of the 2-form G = xH. Indeed, it is possible to write only two
2
inequivalent quartic contractions of this form: (GFVG”V) and Gquv“Gaﬂ Gﬁ“ .

This might be connected to the fact that there are no well-behaved theories with terms of the form (V Riemann)?,
as we showed in [29]. However, a rigorous exploration should be performed before making such claim.
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requires four independent parity-preserving terms, and the rest of higher-derivative operators
can be removed via field redefinitions. We have checked that our Lagrangian above indeed
spans the basis of four independent operators in the references, which means that we can
capture any parity-preserving four-derivative correction to Einstein-Maxwell theory. This
is not the case for the parity-breaking Chern-Simons term that appears in five dimensional
supergravity theories [276-278], but we would not expect it to modify the results presented in
this Chapter.

However, as opposed to what is common in the EFT approach, our theory will allow us to
perform a fully non-perturbative analysis, since we will obtain quantities that are exact in the
couplings of the action (4.33). Of course, one can always produce perturbative expressions by
expanding linearly in the couplings, but the exact result is more interesting and can serve as
an educated guess for the behavior of these theories and their holographic duals beyond the
perturbative regime.

Let us close this Section by discussing the electromagnetic dual theory of (4.33). The fact that
we have an H* term makes it difficult to invert Eq. (4.8) explicitly using the procedure explained
in Section 4.1.1. However, it is easy to obtain the dual action by performing a expansion in
the order of derivatives. In that case, we can write H(F) = Hy(F) + L*H,(F) + O (L4), and the
inversion of Eq. (4.8) at each order in L is straightforward. We find that the dual theory to
fourth order in derivatives reads

IEQG4— Ton GN/ dd“x\/—

d(d D _ e AL?
d—2)d-3"

L 2 dO[z
+d_2RF <3da1+d 1)

217 I (3d = 2)at;
d ZFpaF RF <4(2d — Doy + ﬁ
2L

b R (2 - D+ ) + £ (1) 5 0 (1) ] |

(4-34)
where O(L*) denotes an infinite series of terms that could in principle be computed in the same
manner.

In Section 4.2 we study the black hole solutions of the theory (4.33), but let us first show
how analogous versions of this theory can be written at higher orders in the derivatives.

4.1.4 EQGS AT ALL ORDERS

Although in this Chapter we are mostly interested in the four-derivative EQG theory given
in Eq. (4.33), it is possible to use the same procedure to construct theories of this family at
arbitrary order in the curvature tensor and the field strength, in any spacetime dimension
D = d + 1. In the case of pure gravity, Quasitopological and Generalized Quasitopological
theories at all orders have been obtained in [10], so we focus on the case of non-minimally
coupled theories. In analogy with the four-dimensional theories identified in [23], we have
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been able to find an infinite family of EQGs with the Lagrangian densities

Ly, = (sR (er)ng +Kgom (R, +25(s — DRV, RP | (RS*Z)YV[M) (Hz)w’m (H)",
1 % o m—
£, = 5 (@RS, + gun,) (R7) (1) (1)
(4.35)
where 1
8d,s,m = —d(s - 1) - z(d — 1)7’)’1, Kd sm = Egd’s’m (1 — gd,s,m) . (436)

ere, " is the contraction given in Eq. 4.12), and we have introduced the notation
Here, (H?)" M, g q
yug —_ n—1Vn—
(Rn) po = R’uvlulleﬂlVl}lgVZ o R’u h lpO' ° (4‘37)

Evaluating the previous Lagrangian densities on the ansatz given by Eqs. (4.18) and (4.21), we

find
@ 25—2Q2m((d _ 1)1)"’

Lism= 2d—m 7 [axa s m¥i — 25((d — DHia + Ga)y + 2s(s — DHZ,]
4.38
Y 21 ((d— )" . (4-38)
[’d,s,m = p2(d=1)m k [_SHk,d + &a.s, mI//k] >
where we defined the scalar functions
k—
Y = rzf , (4.39)
d—2)f—({d-2)k+rf’ N’
- @D == Dhtrf N 0
r rN
2(d - 1)fN’ +4rfN” + 6rf'’N’ + N(2(d - 1)f’ + 2rf")
Ga = SNT . (4.41)

Since these theories belong to the EQG class, the reduced Lagrangians (this is, taking into
account the volume element) become a total derivative when evaluated on N(r) = constant.
Indeed, by computing these explicitly we find

3 d
rt 1C§f)s,m|dsi pHy = Elf,“im
p (4.42)
p1p® | _ 9o
d,s,m dsif,HQ dr d,s,m?>
where
I(gf’im = 23_1Q2m<(d — 1)!)mrd_zm(d_1)¢f<_l [(1 —2m+d(2m+2n— 1))¢k + srl//,'c] , s3)
4.43
Iébzm — 23—1Q2m<(d _ 1)!)mrd—Zm(d—l)lplsc )

Therefore, it is possible to construct infinite examples of EQGs at any order in the curvature
and the field strength by considering linear combinations of £((f1’m and [:g,”im In general, these
can be written as

1
IegG, gen = /M d*'x \/@

167TGN

d(d —1) 2
2 (d-1)

R+ H? + £FRS| | (4.44)
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where

2 (o] o0 B b
L8960 = @D DN L (g W0+ ) - (4.45)

Of course, one could add to this action that of the pure (Generalized) Quasitopological gravities
found in [10]. As an example, the four-derivative theory given in Eq. (4.33) corresponds to

s=0 m=1

1 did-1) 2 AL?
oG4 = ditt R+ - 2y
PG4 = 167G /M xlel 2 d-D T d-2d-3"
2L20(1 (@ n 2L2062 ® 2L2ﬁ ®)
d-1!" % d—-1) 4L (3d —4)(d - 1) 02|

(4.46)

Since by construction the theory (4.44) is an EQG, it has solutions of the form (4.18) and

(4.21) with N(r) = N, = constant. The dynamics in this case is only determined by the equation
of motion for f(r), which after integrating in the radial variable reads

m 20° 2
k B - —_—
/ (d —1)rd=2 " (d—1)(d - 2)r¥d-2 + 12
23L2(s+p—1)Q2p ((d 1)') —1 S 1 (447)
s, p=1 (d - 1)r2(d Dp (IBS’Pk + YS,p) =

where m is an integration constant proportional to the mass of the black hole that we have
already defined, and

Bsp=(d—1)2s+2p—Darsp+asp,

(4.48)
Yo.p = (d —1—(4d — 2)s + 2ds® + 2p(d — 1)(2s — 1))0{1,5,;7 +(s—Days,p -

Notice that the equation of motion (4.47) is algebraic in f(r), and therefore these theories
do in fact belong to the Quasitopological subclass. However, theories of the Generalized
Quasitopological type are expected to exist as well, although their study lies outside the scope
of the present work.

During the rest of this Chapter we will focus on the four-derivative model given by Eq.
(4.33). The more general theories considered in this Section, however, will be revisited in
Chapter 5, where we will show that the entanglement entropy of their dual CFTs fulfill a
universal relation that will be proposed.

4.2 AdS VACUA AND BLACK HOLE SOLUTIONS

Let us now move to discussing the solutions for the four-derivative theory (4.33), and we start
by determining its anti-de Sitter vacua. As usual, the higher-derivative terms modify the AdS
length scale, which no longer coincides with the scale L appearing in the cosmological constant.
This is often written as

~ L2
L’=—, (4-49)
foo
for a dimensionless constant f., so that the Riemann tensor of pure AdS takes the form
v 2f°° v]
RY,, = !0 (4.50)
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Plugging this into the equations of motion for the metric (4.3), one finds that f., must satisfy

1- fo+Afi=0, (4.51)

where we also set H = 0, since we are computing the vacuum solution. The polynomial equation
(4.51) is due entirely to the Gauss-Bonnet contribution and well known in the literature [117].
It has two real roots if A < 1/4, but only one of them is continuously connected to the Einstein
gravity vacuum when A — 0, and it reads

fo = % (1-V1-42) . (4.52)

There are no solutions with A > 1/4, so this is the maximum value that this coupling can take.
As corresponding to Lovelock gravity, and also to the family of Generalized Quasitopological
gravities, the linearized gravitational equations around this vacuum are identical to the lin-
earized Einstein equations with an effective Newton’s constant that determines the coupling to
matter [86]. For GB gravity, this effective Newton’s constant is

G
Gegg = ——— . (4.53)

1-2fs
The denominator in this expression is the slope of the AdS vacuum equation (4.51), as happens
for all theories with an Einstein-like spectrum [121,279] . Also, G is divergent in the limit
A — 1/4, which is known as the critical theory [280,281] and is one of the singular theories
mentioned in Section 2.2.

Let us now obtain the symmetric solutions of the theory (4.33) with different topologies.
This theory belongs to the EQG class by construction, so it allows for solutions of the form
(4.18) and (4.21) with N(r) = Nj = constant. In fact, the equation 6Ly, /6 f = 0 implies that
N’(r) = 0, so these are the only possible solutions, and we only need to solve for f(r) by
considering the equation 6Ly s/6N|y-n, = 0. This takes the form of a total derivative, as
expected based on [7], and it reads explicitly

5LN ;

% oz (1- S0 -8) 25 (0 -#))
QZ
2

(74 @ = D@ = D%, f() + k(d — 2)L*(3(d = Dea + az))} =0.

(4.54)
As anticipated, this integrated equation is algebraic in f(r) instead of differential, which

characterizes this theory as belonging to the Quasitopological subclass. Let us remark that in
d = 3 we should take A = 0 in this equation, as in that case the GB invariant does not contribute
to the equations of motion. Equating the argument of the derivative to a constant m, which
will be proportional to the physical mass of the black hole, and introducing

Ta-

X = L—(f(r) k), (4.55)

we can rewrite the equation as

X -T(NX+1+Y(r) =0, (4.56)
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where we defined

1LZ 2
r=1- ZZ(TS (4.57)
S 2LQ" N
Y(r) = = 1) + - Dd- 2@ <1 +k(d z)r2 (4(d — ey +a2)>
K% (4.58)
BL'Q

T (3d —4)(d - Dri@-n

Written in this form, Eq. (4.56) is simply a quadratic polynomial in X, which can be straight-
forwardly solved obtaining

r2

2AL%

f) =k+

[F(r) + JT2(r) — 41 (1 + Y(r))] . (4.59)

The two roots found correspond to two solutions connected to different AdS vacua at r — oo,
but if we want the one that reduces to the Einstein gravity result in the limit A — 0 we should
choose the “—” sign. When A = 0, which is always the case for d < 3, this solution simply

becomes (14 Y()
r‘(1+Y(r
fr)=k+ O

Let us now identify the physical features of this solution. For r — oo, f(r) can be expanded as

(4.60)

f) = fuly + k- a-ta Tzsz)rd—z +0O (ﬁ) o (4.61)

where f is given by Eq. (4.51). Therefore, it approaches asypmtotically the AdS vacuum that
we have determined above, with the Riemann tensor given by Eq. (4.50). On the other hand, the
mass M can be identified by looking at the next term in the expansion of f(r) [114,282-285],

167GgM 1
(d — DNV gy 132

€ f(r), (4.62)

where G.¢ is the effective Newton’s constant and N; takes into account the normalization of
the time coordinate at infinity, which sets the units of the problem. Note also that, in the cases
in which the volume of the transverse section Vj ;_; is infinite, one would instead define a mass
density p = M/Vi 4-1.

Taking into account the value of G given in Eq. (4.53), we get that the physical mass of

the black hole in this solution is
~ NeViaa

B 167TGN

proportional to the integration constant m, as mentioned before. On the other hand, as given
in Eq. (4.10), the magnetic charge of the (d — 2)-form B is defined as

m, (4.63)

1

B 47TGN Si1

q H, (4.64)

where the integral is performed over any spacelike codimension-two hypersurface S,_; that
encloses the origin r = 0. As we discussed around Eq. (4.10), this quantity is also the electric
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charge of the dual theory. With the form of H given in Eq. (4.21), it is straightforward to
compute
~ Vi
1= 47TGN ’

and again in the cases k = 0 and —1 one should define instead a charge density q/Vi 4_;.

Later on, it will be important to know the electrostatic potential of the dual theory. The field
strength of the dual vector A, is obtained according to Eq. (4.8), and evaluating that expression
on the forms of the metric and H given by Eqgs. (4.18) and (4.21) we find that it corresponds to
a pure electric field,

(4.65)

1 L« , .,
F=dtA drNkQ[ =t rdﬂl (3d(d — 1)k —3d(d — 1) f(r) + 2(d — Drf'(r) + r* f(r))
L*a LQ*B
— (k= df () +rf () + 5o
(4.66)
This can be written explicitly as a total derivative, F,, = —®’(r), from where we can identify
the electrostatic potential of the dual theory,
1 L2a1 /
() = —N;Q PR (3(d — Dk —3(d - 1) f(r) —rf'(r))
(4.67)
Lzaz LZQZﬁ
k— - | + .
R (k= f(") (3d — 4)rsd—4 +

In this expression we added an integration constant @, which represents the value of this
potential at infinity.

The solution given by Eq. (4.59) represents a black hole if the function f(r) has a zero,
f(ry) = 0, which is smoothly connected to infinity (this is, there are no singularities between
r =r, and r — o). The point r = r, corresponds to the event horizon, and it is easier to look
for its position by inspecting Eq. (4.56). In fact, at the horizon we have X(r,) = —kL?/r?, and
hence we get the equation

K*L* kL?
A——+T(r)— +1+Y(r,) =0. (4.68)
rt r

We can not obtain the value of r; explicitly from this, but it will prove useful to express instead
different quantities associated to the solution as functions of r, and Q. In particular, the mass

of the black hole is given by

d
_ NeVigat d—1) ket 2 + 7 4 arpzeds
167TGN - L? " ( 6 )
4.69
20° L’ pL*Q*
—= |1 —2)— -1 - -
* (d —2)rd2 ( +k(d )ri <3(d o + a2)> (3d — 4)r3d-+

The Hawking temperature of the black hole can be computed as T = N f’(r,)/4n. This can
be easily evaluated by differentiating Eq. (4.56) with respect to r and evaluating at r,, which
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yields

2
n

Ne [ ((d — 2k +d 5+ (d - 4)k2)LL—2>

:4nm(1—zUQ%nﬂ“*“+2kUAcﬂ
2Q° pL?Q*
@S [72 +dkL*(3(d — Doy + @) ] + @

On the other hand, the electrostatic potential given by Eq. (4.67) must vanish at the horizon.?
This is achieved by fixing the integration constant @, which is the asymptotic value of the
potential, to the value

T

2
ry

(4.70)

Do = NO

1 4rT Lo,k L20?
>+ 2 Qb (4.71)

(d — 2)ri-2 N rd (3d — 4)rid
Finally, we will need the value of the entropy of the black hole. For a general theory of
gravity, this is given by the Iyer-Wald formula [150, 154] that we introduced in Section 1.2.2,

LZ
+ 5(1 (3(d —Dk—r,
ry

oL
S = —Zn/ d X Nh———€,.€,0 » (4.72)
pn aR,uvpo‘
where h is the determinant of the induced metric at the horizon ¥, and €, is the binormal,
normalized as €,,€"" = —2. Evaluating this expression, one finds the value of the entropy
d-1 22 2
r ijd, 2L Q (04 2kL (d - 1)/1
S=" 1+ = - (4.73)
4Gy r (d—-3)r?

The thermodynamic properties of these black holes will be further discussed in Section 4.5.

4.3 HOLOGRAPHIC DICTIONARY

The family of Electromagnetic Quasitopological gravity theories introduced in Section 4.1.2
is most naturally written in terms of a (d — 2)-form field. However, as explained in Section
4.1.1, the differential form can be dualized into a vector field making these theories equivalent
to higher-derivative extensions of Einstein-Maxwell. Therefore, while most computations
presented here are performed in the frame of the (d — 2)-form, their holographic aspects are
better understood in the “Maxwell frame.”

A vector field in the bulk of AdS couples to a current in the boundary theory. In our case
we are working with a dimensionless'® gauge field A,, but the holographic dictionary requires
that the vector has dimensions of energy. Thus, the field that couples to the dual current J¢ is

not A, but rather
~ 1
Ay = ?Ay 5 (474)

where ¢, is a length scale that should be fixed in each particular case. This implies that, for
instance, the chemical potential in the dual CFT is identified as

- 1
g =1lim A, = lim —A,. (4.75)

r—oo r—oo f,

9 This is a regularity condition, which avoids the divergence of the norm /A, A¥ at the horizon.
10 The fact that A, is dimensionless can be seen, for example, from a simple dimensional analysis of the dual
action (4.34).
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The goal of this Section is to compute other entries of the holographic dictionary of the
theory (4.33). In particular, we will compute the 2-point function (JJ) and the energy flux after
an insertion of J%, which is equivalent to the 3-point function (T JJ). We will also review the
form of the correlators (TT) and (TTT), which depend entirely on the purely gravitational part
of the action.

The term H* will not play any role in these computations, since in order to compute (JJ)
and (TJJ) we only need the quadratic contributions. Thus, we can ignore this term for now,
which is equivalent to setting f = 0. In addition, in this Section we do not really need to stick
to the EQG family, so for generality we can consider the action

1
I = dd+l [
167TGN /./\/I x ‘gl

v
po

dd - 1) AL?

2
R Y a— a3 " W-

(), Q" | - (a76)

where Q" contains the three possible couplings at linear order in the curvature,

0", =o8" 8" (1-aL’R) - a,L*R" 8" | — s LR, . (4.77)

The tensor Q defined in Eq. (4.14) can be easily computed from the form of Q" _, finding

po>
(04} 2&3 [ V]
1—L°R SH 5
<a1+d—1+(d—1)(d—2))] [p° o]

(29 4&3 [y v] 2&3 2y
2 R s 2% popw
* (d—1+(d—1)(d—2)> 0 T d—Dd—2) "

Q" =

(4.78)

and we can write the dual theory using the inverse of this tensor as

7 1 +1 d(d-1) AL? ~ _1\HVpo
= S Ju x@[m i vy VAN B

The quantities corresponding to the EQG action given in Eq. (4.33) are then obtained by setting

as=—2d—-1)d -1, —(d - Da,. (4.80)
4.3.1 STRESS TENSOR 2- AND 3-POINT FUNCTIONS

It is well known that higher-curvature corrections in the gravity action modify the structure of
the correlators of the dual stress-energy tensor. For our action (4.79) only the Gauss-Bonnet
scalar y, will contribute to this quantity, and its effect has been extensively studied in the
literature [100-102].

The form of the 2-point function of the stress-energy tensor for any CFT is fixed by the
constraints that arise from conformal symmetry and energy conservation [101, 286, 287]. It

reads
Cr

(Tap(x)T4(0)) = Wlab,cd(x)s (4.81)
where we introduced the tensorial structures
1 1
Lopea = 2 (Le(O)La(x) + La(x)Le(x)) — g8 (4.82)
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and
XaXp

() = g~ 272 (4.83)
with the Latin indices corresponding to the boundary submanifold, and g,, being the metric
there, which is typically flat. The constant Cr in Eq. (4.81) is known as the central charge, and
it is the only part that depends on the theory at hand. Holographically, this is determined
by studying linearized gravitational fluctuations around the AdS vacuum and evaluating the
action on this solution. But since the linearized equations of GB gravity are identical to those of
Einstein gravity with a renormalization of Newton’s constant, the value of Cr can be obtained
from the one in GR replacing Gy by G.g given in Eq. (4.53). Therefore, it reads

[d—1
C = (1-21f)rd+2) L ’ (4.84)
8(d — DI(d/2)r@+2)/2 Gy
where we also included the effective AdS radius L = L/ \/ﬁ, with f. given by Eq. (4.52).
The next quantity that we are interested in is the 3-point function (TTT) which is character-
ized by only three constants in theories that preserve parity, usually denoted .A, B and C [286].
The Ward identity of the stress-energy tensor provides a relation between one of these and the
central charge Cr, so only two additional parameters are necessary, and these can be chosen
to be the coefficients t, and t, that measure the energy fluxes at infinity after an insertion of
the stress tensor [183]. The explicit relation between those sets of parameters has been found
in [101], but it is not important for our computations.
In Einstein gravity one finds t, = t;, = 0, while higher-order gravities allow us to explore
more general universality classes of dual CFTs. In particular, in Gauss-Bonnet gravity the
coefficient t, is non-vanishing for d > 3, and it reads [101]

L W dd-1)
2T 1-20f(d-2)d-3)’

(4.85)

while ¢, = 0. A non-vanishing ¢, can be achieved by introducing other higher-derivative terms
such as Quasitopological [117] and Generalized Quasitopological gravity [119, 128], or more
general theories with and Einstein-like spectrum [288]. However, since the focus of this Chapter
is the presence of non-minimal coupled gauge fields, it will be enough to stick to the case of
the Gauss-Bonnet correction.

4.3.2 CURRENT 2-POINT FUNCTION

Let us now turn to correlators involving the current operator J¢, which will be modified by
the non-minimal couplings of our theory (4.79). In a CFT, the 2-point function of any pair of
operators is constrained by conformal symmetry up to a proportionality constant. In the case
of a vector current, we have

GO = ol = ). (4.36)

where the quantity I,,(x) has already been introduced in Eq. (4.83), and the constant C; is the
central charge of the current J.
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As a first example, let us compute this quantity for a CFT dual to the theory

1
Iexample = / dd+1x \ |g |
M

— R+
167TGN

d(d -1
% — F? + ¢ L’RF? + €,L°R,, F"F",,

(4.87)
+ €3LR,, 0 FFP | .

In terms of Au = A,/¢t., the Maxwell term in the action can be written as —F?/(4g%), from
where we identify the gauge coupling constant g,

L&
47Gy

In order to compute C; we have to consider a small perturbation of A, around pure AdS space,
and evaluate the action in the corresponding solution with appropriate boundary conditions.
Since in this example we do not consider a GB term in the action (if we did, we should simply
change L — f), the AdS curvature is

g (4.-88)

v 2 o]
R" = —§5 10 o> (4-89)

and the quantity appearing in the action is

[F? — €, L°RF® — ;LR F**F' o — €3L°Ryyype F"F| | = (1+d(d + 1)e, +de, + 2¢5) F . (4.90)

Then, around pure AdS spacetime the only effect of the non-minimal couplings is to rescale
the gauge coupling constant to an effective one, which in this case reads

gr =g 2(1+d(d + e, +de;, + 2¢5) . (4.91)

Therefore, the central charge C; in the example theory (4.87) is the same one as in Einstein-
Maxwell theory, replacing g by geg. This yields

ijample = (1 +d(d+1)e; +de, + 263)C}5M, (4.92)
where the Einstein-Maxwell central charge C;" reads™!

e T &L
7T T(d/2 - 1) 4n/21Gy

(4.93)

and in this case L = L. Note also that unitarity requires C; > 0, which sets a bound in the
couplings €;. This constraint will be exploited later for our theory.

Let us now turn to the case that we are interested in, the theory for the (d — 2)-form written
in Eq. (4.76), which is expressed in the Maxwell frame in Eq. (4.79). The most difficult part
of the treatment is that it involves computing the inverse of the tensor Qﬁ,‘;, but this becomes
trivial when working on a vacuum AdS background. Due to the GB term, the AdS radius in

11 This charge is that of [261] multiplied by 4, to account for the different normalization of the vector field in the
action.
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this case is L = L/ \/ﬁ, and when evaluated on the curvature given in Eq. (4.50) the tensor
(4.78) takes the form

0", = aed” 8", (4.94)
where
O = 1+ d(d + 1) frory + d frotty + 2 fotrs . (4.95)
Thus, the inverse of Q is simply
SN 1 sl gl

and around the AdS vacuum the quadratic term of the field A/, = A, /¢, in the action (4.79) is
given by

1
4%
Following the same logic as in the previous example, we conclude that the central charge C; is
the same as for Einstein-Maxwell theory, but rescaled by the constant a.g,

~ 471Gy
F2 2 —
> 8ett 2

*

Lgp=— eff - (4.97)

o
Qeff

with C}EM given in Eq. (4.93). Notice that, since the duality transformation has the effect of
inverting the effective gauge coupling, the combination a.¢ appears in the denominator instead
of the numerator of C;. This means that the 2-point function (JJ) can diverge for finite values
of the couplings «;, while it vanishes if we take any of these to infinity. In any case, due to
unitarity we have to impose the constraint

e > 0, (4.99)

which will later be used to set bounds on the parameters ;.

The Electromagnetic Quasitopological gravity (4.33) is a particular case of the theory
considered here, with the couplings related according to Eq. (4.31). This means that the
effective coupling takes the value

a2 = 1 — (3d? — 7d + 2) forry — (d — 2) fuotz » (4.100)

and the central charge is given similarly in terms of this through Eq. (4.98).
4.3.3 ENERGY FLUXES

We now want to perform the conformal collider thought experiment introduced for the first
time in [183], and eventually compute the value of the parameter a, that characterizes the
energy flux after the insertion of a current operator for our theory.

Let us consider a d-dimensional CFT in flat space ds* = —(dx°)? + §;;dx'dx’ and in its
vacuum state, that we denote by |0). The bulk geometry dual to this CFT is pure AdS in the
Poincare patch, expressed as

IE o
ds* = = [~(dx")* + §dx'dx’ + d2*] (4.101)
z
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with x° = t. We want to perform an insertion of a current operator of the form ¢;J’, where ¢; is
a constant polarization tensor, and obtain the energy flux measured at infinity. More precisely,
we consider an operator of the form

OE:/ddxei]ie_iExow(x/a), (4.102)

where /(x /o) is a distribution function that localizes the insertion at x* = 0 for 0 — 0, and E
is the energy. In terms of the cartesian coordinates x¢, the operator for the energy flux in the
direction 7 is given by

r—o00

&) = lim r*? / dx°T° (x°, rii) ', (4.103)

where r? = §;;x'x/. We are interested in the expectation value for the energy flux after the
insertion of the operator O,
L _ (0lOLE@O40)
(E() = L (4.104)
(0|0 OF0)

Taking advantage of the O(d — 1) symmetry of the problem, one can see that the expectation
value of this energy flux takes the form'? [183]

5 E le - n|* 1
&g =— |1 = 1
(@), Q(H)[ +a2( u d_l)

where Q;_») is the volume of the (d — 2)-sphere of unit radius and g, is a constant depending
on the theory.

By construction, it is clear that (£(1)) involves an integrated (TJJ) correlator over an
integrated 2-point function (JJ). The 3-point function (T]]) is constrained by conformal
symmetry up to two constants, so the parameter a, must be a function of these. The Ward
symmetry of the stress-energy tensor provides an additional relation between these constants
and C}, so it is clear that the correlator (TJ]) is fully determined by the central charge C; and
the parameter a,. This relation will be shown explicitly in the next Section.

Holographically, the energy fluxes can be obtained by evaluating the gravitational action
on the background of a shock wave, given by the metric

(4.106)

~o d-2

I . :
ds* = = |5 (', u) @y —dy*dy” + ) (dy")* +du?| . (4.107)

i=1

The coordinates (y*, u) introduced here are not the same as the original cartesian coordinates
(x% z) of Eq. (4.101), but they are related as

+__i - - 2 (X)2 Z_2 i_x_i _i ( 8)
YT yo=x xt xt’ Y= “E 410

12 Eq. (4.106) is a generalization for arbitrary dimensions of the expression given for d = 4 in [183]. The factor
multiplying a; ensures that the energy flux integrated over the entire solid angle is equal to E. Indeed, it can be
checked that for a vector perturbation,

|€ n|2 Q(d 2)
—dQ =
e T -

(4.105)
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fori=1, 2, ..., d— 2, and where x* = x° + x!. Additional details on this construction can be
found in [117,183]. This metric is a solution of the gravitational field equations if W satisfies
the equation

2 d—1 <o 2
G = ——0W + > aPw=o, (4.109)

i=1
which holds for Einstein gravity and general higher-derivative extensions of it [237,289]. The
solution of the previous equation that we are interested in reads

W()ud
_ A . d-1°2
(w2 + 252 (v - yi))

where W), is a normalization constant and y} = n'/(1 + n%!), being n' the components of the
vector 71 in the system of coordinates x'. This solution is localized at u = 0 and y' = y}, and
also at y* = 0 due to the §(y™) in the metric.

Since we want to measure energy fluxes of an excited state, we must consider a perturbation
of the vector field A, on top of this background. In particular, an insertion of the operator
(4.102) at the boundary is dual to a non-normalizable perturbation of the vector field, and if
we choose for instance a constant polarization in the direction x! this means that we must
consider a vector determined by the boundary condition Ay « z%¢ ¥ when z — 0. When
extended into the bulk and expressed in the (3, u) coordinate system, this kind of perturbation
behaves near y* = 0 as [183]

WO, u) = (4.110)

Ap(yt =0,y ¥, w) ~ e 25y - 8(y DS - 1). (4.111)

This is important, since as mentioned the shockwave is localized at y* = 0, and we will
eventually have to evaluate A, at that point.
Working directly in the coordinates (y%, u), we may simply consider a perturbation of the
form
A=Apdy' + Apdy”, (4.112)

where we included a component A+, which will prove to be necessary shortly. The non-
vanishing components of its field strength tensor are

Fuy = 2014Ai 6",y + 20, Ay-67, - (4.113)

The dynamics of the field A is determined in principle by the action with higher-order correc-
tions, in the background (4.107). However, if we ignore contact terms (this is, terms of the form
AW) in its equations of motion, they reduce simply to Maxwell’s equations

V,F'" =0. (4.114)
This is equivalent to the dual Lagrangian on vacuum AdS being equal to the Maxwell Lagrangian

with a modified coupling constant, as we saw in Section 4.3.1. We can now impose the transverse
gauge condition, V,A* = 0, which in our system of coordinates implies that

1
9_Ayr = anlAyl . (4.115)
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Then, the Maxwell equations are reduced to
d-3 =
—40,9_Ap + 92A; — —— 0, Ay + Y 9P A (4.116)
i=1
The component A+ included in Eq. (4.112) was necessary to arrive to this equation, as it allows
us to enforce the transverse gauge condition. The solution to this equation with the boundary
conditions discussed above develops the behavior given in Eq. (4.111)."3
In order to compute the energy flux, we have to evaluate the on-shell action and extract
the part proportional to WA?, since this is the piece that couples to TJ]. For our theory (4.79),
this requires that we evaluate first the tensor Q" and then compute the components of its

inverse (Q‘l)wpa using the relation (4.15). The former is given by Eq. (4.78), and taking into
account the fact that the shockwave background (4.107) is an Einstein space that satisfies

dfw

R, = —?gw, (4.117)
we find that
O" = agdl” 8" 2#LZW”V : (4.118)
po e [p™ o] (d—-1)(d-2)

Here, the constant a.q is given by Eq. (4.100), and W*",  is the Weyl tensor, whose non-vanishing
components in this metric read

i ol i
W, = 5(y+)fL—2 [udi0; W — &,0.W] |

Wl =w',, = —5(y+)f—u 3,0, W, (4.119)

u— f°°u
W, = —5(y+)7 [uaiaiw —(d- z)auw] )
plus those obtained interchanging indices. These expressions have been simplified using the
equation of motion (4.109), since they will be employed to evaluate the on-shell action. Also,
we note that this Weyl tensor satisfies

W W, =0, (4.120)
and therefore the inverse of Q simply reads

~ 1 2a
—1\HV V 3
S (3 L'wm . .
(Q ) P Qe (d— D - 2)&’ po (4.121)
The next step is to evaluate the dual action (4.79) on-shell. The only relevant terms are those
of the form WA?, which come from

- 1 ~ vpo
Tyaz = — d?x ) R
= iony | ¢ EQ B,
2asL? (4.122)

1 1
= A% Jlg| | —F?* + WHPE F | .
167Gy / *lel [aeﬁ (d —1)(d — 2)a% wep

13 The reasoning behind this is very similar to the one leading to Eq. (4.26) in [117]. The main difference is that
we consider a perturbation of the Maxwell field, which behaves as A,: ~ z° near the boundary, as fixed by
Eq. (4.116), while the authors of the reference have a perturbation of the metric with asymptotic behavior

hxlxz ~ 272.
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Since the only component of the inverse metric that depends on W is g7~, we have

8 fau'd(y )W

F?=2(F )g g'+..=— I

(0-A,)° + ..., (4.123)

where the ellipsis denotes contributions that do not depend on W, and therefore are irrelevant
for our computation. On the other hand, for the second term we have

Wi E B = aw(EL Y = -5 = (s — Lo wl (0.4, ¥
wipoc — ( —1) - (y )T 1 _; u ( - yl) > (4124)

plus again other contributions that are unimportant. Then, putting everything together, replac-
ing also the determinant \/E = L1 /(2u?™") and integrating by parts, we find

2fooOC3
CENCEDTe

1+

. 1 . L3 )
Iyaz = —m/dud )/F5(3/+))’\7Ay1é?_Ay1 ; (4.125)

where we defined

_ u(ué oW —ao,W)
= W ,
The shockwave localizes the integral to y™ = 0, where A,: behaves as (4.111), so we have to
evaluate the integrand at u = 1 and y* = 0. This can be done in a straightforward manner
by plugging in the solution for W given in Eq. (4.110), and taking into account that the
perturbation in Eq. (4.112) has a polarization € = (¢4, 0, ..., 0) we find

I

(4.126)

Ty = 4@ = D) (n? - ﬁ) —d(d-1) (|6|é;| - ﬁ) S @)

Therefore, comparing the expressions of the energy flux (4.106) and the on-shell action (4.125),
with the value of T, written above, we can read off the coefficient a,,
. deooag . deooa3

d—Daegr  (d—2)(1+d(d+1)furs +dfuty + 2fuas)

a, (4.128)

where we replaced a.s using Eq. (4.95). If the theory belongs to the EQG class, in which case
the couplings are related by Eq. (4.31), this result reduces to

2d(d — 1) f((2d — ety + az)
C(d—-2)(1—(3d2 — 7d + 2) furts — (d — 2) fotts)

EQG _
az -

(4.129)

4.3.4 3-POINT FUNCTIONS (T]])

Let us finish this Section by discussing the 3-point correlator (TJJ). In a CFT, its form in
position space is constrained to be [286,287]

tabef(X23)geggthcg(x21 )Idh(X31)
|x12| 1319|3234

(Tap (1) Je(x2) Ja(x3)) = , (4.130)
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where I,(x) is the structure introduced in Eq. (4.83), and
taped(X?) = ah) (X)) gea + DG (XHR(X?) + ehG) (X + éh3),

N IS 1
hg};)(Xa) = XaXb - Egab 5

. . . 4. 4. . 4 (4.131)
(2) a
hod(X®) = 4X(08ryaXe) — aXangcd - EXchgab + 72 8ab8ed >
®) 2
habcd = Lac8bd t+ Lad&bc — Egabgcd .
Here we also introducd
x4 x2 N &
xa:xa_xa, X% = 13 23’ a _ 12’ 122
2 ! ? 12 x> s ? 2 | X1 (4.132)

and so on with their corresponding permutations.

The expression for (T]]) is thus determined by four theory-dependent constants, a, b, ¢
and é. However, requiring current conservation imposes the constraints

di—-2b+2d-2¢%=0, b-dd-2)é=0, (4.133)

so only two of them are free parameters. Following [261], we will work in terms of ¢ and é. In
addition, there is a Ward identity that relates the central charge C; to these coefficients as

277,'d/2

= Tz

This reduces the number of independent parameters to just one, which can be related to the
coefficient a, entering into the expectation value of the energy flux, Eq. (4.106). As is clear from
Eq. (4.103), this flux involves an integrated (T J J) correlator, and therefore it is possible to obtain
the desired relationship by means of a somewhat straightforward field theory computation.
This was performed for general dimensions in [290], finding

- 1)(d(d — 2)é - ¢)
SO YEN B
With these two expressions, we can fully determine the 3-point function (TJJ) in terms of C;
and a,. Inverting the two equations, it is possible to write

C(d-2rd/2+1)

Crd/2+1)
274/2(d — 1) (d —1+(d- 2)a2) : (4.137)

Finally, replacing the values of a, and C; found for our four-derivative EQG theory, these
coefficients read

d(d — 2)d!L* 2 [d — 2 — (d — 1)(3d? — 10d + 2) fway — (d? — 4d + 2) fucts]
32(d — 12241 572Gy [1 - (d = 2) o ((3d — Dy + @) ]

(é+é). (4-134)

(4.135)

¢

é

¢P6 = ,  (4.138)

d(d — 2)(d — 2)!IL43E[1 - (d — 1)(7d — 2) foay — (3d — 2) futts]
32(d + Va1 26y [1 - (d - 2) £ ((3d — Dty + )]

This result will be important for us in the next Chapter, particularly in Section 5.1.2.

éEQG v |

(4.139)
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4.4 CAUSALITY, UNITARITY AND WEAK-GRAVITY-CONJECTURE
CONSTRAINTS

The four-derivative theory (4.33), which is the focus of the holographic explorations performed
in this Chapter, depends on four coupling constants. These are free parameters which, as seen
in the previous Section, modify several entries of the holographic dictionary allowing us to
study CFTs belonging to more general universality classes than those dual to Einstein-Maxwell
theory. However, if we want to obtain sensible answers from holography we must demand
that the dual theory satisfies reasonable physical properties, such as unitarity and causality,
which in the end will constrain the values of these couplings.

Before considering these, there is one more fundamental condition that our theory must
meet: the existence of an AdS vacuum. The effective AdS length scale is L= L/ \/ﬁ, with
f. given by Eq. (4.52). Requiring that L is real thus provides a bound in the Gauss-Bonnet
coupling A, namely

AL -, for d>3, (4.140)

1
4
which we take into account from now on.

4.4.1 UNITARITY AND POSITIVITY OF ENERGY FLUX IN THE BOUNDARY

Several constraints can be found by demanding that the different correlators and energy fluxes
of the boundary theory, defined in the previous Section, respect unitarity. We will explore
these in what follows.

4.4.1.1  Constraints from (TT) and (TTT)

We start by considering the correlators (TT) and (TTT), which are determined exclusively by
the purely gravitational terms of the action. Hence, by studying those we expect to find bounds
only on the GB coupling A. The constraints explained here are not new, and have been known
for some time [100-102].

The first condition can be obtained from demanding that the central charge of the stress-
energy tensor 2-point function is positive, Cr > 0, as this sets the norm of the states in the
CFT created by T,,. This can also be interpreted as a unitarity condition in the bulk, since it is
equivalent to imposing G.g > 0, which prevents the graviton from having a negative energy.
This central charge is modified by the Gauss-Bonnet term, and is given by Eq. (4.84). Imposing
it to be positive produces the condition

1-21f.>0, (4.141)

and this also ensures that G.¢ > 0, as given by Eq. (4.53). By considering the value of f,, written
in Eq. (4.52), it is easy to see that the inequality above is always fulfilled for the allowed values
of A, and thus this condition does not provide any additional constraint.

A stronger bound can be achieved by demanding positivity of the energy 1-point function.
Analogously to what we explained in Section 4.3.3, the expectation value of the energy flux
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produced after an insertion of the stress-energy tensor of the form €;;T" in general reads [183]

E ey eqn’n’ 1 ) (|6ijninj| 2 )]
1+t - - +ty - - . (4.142)
Q-2) [ ( ey d—1 €€y dP—1

As explained in Section 4.3.1, for holographic CFTs dual to our theory (4.33) we have t, = 0,
while t, is given by Eq. (4.85). This energy flux must be positive in any direction 7 and for any
choice of the polarization tensor ¢;;. The resulting conditions are clearly analyzed in general
dimensions first in [102] and then in Section 3.3 of [101], finding that the value of A must be in
the interval

(E(M)r =

_(3d+2)d-2) i< (d-2)d-3)(d*—d+6)
ad+2e —7° 4(d? — 3d + 6)2

Note that A = 1/4 is not allowed by the upper bound in any dimension (that quantity indeed
tends to 1/4 for d — o0), while the lower bound prevents A from becoming too negative.

(4.143)

4.4.1.2  Constraints from (JJ) and(T]])

Let us turn now to the correlators involving the current operator J, which should provide
constraints on the parameters of the non-minimally coupled terms in the action, a; and @,. The
arguments are very similar to the ones of the gravitational case, and are based on the unitarity
of (JJ) and the positivity of the energy 1-point function (€(#));.

The central charge of the current 2-point function, C;, is given by Eq. (4.98), and its
positivity implies that

a0 =1 — (3d? — 7d + 2) fuay — (d — 2) frot, > 0. (4.144)

This quantity is, up to a constant, the coupling of the Maxwell field in vacuum. Therefore, its
positivity is equivalent to demanding that photons in the bulk carry positive energy.

More interesting bounds can be obtained from the energy flux created after an insertion of
the current operator, given by Eq. (4.106). By demanding that the energy flux is positive in any
direction, we find that the parameter a, must satisfy'4

d—1
13 <ay<d-1. (4.145)

Plugging in the value of a, for the four-derivative Electromagnetic Quasitopological theory,
given by Eq. (4.129), this translates into

deoo((Zd —Day + ocz)
<7 — (3d% — 7d + 2) fuott — (d — 2) frutz

<d-2. (4.146)

But notice that the denominator of this expression is precisely a:‘{%G, which is assumed to be

positive. Then, if we multiply the whole inequality by aff%G, the two constraints can be written

as

1—(7d* — 9d + 2) frurty — (3d — 2) fuott; > 0, (4.147)

14 In order to find the bounds in a,, we need to consider the different types of perturbations possible for the
vector field J. For this, the simplest approach is to choose a system of coordinates in which only €; # 0 and
n=(ny0, ..., 0, ng_1), normalized as 71 - 1 = 1. Then, the lower bound in Eq. (4.145) is obtained from scalar
perturbations (n; = 1, ng_; = 0), while the upper bound comes from vector perturbations (n; = 0, ng_; = 1).
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d*—6d+4
o=y

. (d—1)(3d* — 14d + 4)

oty 20,
d—2 Joott

(4-148)
Again, these constraints are only true once (4.144) is imposed, so it is important to consider
also that one.

The second inequality, Eq. (4.148), has a different character depending on the dimension:
the coeflicient multiplying «; is positive for d = 3 and 4, and negative for d > 5, while that of
a, is positive for d = 3, 4 and 5, and changes sign for d > 6. For instance, if o, = 0 we find that

o, must be in the interval

d—2
<fo; < ———, for d=3,4, a,=0, 1
(d—1)(3d? — 14d + 4) Joo < 2 (4-149)
but the lower bound disappears for d > 5.
! __4-1 ! __4-1
“=T0 =T
5\ _aZZd_l A ki _az:d—l
EQG EQG
— =0 o — af’=0
@ 0 AN et @ 0 — f
-5 —5F
-10 -10 s
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
5{1 &1
(a)d = (b) d = 4.
1 ' /0 d-1 10 _d-1
“=T0 “=T0
T — a=d-1 | ! —ay=d-1 |
) — agi =0 ) — ai =0
24 0 a; 0
-5F / 4 -5F
-10 -10 s s -
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
5{1 &1
(c)d= (d)d=6.

FIGURE 4.1: Bounds in the couplings a; = foa; and &, = f.a, obtained
from imposing unitarity and positivity of energy fluxes, as given in Eqgs.
(4-144), (4.147) and (4.148). The allowed region is shaded in each case, and it
is infinite. For d > 6 this region looks qualitatively very similar to the one
shown for d = 6.

Note that the bounds are imposed directly on the “renormalized” couplings f..; rather than
on the original ones. However, the value of f, is always close to one for the allowed values of
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Ain Eq. (4.143), and f., = 1 always in d = 3. The different constraints are shown in Figure 4.1,
where we can see that the allowed region in the plane (f.a;, fo2,) becomes bigger for larger
dimensions. Also, for d = 3, 4 and 5 there is an absolute upper bound for «;, regardless of a,.
This is found at the intersection of the three constraints, and it reads

1
< ———— = . .
foor; < DR for d=3,4,5 (4.150)

Similarly, there is an absolute lower bound for a; in d = 3 and 4,

2d — 1
footty > —m, for d=3, 4. (4.151)

For higher dimensions the two parameters can take values in the entire real line, but they
cannot both be too positive at the same time. In fact, only small values are allowed in that case,
as can be seen in Figure 4.1d.

4.4.2 CAUSALITY IN THE BULK

It is reasonable to expect physically consistent bulk theories to give rise to consistent dual
CFTs, and vice versa. Therefore, the unitarity constraints discussed above should have a
counterpart in the bulk. For the constraints coming from the 2-point functions (TT) and (JJ)
the interpretation is direct, as the positivity of the central charges is related to that of the energy
of gravitational and electromagnetic waves in the bulk. However, the bulk interpretation of
the constraints arising from the positivity of the energy 1-point function is more subtle. At
least for Lovelock gravity, it is known that demanding (£(n))r > 0 is equivalent to imposing
the bulk theory to respect causality [102, 104, 106,291], by avoiding superluminal propagation
of gravitational waves [191, 193,268,291].'> Here we investigate the analogous connection
between causality of electromagnetic waves and the positivity of the energy flux (£(17));, given
by Eq. (4.106).

We start with the neutral planar black hole (or black brane) solution of the theory (4.33).
The form of the metric is

(r) dr?  r?
dsz = —f:ftdtz + % + de(zd—l) s (4152)

and the function f(r) is given by

r 4AL*m
f(r)z L2 <1—\/1—4A+W) . (4153)

This is nothing but the metric (4.18) with k = 0, and we have set N? = 1/ f., so that the speed
of light at the boundary is one. Also, the solution for f(r) is the one studied in Section 4.2 with
Q = 0, since we are interested in the propagation of perturbations over the neutral background.

In order to study the speed of electromagnetic waves in our EQG theory (4.33), we can
either use its formulation in terms of the (d — 2)-form B or in terms of the dual vector field A.
The results obtained in both frames must hold simultaneously.

15 This connection is not that well understood in other theories not belonging to the Lovelock family [117,237].
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Let us consider first a perturbation of the (d — 2)-form in this black hole background. At
linear order, the equation for B can be written as

Ve, (Q[HvﬂvHalu.adfl]) =0, (4.154)

where Q’”po takes the value (4.78). Particularizing it to the EQG case, which requires replacing
a3 by its value given in Eq. (4.31), this tensor becomes

~ 3d6¥1 d(Xz 2 [ v]
I - H
Q" [1+<d—2+(d—1)(d—2))LR}5[P(S o]

42d — Doy (3d — 2)a,
_2< di—2 " (@d-Dd-2)

[ v] 2 v
) R u[p5 o] + m((Zd — Doy + OCZ)LZR” po

(4.155)
When evaluated on the metric (4.152), it takes the form
Q - ylp[y pv + ZYZ,D[” v] ! + y3o-[y[po-v]0] ’ (4156)
where
d—1 A
pey =885 +0°8,, %= 5%, (4.157)

i=1
are the projectors in the (¢, r) and transverse spatial directions, respectively, and y; are the
functions

CflLZ (X2L2

pi=1- [3d(d - 1)f —2(d —Drf —r*f"] - [df —rf] .
Y2 = 2 [3d* —11d + 4) f + 2drf' —r* "]
ZLZ 2 / 2 ¢t
—h [2(d — 4d +2)f + (d + Drf —r2f"] (4.158)
y3=1- % [(d—5)3d* — 10d + 4) f +2(3d° — 11d + 4)rf + 3dr* f”]
a,L?

- d—3)d* —6d+4)f +2(d*—4d+2rf +dr*f”]| .
@= D=2 @3 )f +2 rf'+dr'f’]
Let us now consider a fluctuation of the field B with a polarization orthogonal to the
direction x!,
B =y(r)e ™ dx? A Adx®T (4.159)

Its field strength H = dB is

H = e ior+iky! (¢/(r)dr ndx? A N dxTt — iy (r)dt Adx® A Adx®!

4.160
+iky(Hdx' Adx® A AdxT), (4.160)

and with this ansatz the equations of motion (4.154) are reduced to a single component, corre-
sponding to the indices a, ... g, = x% ... x%71, so it is not necessary to activate other components
of B. We want to study the small wavelength limit w, k — o0, so we only need to keep the

derivatives with respect to t and x'. With this approximation, we get

oL Gl W iy G — = (iw)’ +—(k)2 B (4.161)
« (O ) f( ) i)y, i , 4.161
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and equating this to zero we obtain the dispersion relation

w*  L*f(rn
ﬁ = m . (4162)

By plugging in the value of f(r) in Eq. (4.153) and expanding near the boundary, it becomes

w? . L*m(1 - (7d* — 9d + 2) fooy — (3d — 2) fruttz) of L
k2 (d - 1)(2— fu)aggr : <r2d> |

(4.163)

This quantity is the square of the phase velocity of the wave front, and consistency with
causality requires it to be smaller than the speed of light, w/k < 1. Since f, < 2 and we take

a-2° > 0, this condition implies

1—(7d* = 9d + 2) forry — (3d — 2) frort; > 0, (4.164)

which matches exactly the constraint (4.147) computed from the lower bound in the allowed
range of values of a,, Eq. (4.145).

Obtaining the exact value of the dispersion relation (4.163) would require to consider all
terms of higher order in 1/r, which become important when going further into the bulk.
However, we have tried different values of the couplings satisfying this constraint, and found
that in all cases w/k < 1 everywhere inside the bulk. So the bound in Eq. (4.164) appears to be
enough to ensure causality in the propagation of these perturbations everywhere, but a more
in-depth analysis would be required in order to make such a claim.

A different constraint in the couplings can be obtained by choosing inequivalent polariza-
tions of the B field, and in particular this means that we need to study a perturbation polarized
along the r direction. However, instead of this it is easier to consider a perturbation of the dual
vector A, of the form

A = (r)e R gt (4.165)

Indeed, it can be seen that the H field obtained from the dualization of this vector is not of the
form (4.160), but instead has a term ~ kdt Adr Adx> A... Adx?~!, corresponding to a polarization
of B along the r direction. The linearized equations of motion for this field read

A
vu((Q 1) ngpG) =0, (4.166)
where (Q‘l)uvm is the inverse of the tensor given in Eq. (4.156). With that form of N”Vpo, its
inverse is simply
~ 1 1 1
-1y PO _ 2 lp ol 2 lp_ ol = lp_ ol
(Q )yv - Y1 p[lf’ pV] + yzp[[,l O-V] + YSO—[;J O-v] . (4167)

The linearized Maxwell equations for the perturbation written in Eq. (4.165) are reduced to a
single component v = x!, which reads

212 f,  KL* d—1)fL? d L2
OLfe +( )f ¢+ — L' =0. (4.168)
rtfy, riys 3y, dr \ r?y,
In the short-wavelength limit o, k — oo this becomes
w?  L*f(r)
- = ﬁ , (4.169)

k2 r2 foys
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and expanding near infinity we get

o Um(d-2-@- D0 - 1d+ Dfa ~ (@ -6d+ Dfpar) (1
ke (d - 1)(d — 2)(2 — fuo)a2Crd + <a) . (4.170)

where we plugged in the values of y, and y; given in Eq. (4.158), and the function f(r) in Eq.
(4.153). In order for this perturbation to respect causality, it is necessary that «w?/k* < 1 as we
move away from the boundary, which results in the constraint

d—2—(d—1)(3d* —14d + 4) fory — (d* — 6d + 4) forr, > 0. (4.171)

This is precisely the condition (4.148), obtained from the upper bound in the value of a, given
in Eq. (4.145). Again, we checked that w/k < 1 in the entire bulk for different sets of values of
the couplings that respect this constraint.

While the analysis performed is relatively simple, we can argue that it is the most general.
Indeed, one can be convinced that there are no other inequivalent polarizations by counting
the number of them captured by the perturbations (4.159) and (4.165). For a fixed direction of
propagation, (4.159) is the only possible form of the field B that is orthogonal to the propagation
and with no t or r components, while there are d — 2 polarizations of the type (4.165) for A
obtained by exchanging dx' with dx’, i # 2. So in total we can describe d — 1 = D — 2 different
polarizations, which is the number of degrees of freedom of a massless vector field (and of a
(D — 3)-form) in D dimensions. Therefore, we conclude that there are no additional constraints
that can be found from the study of causality in the background of a neutral black brane.

Another interesting problem would be the study of perturbations around charged black
branes, which would be relevant if one wishes to perform holography in such backgrounds. In
that case gravitational and electromagnetic perturbations would be linearly coupled, making
the analysis of the speed of propagation more complex. However, this could perhaps lead to
stronger constraints than the ones found here.

To conclude this discussion, let us mention that there are other types of causality violations,
like the ones involving the graviton 3-point vertex found in [238]. Indeed, one of the implications
of that study in the holographic context is that the Gauss-Bonnet coupling (in units of the
AdS scale) must be very small, |A| < 1. These bounds would be applicable, in principle, to any
theory of gravity that modifies the 3-point function structure of Einstein gravity. There exist,
however, non-trivial higher-curvature terms that do not modify this 3-point function, and one
can not apply these results to them. In any case, we do not know of similar constraints for the
terms RH? and H* of our theory (4.33). In fact, there are theories that have a large value of
a,, such as QCD, and in order to capture these holographically one needs bulk models with
non-minimal higher-derivative terms with O (1) couplings [183].

4.4.3 WGC AND POSITIVITY OF ENTROPY CORRECTIONS

So far we have obtained constraints for three of the four coupling constants of the EQG theory
(4.33) by imposing unitarity of the boundary theory, which we found to be equivalent to causality
in the bulk theory. However, the parameter § multiplying the term H* is still unconstrained, as
it does not affect any 2- or 3-point function. Also, while the existing constraints prevent the
couplings from being too large, they do not say anything about the sign of these parameters.

103



ALBERTO RivADULLA SANCHEZ

In this Section we will find additional bounds by applying the mild form of the weak gravity
conjecture (WGC) [271, 272], which has recently received some attention in the context of
higher-derivative theories of gravity [292—302]. For an AdS spacetime, the implications of the
WGC were studied in [273] (see also [303—305]). One of the heuristic ideas behind it is that
extremal black holes should be able to decay, which can happen if there exists a particle whose
charge-to-mass ratio is larger than the one of an extremal black hole. This is the standard form
of the WGC [306,307]. The mild form, however, involves only black holes and claims that the
decay of an extremal black hole into a set of smaller black holes should be possible, at least
from the point of view of energy and charge conservation. Since an extremal black hole has a
fixed mass for a given value of the charge, M.,:(Q), such decay process is only possible if

Mext(Ql + QZ) 2> Mext(Ql) + Mext(QZ) . (4172)

For asymptotically flat black holes in Einstein-Maxwell theory we have M (Q) o |Q|, so the
inequality is saturated. However, higher-derivative corrections modify the charge-to-mass
relation, and by demanding that the deviations respect the property (4.172) we should obtain a
constraint on the coefficients of the higher-derivative terms. In all cases, it is clear that in order
to preserve (4.172) the corrections to the extremal mass must be negative, SM.,; < 0 [308].

The reasoning above does not carry on directly to an asymptotically anti-de Sitter spacetime.
As noted in [273], the bound (4.172) is no longer saturated for extremal black holes, since
the relation M (Q) is not linear, and hence perturbative (arbitrary small) higher-derivative
corrections cannot violate it.'® Instead, that reference makes use of the proposal of [271], which
claims that the corrections to the entropy of black holes of arbitrary charge and mass should
be positive as long as these are thermodynamically stable. It is known [309, 310] that, when
applied to near-extremal black holes, the positivity of corrections to the entropy is connected
to the negativity of the corrections to the extremal mass. Therefore, one can still apply the
condition M., < 0 to bound the higher-order couplings, just like in the asymptotically flat
case. However, the conditions studied in [273] are more ambitious, as they demand §S > 0 for
arbitrary charge and mass not only for near-extremal black holes, as long as the specific heats
are positive. Let us apply these requirements to our theory (4.33).

The Wald entropy of static black holes is given in Eq. (4.73), and we repeat its value here
for convenience,

S = (4.173)

4Gy rid=2 (d—3)r?
This expression, together with the relation M(r,, Q) given in Eq. (4.69), can be used to obtain
the exact value of the entropy S(M, Q). Here however we only need the perturbative correction
to the entropy at fixed charge and mass. In order to simplify the analysis let us introduce the
variable

ri W a (1 2L2Q%x,  2kL*(d — 1)/1>

O

x= (4.174)

where rJ(rO) is the zeroth-order value of the horizon radius, which can be obtained from Eq. (4.69)
by setting the higher-order couplings to zero. Also, the extremal value of the charge in the two
derivative theory reads

d—1
O = (Lx)*2, ,T Vk(d —2) +dx?, (4.175)

16 I the small size limit AdS black holes behave as asymptotically flat ones, and in this case the inequality (4.172)
could still be applied to constrain the higher-derivative terms.
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so it is also convenient to define the variable

&= % (4.176)

which takes values in the range from 0 to 1. Since we are working at fixed M and Q, we can
use Eq. (4.69) to obtain the correction to the horizon radius as a series

re=rO 4+ Wy (4.177)
with the first term being
o kAL L 3wkl - DE  akLE? P - DLE (K - 2) + dx’)
*E2 - Dx(k(d - 2) + dx?) (& —Dx (& —Dx 4(3d — 4)(&* — Dx
(4.178)

Inserting this into the expression for the entropy (4.173), we get the correction at linear order

(d—DL7'x WV gy
4Gy

6S(M, Q) =

N k L2
(& -1)(k(d-2)+dx?) d-3

a, & <k((d_2)2§2+2d_ 1) +dx2> (4.179)
&2 -1
N k& B(d — 1)E*(k(d - 2) + dx?)
& -1 4(3d - 4)(&* - 1)

Following [273], we should demand this to be positive for any black hole that is thermodynam-
ically stable at zeroth order. We will focus on spherically symmetric black holes, with k = 1.
The case k = 0 is obtained as the limit of large size of these spherical black holes, while the
case k = —1 is somewhat different and we will comment on it at the end of the Section.

Let us consider first neutral black holes, & = 0, for which only the Gauss-Bonnet term is
relevant. The correction to the entropy is thus

_ (d — 1)Ld_1xd_3V1’d_1

1 2
5S(M, Q)|§:0 = On A (_d — gz 7o 3) . (4.180)

The variable x defined in Eq. (4.174) can range from 0 to infinity, and for any of these values
the quantity in the parenthesis is positive if d > 3.'7 Neutral large black holes are known to be
stable in AdS, and therefore the WGC would imply that the GB coupling must be non-negative,

A>0. (4.181)

This makes sense, as the Gauss-Bonnet coupling arises explicitly from string theory effective
actions and in many instances'® it indeed has a positive coupling [311-314] (see also [315] and
Appendix B of [189]).

17 For d = 3 one should define 1 = 1/(d — 3) and take the limit d — 3 with fixed A. The correction to the entropy
found is topological, and identical for any spherical black hole.

18 It was shown in [277] that a negative A can also be achieved, indicating that this coupling can actually have
different signs depending on the setup.
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Next we can look at the case of near-extremal black holes, which are also stable in the two-
derivative theory. This corresponds to the limit & — 1, and hence the dominant contribution in

Eq. (4.179) is

(@ - DLV 0 3
SS(M, Q)‘g—u - 4GN(1 — £2) T o dd 3(d - Doy — ay "
B(d —1)(d — 2 + dx?) 4.182

4(3d — 4)

This has a non-trivial dependence on the radius of the black hole through the variable x, and
therefore we can find several constraints on the couplings by imposing it to be positive. For
large black holes x > 1 the correction proportional to f dominates, and S > 0 implies

g>0. (4.183)
On the other hand, in the limit of small black holes x — 0 we obtain

A pld—1)d-2)
g - Dm-a 4(3d — 4) =

(4.184)

This may be the most reliable constraint that we can produce from the WGC arguments of [273],
since small black holes behave as asymptotically flat ones, for which the inequality (4.172)
must hold. The condition above implies that the shift in the extremal mass is negative, hence
ensuring that Eq. (4.172) is satisfied for black holes much smaller than the AdS scale.

Finally, another condition comes from studying large black holes (or equivalently black
branes, with k = 0) of arbitrary charge. This corresponds to x — oo, and therefore the shift in
the entropy is

5S(M, Q)|

_ d(d - 1)Ld_1xd_1V1,d—1 (061%‘/2 n p(d —1)&* ) _ (4.185)

x-se0 4Gy 4(3d — 49)(1 - £2)

In order for this quantity to remain positive for any value ¢ € [0, 1) we must impose not only
B > 0 as found in Eq. (4.183), but also
a; >0. (4.186)

This is a very strong constraint since, when combined with the bounds from unitarity shown in
Figure 4.1, it implies that a; and a; can only lie in a small compact set of the plane for d = 3, 4
and 5. The Gauss-Bonnet coupling A must also lie in a small interval given by Eqs. (4.143) and
(4.181), so only f can take arbitrarily high values with the constraints that we have found. It
would be interesting to explore whether different constraints could impose an upper bound on
B, and indeed the results of the next Section suggest that this coupling should not be too large.
To close this Section, let us discuss what happens if one attempts to apply the WGC bounds
to hyperbolic black holes, for which k = —1. We will consider them neutral for simplicity, £ = 0.
One can check that all these solutions are thermodynamically stable in the two-derivative
theory, and therefore we should impose §S > 0. From Eq. (4.179) we obtain in this case

ngmﬁﬁ=u”WWHL“em( : +2>, (4187)

4Gy dx?—(d—2)  d-3
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and since for hyperbolic black holes dx? — (d — 2) > 0,9 the positivity of §S in this case implies
that A < 0, which is the opposite to what we found for spherical and planar black holes in
Eq. (4.181). If these two bounds were to hold at the same time for any choice of the boundary
geometry, we would be led to the conclusion that A = 0, which seems an unreasonably strong
claim. Likewise, if we combine the results for the cases k = 1 and k = —1 it is possible to
find similarly stringent constraints for the other constants. Although it is not clear how to
solve this issue, we are more inclined to trust the constraints for spherical black holes and
ignore those for k = —1 for a couple of reasons. On the one hand, spherical black holes make
direct connection with the original motivation of the WGC regarding black hole evaporation,
while the evaporation of a hyperbolic black hole is not a well-defined problem, as they are
always stable [316]. On the other, as mentioned above, a positive Gauss-Bonnet coupling is
actually realized in many explicit string models. This suggests that the positivity-of-entropy
bounds might not be applicable directly to hyperbolic black holes, but it would be interesting
to understand why. Based on these arguments, for the rest of this work we will only make use
of the constraints found for k = 1.

4.5 THERMODYNAMIC PHASE SPACE

In Section 4.2 we studied charged black hole solutions of the four-derivative theory (4.33).
These can be used to describe, in the context of the AdS/CFT correspondence, CFT plasmas at
finite temperature and chemical potential, and have different properties and interpretations
depending on the geometry of the horizon. The form of the metric and the (d — 1)-form field

H in these solutions is
dr?

ds* = =N f(r)dt® + + 25 4y s

f@r) (4.188)
H = Quy -1y,

where N is a constant, f(r) is the function whose solution is written in Eq. (4.59) and wy (4-1)
is the volume form of the metric tangent to the boundary d¥; , ,, given for the different
topologies in Eq. (4.20).

On the other hand, in the electromagnetic dual frame we have a Maxwell field strength
that can be computed through Eq. (4.8), which leads to the vector potential

A= d(r)dt, (4.189)

where the electrostatic potential ®(r) is given by Eq. (4.67).

We already computed some thermodynamic quantities associated to these solutions in
Section 4.2, such as the temperature and the Wald entropy, but in order to make contact with
the dual CFT we must first obtain the free energy from the on-shell Euclidean action, which is
done in what follows.

19 This is required for the temperature of the neutral black hole in the two-derivative theory, given by Eq. (4.70)
with all higher-order couplings set to zero and Q = 0, to be non-negative.
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4.5.1 EUCLIDEAN ACTION AND FREE ENERGY

Let us work in the frame of the (d — 2)-form B. We first perform a Wick rotation of the black
hole solutions by writing t = iz, and the Euclidean time 7 has a periodicity 7 ~ fr + 7, where
Ppr = 1/T, the inverse of the temperature given by Eq. (4.70). In order to compute the free
energy we must first evaluate the Euclidean action, whose bulk part reads

bulk _ 1 / d+1 dd-1) 2 ) AL?
B =~ Toron L& VR T oo T a—na -t
2
§ 2l (HZR—(d—1)(2d—1)R’”p5(H2)pa )
“-n " (4100)
g el (Re(H2), — @~ DR", ()" |
(d-1) ! H po p

BL? 22

On top of this, we need to add the generalized Gibbons-Hawking-York boundary term to make
the variational problem in the gravity sector well posed [274, 275], as well as counterterms
to make the action finite [207]. The generalized GHY term for the Gauss-Bonnet density is
known [92,93], as well as the appropriate counterterms [210]. However, for simplicity we will
consider the effective boundary terms proposed in [119], which match the renormalization
prescription described in Chapter 2,

d—1 LOd-3)
bdry _ d _ _
I = ZC/ade\/h (K 7 2d-2) R+...) . (4.191)

Here, K is the trace of the extrinsic curvature and R the Ricci scalar of the boundary metric,
while ©(d — 3) = 1 for d > 3 and 0 otherwise. Additional ©@ (R") terms appear for d > 5. These
terms are simply the same as those necessary for Einstein gravity, but with a proportionality
constant given by (see Eq. (2.12))
I2
C=——L)ags, .192
2d |ads (4.192)

where L|q45 is the Lagrangian evaluated on the AdS vacuum to which the solution asymptotes.
For our Lagrangian, this takes the value

1 2(d - 1)
= T620n (1— 13 fooﬂ> - (4-193)

On the other hand, the variation of the terms RH? with respect to the metric decays very
fast at infinity, so one does not need to include additional boundary terms to ensure the well-
posedness of the variational problem. Also, they behave near the boundary as the H? term, so
no counterterms are needed either.

In order to compute the Euclidean action, we note that the Lagrangian becomes an explicit
total derivative when evaluated on the solution (4.192), which is indeed the defining property
of the family of Electromagnetic Quasitopological theories. We find explicitly

1 dI(r)

167TG E n- = )
N |o shell rd_l d?"

(4.194)
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where

10) = — 1) - (= D) - B + & _Lzl)rd L :

=200 L*Q%r ™ (3(d — D(f(r) — k) + rf'(r)) — 20, L*Q*r(f(r) — k) (4.195)

d 1 LZ 4..4-3d
+ m/ler‘H(f(V) —R)((d=3)(f() - k) +2rf'(r)) + ’ 4% ;d
Therefore, the bulk part of the Euclidean action is computed by integrating this, and reads
® Ni Vi a-
P = NV / FRPEpS % [1G)-1G > )], (4.106)

where the inverse of the temperature f; appears due to the integration over the Euclidean time.
The evaluation I(r — oo) is infinite, but one can check that all these divergences are exactly
cancelled by the boundary contribution (4.191), which do not introduce any meaningful finite
terms to the on-shell action.?® Hence, we get for the total Euclidean action

BrNeVi a1 7

bdr
b T =

(rs). (4.197)

The fact that we are computing this in the frame of the field B has a non-trivial effect.
Indeed, when varying the action we must fix the value of this field at the boundary, which
for its holographic dual corresponds to working at fixed charge. This implies that the CFT
is described by the canonical ensemble, and the gravitational Euclidean action we computed
is equal to the Helmholtz free energy of the system, as F = T, which is a function of the
temperature and the charge. From the result above, we have

NV gq (d — l)rf d-1 4T d—2 Zerf_id
= ’ —ry —+k(d-1 + =
167Gy [ L? "N @=1r. d—2
4T
+ 20, L*Q%r ¢ <3k(d -1) - i r+) + 2ka, LQ%*r? (4.198)
_ 8xTr BL2Q4rd—3
+(d — DAL [ k- )+ |,
( JeAL'r ( (d—S)Nk> 4 —3d

where the temperature is given in terms of Q and r; by Eq. (4.70). It can be checked that this
quantity fulfills the definition of the Helmholtz free energy,

F=M-TS, (4.199)

where M, T and S are given respectively by Eqs. (4.69), (4.70) and (4.73). We also introduce the
chemical potential p = lim, . A;/ ¢, which from Eq. (4.71) reads

_ NkQ 1 0{1L2
#= t. |(d—2)ri2 rd

(4.200)

4T L? L2Q?
3(d - Dk — 22 azdk— pLO -
N ré (3d — 4)r3d+

20 In odd d some counterterms can introduce contributions of the form Iz — I + cfr, for some constant c. But
this simply represents a global shift in the free energy, and we will assume that these finite counterterms have
been chosen in such a way that pure AdS has zero free energy.
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The free energy (4.198) satisfies the usual first law of thermodynamics,
dF = —SdT + pdN", (4.201)

where N = gf, represents the number of charged particles under the current J in the boundary
theory, and it reads (replacing the physical charge g by its value in Eq. (4.65))

~ Via1tQ

N = 47Cn (4.202)

We wish to work in the grand canonical ensemble, which corresponds to fixed chemical
potential, so instead of F we are interested in the grand potential (or grand free energy). This
is defined as

Q=F—-uN, (4.203)

and it can also be obtained directly from the Euclidean action by adding or removing the
appropriate boundary terms, depending on whether we are in the Maxwell or B-field frames.
By construction, this quantity satisfies

dQ = —SdT — N'dyu, (4.204)
so Q is to be understood as a function of T and p. Its explicit form is

R

161Gy L? d—2 A
4T
- Zaleer;d (3(d -1k - %) - Zkaszer;d (4.205)
k
3pLAQ ri ™ 2 d-a 8rTr,
+ ———— +(d - 1)kAL k———— 1.
3d — 4 ( ) T+ Ni(d —3)

In the next Section we study the properties of these thermal states in the case of a flat boundary:.
The hyperbolic case will be considered in Section 5.1, in the context of the computation of
Rényi entropies.

4.5.2 FLAT BOUNDARY: BLACK BRANES

We will perform now a thorough study of the thermodynamic phase structure of planar black
holes, k = 0. The geometry of the boundary is Minkowski spacetime, and therefore these
solutions are useful to probe the properties of thermal CFTs in flat space. More precisely, the
boundary metric is conformal to

ds‘t2>dry = =Ny fudt® + dx(zd—l)’ (4.206)

so it is natural to set )
Ny = — (4.207)

T

which is equivalent to working in units such that the speed of light at the boundary is one. Note
also that, taking into account the definition of the transverse space in Eq. (4.20), the volume is

VRa
Voar = 2 - (4.208)
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where now Va1 is the volume of the constant-t spatial slices of the boundary metric (4.206),
which can be infinite. Therefore, it makes sense to work in terms of the grand potential, entropy,
mass and number densities, defined as

Q S M N
= s s = s p = , N = .
V]Rd—l VRd—l VRd— 1 VRd—l

W (4.209)

It will also be useful to replace the charge parameter Q by a new dimensionless variable p, as

d—1
s

[

Q=p (4.210)

With this, the expressions for the grand potential density, entropy density, temperature and
chemical potential read

- r <d2—3d+2+2p2_ pr' ) (4.211)
167GyL*! [ fiod — 1) d—2 =4/ |
rd—l

s = 4L‘1+*—IGN (1 + 20{11)2) , (4.212)

re  d(d—1)—2p*+ Bp* (4.213)

T anfol? -0 - 20p?)

Iy P 1 204 d-1)p )
he Jfot L (d = 1)1 = 2a,p?) [(d_ D (d—z _do‘l) - <d_2 t a4 )P (4.214)
_d= 2 fpp’
3d — 4

5

and they are all independent of A and «; in this planar case.?’ Each of these quantities scale in
a definite way with r,, and in particular T o r,. In the neutral limit p = 0, this gives rise to the
well-known relation

Slu=o = CsT*, (4.215)

where Cs is the thermal entropy charge, which in our case reads

d—1
Cs = M (4.216)

4GNdd_1
It is known that for holographic Gauss-Bonnet gravity, and Lovelock gravity in general, this
charge is not modified with respect to its value in Einstein gravity, besides the appearance
of the factor f... But other theories, such as Einsteinian cubic gravity [119] and Generalized
Quasitopological gravities [7, 122, 123], do introduce non-trivial corrections to Cs.
Using this constant, and replacing r, in terms of T and p, we can write

d
——% d Lalpz 2p? B Bp*
©=" T (1 - 2pz_ﬁp4> <1 + d-1)(d-2) (d-1)3d—- 4)) 5 (4.217)

dd-1)

21 There is an implicit dependence of A through £.,, but it only produces a trivial rescaling of some thermodynamic
potentials.
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d-1

o 1—2a;p?

s = CsT <T1£o4> (1 + Zorlpz) . (4.218)
1- d(d-1)

The variable p can be considered to be a function of the dimensionless ratio between the
chemical potential and the temperature, given implicitly by the relation

. by P N 20 (@-DFY ,
. 4nLT_d(d—1)—2p2+[3p4[(d 1)<d—2 d"“) (d—2+ 3d—4)p

(d — 2)a, fp* (4.219)
 3d-4 ]

Note the appearance in this expression of the ratio ¢, /L, whose value is an input of the particular
holographic duality. As mentioned, the expression above defines p implicitly as a function of £,
which means that the quantity

Hle

@ (4.220)
is only a function of this variable. Therefore, studying the dependence of & on fi is the same as
analyzing how the grand free energy varies as we change the chemical potential and keep the
temperature fixed, or equivalently, studying the free energy as a function of the temperature
at fixed chemical potential. In fact, due to the scaling properties of the problem (y, T ~ ry),
only the ratio /I is relevant, and we can explore in particular the monotonicity of the grand
canonical potential or the existence of phase transitions in terms of it.

Let us remark a few points before performing a more in-depth analysis. First, in most cases
we will not be able to invert Eq. (4.219) explicitly, so it is useful to use p in order to obtain the
curves (fI, ®) parametrically. Second, note that the temperature (4.213) must be non-negative
in order to have black hole solutions. The extremal limit is thus reached for

did—1)—2p*+ Bp* =0, (4.221)

which is a second order equation for p?, and has real solutions only for § < 1/(d(d — 1)). We
can argue also that black hole solutions only exist if 1 — 2a; p? > 0. Even though we could have
T > 0 with 1 — 2a;p® < 0, it turns out that this implies the existence of a naked singularity for
some r > r,, as can be seen by studying explicitly the solution for f(r) given in Eq. (4.59), so
this case must be ruled out.

For Einstein-Maxwell theory, it is possible to invert Eq. (4.219) explicitly to obtain®?

d—-1 d-1\° N
This is a one-to-one relation p(f1), with p(u — +00) = +./d(d — 1)/2, and it is possible to check
that the relation o(z) is also monotonic. Therefore, in holographic Einstein-Maxwell theory
there are no phase transitions for charged plasmas.

For the full four-derivative EQG considered here, the thermodynamic phase space will
depend on the values of the parameters ff and «; in a non-trivial manner. Therefore, in order to
simplify the exploration, in the following Sections we consider separately the cases f = 0 and

a; = 0, and after that we will study a particular case in which both couplings take non-vanishing
values.

p= . (4.222)

1
4

22 There is one additional solution with a negative square root, but this would result in p and ji having opposite
signs.
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4.5.2.1 Phase space witha; = 0 and f =0

First we want to isolate the contribution of ¢; to the phase space of the system, so we set f = 0.
A negative «; is ruled out by the weak gravity conjecture as discussed in Section 4.4.3, so we
consider only @; > 0. As argued above, in order to obtain meaningful solutions we must have
T > 0and 1 — 2a;p* > 0, so the range of allowed values of p is

did-1)

. 1
|P| < min {Pexta \/77} P where Pext = T . (4223)
1

PDext 1S the value of the parameter p that makes the black hole extremal, T = 0, and the transition
between both bounds happens for a; = 1/(d(d — 1)). We have to distinguish four different
cases.

=0  |— a =00875
a; = 0.0625 — a; = 0.125 1
a; = 0.0833

0.4
— q; = 0.146

0z ]
Ji; 0.0:
—0.2}
—0.4}
= 1 o 1
p

FIGURE 4.2: Dimensionless chemical potential /i as a function of p for differ-
ent values of the coupling a;, with f = 0 and d = 4. In this case, the range
where [i(p) becomes non-invertible is «; € (1/12, 1/8) = (0.0833,0.125), as
given in Eq. (4.226).

1. For a; < 1/(d(d — 1)), the relation fi(p) is one-to-one and /I takes values in the entire
real line, as shown in Figure 4.2. It diverges to +oo for p = +p.,, which corresponds
to the extremal limit. The curves for ©(ji) are shown in Figure 4.3a, and they behave
qualitatively as those in Einstein-Maxwell theory.

2. The particular case a; = 1/(d(d — 1)) is special, in the sense that here the relation fi(p)
becomes linear, and the temperature is independent of p,
. p r.d
= , T=—r-—.
H=dd- -2 s Jfol?

Thus, there exist solutions for arbitrary values of /i, but no extremal limit. The expression
for the grand potential density also simplifies in this case, and it reads

W= —%Td (1 +2d%(d — 1)(d — 2) (ﬁ%) ) : (4.225)

(4.224)
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(a) a; outside the range (4.226). (b) a; inside the range (4.226).

FIGURE 4.3: Grand canonical potential @ as a function of f, for f = 0 and
d = 4. In the left plot we take @; < 1/12, so there is only one phase for
each value of /. In the right plot «; is inside the interval (4.226), so there
are three phases with different values of p, the dominant one being denoted
with a dashed black line. We can observe the zeroth-order phase transition
mentioned in the main text, and there are no solutions for || > pn.x =

Jai/2.

3. A new and interesting behavior appears for a; > 1/(d(d — 1)). Since the extremal value
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Pext cannot be reached in this case, we see from Eq. (4.219) that only a finite range of
values of /i is allowed, and in particular it can be seen that || < \/@; /2, which is reached

for p = £1/2a;.

Besides, we find that, if «; is within the interval

1 1 6
e (d(d— ) d(d—z)) ’ (4:226)

then the relation fi(p) becomes non-invertible. In this case the function fi(p) develops
a local maximum and minimum (see Figure 4.2), and some values of /i correspond to
three distinct values of p, meaning that there are three different phases with either small,
intermediate or large values of p.

To explore the existence of phase transitions, we must look at the diagram of & vs i
for all the branches of solutions. This is shown in Figure 4.3b in the case of d = 4 for a
representative value of @; inside the interval (4.226). For small /i there are three phases,
and the one with the smallest p has the lowest free energy and hence dominates, while
also presenting the usual quadratic behavior 0%w/du* < 0, as can be seen in the plot.
However, at a certain value /i this phase and the one with intermediate values of p
merge, and cease to exist for larger ji. At that point, a zeroth-order phase transition
takes place towards the solution with large p, as illustrated in Figure 4.3b. The new
phase is somewhat exotic, since it has N = —dw/dp < 0 for i > 0, so a positive chemical
potential generates a negative number density, and vice versa, although it still satisfies
ON /op = —0*w/dp* > 0. This phase disappears at || = fim.x = +/@1/2, and no solutions
exist beyond that point.
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4. If we set ¢y = 1/(d(d — 2)), the upper bound in the range (4.226), the maximum and the
minimum of ji(p) collapse at p = 0. Therefore, for @; > 1/(d(d — 2)) there exists a single
phase, and it always has N < 0 for g > 0, but 9N /du > 0. Also, this only exists for a
limited range of values of /i, due to the bounds for the value of p in Eq. (4.223).

While this theory seems to allow for a more complex phase space than Einstein-Maxwell,
we need to ask ourselves whether these new phases, and the special features that happen for
a; > 1/(d(d — 1)), are allowed by the physical constraints derived in Section 4.4. If only «; is
active, i.e., ¢, = A = 0, then according to Eq. (4.149) we have

1

o < T —od+2’ (4.227)

which is smaller than 1/(d(d — 1)) for d > 3, thus disallowing these phase transitions.

However, it is reasonable to wonder what happens if we consider non-vanishing a, and 4,
which do not affect directly the thermodynamic quantities for the planar black hole, but change
the allowed range of values for a;. Ind = 3, 4 and 5, the unitarity constraints impose an upper
bound in a; given by Eq. (4.150), which still allows for the phase transition to take place. A
stronger bound can be found by taking into account the constraint (4.184) obtained from the
WGC. In d = 3, in which case A = 0, combining Eq. (4.184) with Egs. (4.147) and (4.148) one
can see that «; is bound from above by

1
051|d:3,ﬁ:o < -, (4.228)

8
while phase transitions can take place above a; = 1/(d(d — 1)) = 1/6, so these are forbidden.
The d = 4 case is more involved, as now the Gauss-Bonnet term must be taken into account.
The upper bound in «; can be found from the intersection of (4.148) and (4.184) at saturation,

and it yields

1— fud
A1 \g=4 p=0 < . .22
1l 4, f=0 12/ (4.229)

But since A > 0 due to the WGC, this value is always smaller or equal to 1/12, which is
precisely the threshold value to produce phase transitions given by Eq. (4.226). Thus, the
different physical constraints seem to conspire to forbid the existence of phase transitions, at
least in the most relevant cases d = 3 and 4. This also avoids the non-physical situation of
absence of solutions for large /.

In d = 5, the same constraints lead to an absolute maximum ;|45 -0 < 1/16, which is not
enough to rule out the phase transition, whose threshold value is &; = 1/20. For d > 6 the
value of @; can be arbitrarily large, as long as a, takes a large negative value, so these exotic
phase transitions can not be avoided for large dimensions given our current constraints.

4.5.2.2  Phase space witha; = 0 and f # 0

Let us now study the effects of the term H* in the structure of the phase space, which we isolate
by setting a; = 0. We also consider > 0, as implied by the WGC constraints obtained in
Section 4.4.3. We distinguish two main scenarios depending on the roots of the polynomial

dd-1)-2p"+ pp* =0, (4.230)
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which determine extremality, as can be seen in Eq. (4.213). There are four different solutions
for this equation, p = +pZ, (the two signs are independent), where

(4.231)

pau= 5 (12 T=d@=p).

There are different possible scenarios similarly to the previous case, now depending on the
value of 3, which we treat separately.

T T T T T T T T T T T T T T T T

=0 — [ =10.167

: S =0.0833 — S =0.917
—4} — p=0.0917 |
-6 -4 -2 0 2 4 6

p

FIGURE 4.4: Dimensionless chemical potential /i with respect to p for dif-
ferent values of the coupling f, with a; = 0 and d = 4. In this case, i(p) is
non-invertible for f > 1/(d(d — 1)) = 0.0833.

1. If f < 1/(d(d — 1)) the two roots in Eq. (4.231) are real, and there are three families of
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solutions. The first of them has |p| < p_, and is connected to the solutions of Einstein-
Maxwell theory. It exists for arbitrary values of /i and reaches the extremal limit for
P = poy The temperature is negative for p_, < |p| < pZ,, and a second branch with

pex <— |p| <— ?

the upper limit corresponding to i = 0 while keeping T # 0. This one also exists for
arbitrary f1 and has an extremal limit for p = p,. However, it can be seen that it is
not possible to find a value of p such that i/(p) = 0 in this range, and hence there
is only one thermodynamic phase. Finally, there is the third type of solutions with
Ip| > \/ (3d — 4)/((d — 2)p), which only exist for very small values of ji. However, these
do not produce phase transitions either, as the solution in the Einstein-Maxwell branch
always has the smallest grand-canonical free energy.

(4.232)

For f > 1/(d(d — 1)) the roots pZ%, become complex, implying that the extremal limit
does not exist. In this case, as shown in Figure 4.4, the relation ji(p) has a maximum
and a minimum for p > 0 and vice versa for p < 0, instead of the divergence found
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FIGURE 4.5: Grand canonical potential ® with respect to f for f = 0.433 >
Binr, with a; = 0 and d = 4. One can see that there is a region where four
phases coexist with different values of p, and the dominant one is outlined
with a black dashed line. There exists a zeroth-order phase transition, and a
maximum value of |I| beyond which no solutions exist.

for smaller . This means that there are up to four different phases for small j, and it
is also clear that there exists a maximum value of /i for which any phase exists. If we
keep increasing f# we find that there is a point where the maximum value of /i for p > 0
becomes smaller than the maximum for p < 0 (and respectively with the minima). This
happens when f takes the value

_ (3d—4)
mm:dw—JXd—@T

(4.233)

If 1/(d(d — 1)) < B < Py there are no phase transitions, and the dominant phase exists
up to a certain fin.x, beyond which simply there are no solutions. But when f > By, on
the other hand, there is another solution that extends beyond the dominant phase, and
hence when the latter finds its endpoint there is a zeroth-order phase transition. This is
illustrated in Figure 4.5 for d = 4, where one can see also that the phase with large |p| is
always subdominant.

Although it is the most interesting one, the scenario with f > 1/(d(d — 1)) looks rather
unphysical, as we would expect the theory to allow for solutions of arbitrary ji. However,
unlike in the case of a;, we have no additional constraints on f that could rule out this case
from basic principles. In fact, the coupling f is the least constrained one in our theory, since
it does not affect the linearized equations on neutral backgrounds or the correlators (JJ) and
(TJJ). Its first appearance will take place at (JJJJ), and it should provide non-trivial corrections
when studying the propagation of electromagnetic waves on charged backgrounds. It would
be interesting to study those cases and investigate possible unitarity or causality constraints
on f3, to see whether these could forbid the unwanted values > 1/(d(d — 1)).
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4.5.2.3 Phase space witha; # 0 and f # 0

As we have seen in the previous two Sections, the couplings «; and f separately have similar
effects: they produce simultaneous phases that can lead to zeroth-order transitions for certain
values of the couplings. However, the most undesirable feature is the fact that, whenever this
happens, there exist no solutions beyond a maximum value of |f.

When f = 0 this situation is forbidden in d = 3 and 4 by the physical constraints found in
Section 4.4, and if one further assumes a, = 0 then this behavior is ruled out in every dimension.
However, when 8 # 0 we can not avoid it, as this coupling can in principle be arbitrarily large,
although we have argued that it is likely that there are other constraints that will bound the
possible values of f to a finite interval.

If both f and «; are allowed to be non-zero we find again these exotic situations, and even
more involved ones. However, in view of our previous discussion, we are interested in the
cases in which /I can take arbitrarily large values. Let us first determine the values of @; and f
that satisfy this property. For that, note that p has a maximum value whenever a; > 0, since
we must fulfill 1 — 2a;p* < 0, as we argued below Eq. (4.221). Then, from Egs. (4.213) and
(4-219) it follows that, in order for ji to take arbitrarily high values, the extremal limit must

exist. This means that the roots (4.231) must be real, which requires
1
< ———. .
’B_d(d—l) (4-234)

In addition, in order for 1 — 2a; p* > 0 to hold we must demand

a; < (4.235)

z(pe_xt)2 '
Whenever these two conditions are satisfied, it is guaranteed that there exist solutions for any
value of /i. So the question we want to answer now is whether there are any special features in
the phase space within this reasonable set of couplings.

First, note that the solutions with |p| < p_,, always exist, and that for these /i takes values in
the entire real line. In order to see whether there can be multiple phases, we need to find out if
there exist points for which f’(p) = 0 within this interval. However, it is possible to check that
this never happens as long as f and «; are constrained by Eqgs. (4.234) and (4.235), respectively.
Therefore, [p| < p_,. generates a unique phase for which /i ranges from —oo to +co. Furthermore,
this phase has the same qualitative behavior as the one found for Einstein-Maxwell theory,
shown in Figure 4.3a.

However, there can be other phases if a; is small enough. This happens for &; < 1/(2(p7.)%),
in which case there exist additional solutions for

1
2Ja;
In general, these have a quite similar profile to those in the interval |p| < p_,, but they
never dominate. The conclusion seems to be that, whenever we have the reasonable situation
that /i is unbounded, then no phase transition can take place and everything is qualitatively
similar to what is found for Einstein-Maxwell theory in the interval |p| < p_,, but they never
dominate. The conclusion seems to be that, whenever we have the reasonable situation that
[ is unbounded, then no phase transition can take place and everything is similar to what is
found for Einstein-Maxwell theory.

Dot < |pl < (4.236)
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4.6 HOLOGRAPHIC HYDRODYNAMICS: SHEAR VISCOSITY

In Section 4.5.2 above we have explored the thermodynamic properties of charged flat black
holes (or black branes), which describe holographic CFTs at finite temperature and chemical
potential. In this state the theory behaves as a plasma, and in the hydrodynamic regime, which
corresponds to low momentum, it can be studied as a fluid [184,317-319]. Then, we can ask
ourselves about the propagation of sound waves or different transport coefficients, which
determine the response of the plasma under perturbations.

In this respect, one of the quantities that attracted more attention from the early times of
holographic hydrodynamics was the shear viscosity . The ratio between this quantity and the
entropy density takes a constant value in Einstein gravity [184-186],

ool (4.237)
S|lgr 47
which holds also in the presence of a chemical potential [258—-260,320]. This led to the conjecture
that it is an universal result in holographic conformal field theories, and to conjecturing the
Kovtun-Son-Starinets (KSS) bound [186], which claims that /s < 1/(4s) for any fluid in nature.

But this holographic prediction is modified if one considers higher-curvature corrections
in the bulk theory, showing that it might not be a truly universal result [187-192]. The
ratio n/s has even been computed in a non-perturbative manner in theories such as Gauss-
Bonnet [100, 191, 193], Lovelock gravity [105, 194, 195], cubic and quartic Quasitopological
gravity [117,196] and Generalized Quasitopological gravities [119, 122, 123], among others.
Those examples showed that, even when the theory is constrained by physical requirements,
the KSS bound can be lowered, although without reaching zero.?3 Nevertheless, the status of
the question of how much this bound can be consistently lowered is not clear, since there are
arguments, such as those in [238], that constrain the higher-order couplings to be perturbatively
small. However, the arguments of this reference can not be directly applied to all types of
higher-derivative interactions, and the common belief is that there exists a bound for n/s lower
than the KSS one [321].

The effect of a chemical potential on the shear viscosity to entropy density ratio has been
less explored. As we mentioned, n/s is independent of y in holographic Einstein-Maxwell
theory, but this is no longer true if one introduces higher-derivative corrections. The effect of
perturbative corrections on the viscosity was computed in [264,265] for N = 2 supergravity, and
in a general d = 4 EFT (see also [267]). Regarding the non-perturbative calculations, the case
of Lovelock gravity minimally coupled to a vector field has been considered in [194,268,269].

However, a more general analysis has not yet been performed, and in particular the effect of
non-minimally coupled operators has not been studied at the non-perturbative level. Here we
perform the first exact and analytic computation of /s with a chemical potential in a higher-
derivative theory, with non-minimal interactions. The goal is to get a broader perspective on
the effect of the higher-derivative terms on this ratio, and investigate how much the KSS bound
can be lowered while satisfying the physical constraints found in Section 4.4.

Let us start by writing the charged planar black hole solutions, which are given by
Q) drr  r?

dr® +

d32 = —fT f(r) + de(zd—l) s

(4.238)

23 In Lovelock gravity it can be made arbitrarily small by taking d — oo [105].
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H = idx A AdxET (4.239)

141
where we fixed the value of the constant Ny = 1/ \/ﬁ so that the speed of light at the conformal
boundary is one, and where f(r) is given by Eq. (4.59) with k = 0. Let us introduce the new

radial coordinate ,
r
z=1-——=

g (4.240)

defined in such a way that the horizon is located at z = 0 and the boundary at z = 1. Also, we
rescale the radial function to f(r), defined by

fn = —f(r) lim f(r) = fe. (4241)

Using these, the metric (4.238) can be expressed as

2 _ r—%— _f(Z) 2 2 L_2 de
ds® = 2(1 - 2) < T dt” + dx(d—l)) + 4f(z) —(1 R (4.242)

Since the horizon is located at z = 0, the function f (z) can be expanded around that point as

f@) = flz+ %fi’ f 2 + ..., (4.243)

which will prove useful shortly.
The shear viscosity can be computed from the Kubo formula

.1 ?
n=-lim ZGﬁ{Z’lz(w, k=0), (4-244)

where G}, ,(w, k = 0) is a component of the retarded Green function of the stress-energy
tensor, given at zero momentum by

Gl k= 0) = —i / dt d*"x €' O(t)([Tp(X), Ta(0)]) - (4.245)

This correlator can be computed holographically by considering a perturbation of the metric
8w = &w + hyu, with hy; # 0 [317,322]. A rigorous computation of this quantity for higher-
derivative theories at perturbative order can be found, for instance, in [265]. However, the
method can be summarized in the much simpler procedure explained in [323], which has been
applied to several cases [117,119,122,123,196]. Nonetheless, we will compare our results in the
perturbative limit with those in [265].

According to [323], it is enough to consider a metric perturbation obtained by performing

dx* — dx* + ee dx", (4.246)

where ¢ is a small parameter, on the background (4.242). By evaluating the Lagrangian \/@E
with this perturbed metric and expanding to second order in ¢, one finds that a pole appears at
the horizon z = 0. Then, the shear viscosity can be read off from the residue of this pole,

5= —82T lim Res[\/—L‘ 2—0]

@,e—0 w?e?

(4.247)
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The computation for our theory (4.33) is more or less straightforward, and one obtains

1
 162Gy(d — 2)Lé-1rd+

n [rid (d -2- 4ﬂ)l) + 2L2Q%r? ((Sd —Da; + 2a2)] . (4.248)

Here we find explicitly the coefficient ﬁ: of the expansion (4.243). This is related to the
temperature in Eq. (4.70), and it reads

JE/ Zﬂ\/ﬁLzT d(d — 1)rid — 2L2Q2rf9;(d+l) + L*Q*rip ( )
= = 4‘24

* rs 2(d — Dr2d (r2d — 202Q%r2q, ) ?
On the other hand, the entropy density in the boundary theory has already been computed,
and is given in Eq. (4.212). Therefore, gathering everything together and simplifying, the ratio
of the shear viscosity to the entropy density can be written as

= , .250
Ml (4.250)

o1 4p*((2d — Day + a3) 2(d(d — 1) - 2p* + Bp*)
s d4r d- D +2ap?) T (d-1)(d-2)(1-4aiph)

where we replaced Q by the parameter p introduced in Eq. (4.210). This is a function of the
radio between the chemical potential and the temperature, i = uf,/(47LT), which is related to
p through Eq. (4.219).

Let us first compare our result with that of [265]. Working at linear order in the couplings,
it is enough to invert Eq. (4.219) at zeroth order, and with this we get, in d = 4,

n 1 8(842)° A
-l =—|1-4A+ s | 7o+ + =)+ (4.251)
Sla=s 47 (1+ J1+2(80)2/2) 3

Now we have to take into account that our /i is related to j in the reference by i = 81, one
factor of 4 coming from our definition as i = pf./(47LT) and the remaining factor of 2 being
due to the different normalization of the vector field in the action. In addition, A is related to
c; in [265] as A = 2¢y, since these are the coefficients of the Riemann square term. We also
see, by inspecting the action in the Maxwell frame given by Eq. (4.34), that the coefficient
of the term R,,,,F*"F*?, called c, in [265], is precisely 4c, = 7a; + a,, where again the factor
of 4 accounts for the different normalization of the vector field. Therefore, we reproduce Eq.
(3.25) of [265], which serves as a consistency check of the pole method that we have employed.
Now that this is settled, we can move on to discussing the properties of the ratio n/s in a fully
non-perturbative level.

From Eq. (4.250), it is clear that there are two contributions to n/s: one proportional to A
and another one proportional to the combination (2d — 1)a; + a,, which is also the quantity
that appears in the numerator of a, in Eq. (4.129). The Gauss-Bonnet coupling also determines
the energy flux parameter ¢, as given in Eq. (4.85), and therefore for these theories it follows
that

a2:t2:0=>gzi. (4.252)

s 4r
One could speculate about a possible relation between having “trivial” 3-point functions (TTT)
and (T]]), and the absence of corrections to 1/s for more general CFTs. However, this could
be just an accident due to the fact that our theory has only a few parameters. In fact, note that
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the combination (2d — 1)a; + «; is the coupling of the term (H z)prGRp"u
so it makes sense that it controls both a, and the corrections to 1/s. Then, one would expect
additional higher-order terms to spoil this connection, but it is quite remarkable nevertheless
that Eq. (4.252) holds non-perturbatively for our theories. Note also that in the extremal limit,
d(d—1)—2p*+ pp* = 0, the GB contribution to 5/s vanishes and only the contribution coming
from the non-minimal couplings remains, as was already noticed in [265,269].

Let us study now the dependence on the chemical potential of the shear viscosity to entropy
density ratio. We focus on the values of the parameters ; and f that give rise to a single
phase with an extremal limit, as studied in Section 4.5.2.3, while taking into account also the
constraints in the parameters found in Section 4.4. For convenience, we rewrite Eq. (4.250) as

, in the action (4.33),

1
g = - [1+ (@d=Da + @) fi(p) - AL(p)] (4.253)
where the dependence on p is encoded in the functions
- 4p? 2(d(d-1)-2p* + Bp*)
MO =@ vz PP @@ o0 a4

Since a; > 0, it is straightforward to see that f;(p) grows monotonically with |p|, ranging from
£1(0) = 0 to its maximum value at extremality p = £p.y. On the other hand, f,(p) has the
opposite behavior, since it takes its maximum value at p = 0 and then it decreases to zero at
extremality.*4

As a consequence of the WGC we have A > 0, meaning that the GB contribution to n/s is
always negative but monotonically increasing with the chemical potential. Then, the global
behavior of the ratio n/s will depend strongly on the sign of a,, and we have to distinguish the
two possible cases.

4.6.0.1 Case1:a, <0

Whenever a, < 0, so that (2d — 1)a; + a, > 0, the shear viscosity to entropy ratio is a growing
function of fi. It therefore reaches its minimum value for i = 0,

1 2d(d - 1)
e [1_/1(d—1)(d—2)} ‘

n

N

(4.255)

fi=0
The largest value of A is given by the upper bound in Eq. (4.143), and therefore we find that
the absolute minimum value of /s that can be reached with a, < 0 is

1 ) d(d—3)(d*—d+6)
mm[?]_ﬂ[ © 2(d2—3d + 6)?

(4.256)

This is the lower bound for GB gravity [100, 101, 191, 193], and one can see that n/s never
reaches zero, but its minimum value takes place in d = 8, giving 4717/s > 23 = 0.41399.
The maximum value of 5/s as a function of the chemical potential for a, < 0 is reached at

extremality, which corresponds to

pos= |5 (1= NT=d@=1p). (4257)

24 We recall that we always take a; to satisfy 1 — 2azp%, > 0.
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FIGURE 4.6: Ratio of the shear viscosity over the entropy density as a function
of the chemical potential, with a, < 0. We setd = 4 and A = 0.02 in all
cases, and from blue to red the different curves correspond to {a;, a,, f} =
{0.0024, —0.016, 0.082}, {0.0019, —0.012, 0.08}, {0.0006, —0.0023, 0.077} and
{0, 0.0038, 0.083}, which satisfy all the physical constraints studied in Section
4.4. In general, n/s is grows with /i, and its value does not depart much from

1/(47).

This gives
1

ext

and since f(p) is a growing function, this value will be larger if p is larger. Now, pey always
grows with f, and its maximum value is reached for f = 1/(d(d — 1)), after which the extremal
limit can not exist. In this case we obtain p?, = d(d — 1), and plugging it in the expression for
n/s above we get an upper bound for that ratio in our theories,

4d(d — 1)((2d — Doy + )

<
(d-2)(1+2d(d - Day)

n
- (4.259)
S

1
4

We can now explore the values of «; and «, that maximize this quantity while being compatible
with the constraints found in Section 4.4. We have first the unitarity constraints (4.147) and
(4.148), that involve the rescaled couplings f.a;,. Since Eq. (4.259) has no local maximum
inside the region delimited by these inequalities, the maximum must occur at the boundary,
this is, where the constraints are saturated. By studying what happens for a few values of d,
we are drawn to the conclusion that the maximum is reached at the intersection of a; = 0 and
the boundary given by Eq. (4.147). We therefore obtain

(2d - 1)(11 + 1
1+2d(d — Day |, Bd—2)f’

(4.260)

and the maximum happens for o, = . Since f,, > 1, this value is larger when A = 0, in

1
(3d—-2)fes =
which case f., = 1. On the other hand, we can consider the WGC constraint given by Eq. (4.184).
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The looser bound on «; and «a;, is reached precisely for A = 0 and the maximum allowable value

of B, p = 1/(d(d — 1)). This yields

d—2
3(d -1 < ———— .26
( )051+052_4d(3d_4), (4.261)
and when we combine this together with @; > 0 we find
(2d - 1)()(1 + oy d—2 ( 262)
1+2d(d — D[ ,6,  3d(Bd—4)° +

the maximum being reached for @; = 0 and a; = %. We can see that, in every dimension

d < 3, the bound (4.262) is stronger than (4.260), so the former is the relevant one. Therefore,
we conclude that the maximum possible value of n/s is

max [Q] = ﬁ [1 + d-1 ] , (4.263)

S 3d — 4

and among these the largest value happens for d = 3, which gives 471/s < 7/5.

In conclusion, in the case a, < 0 the shear viscosity to entropy density ratio is a growing
function of the dimensionless chemical potential, and it has absolute lower and upper bounds
given by

2D 4l < 7. (4.264)
529 S
As shown, these constraints hold in any dimension, for arbitrary chemical potential and for
any value of the higher-derivative couplings that satisfy the physical conditions discussed in
Section 4.4. Thus, whenever a, < 0, the ratio 17/s cannot depart a lot from the Einstein-Maxwell
prediction 1/(4r). This is illustrated in Figure 4.6, where we show the profile of 1/s as a

function of /i for several values of the parameters compatible with all the physical constraints.
4.6.0.2 Casez2:a;,>0

The situation becomes very different when one considers a, > 0, this is, (2d — 1)a; + @, < 0.
This means that both corrections to 1/s are negative, so this quantity is always smaller than
1/(4r). On the other hand, the a, contribution to n/s is now a decreasing function of /i, but the
GB contribution is still growing, so the overall character of /s will depend on the particular
case. By expanding Eq. (4.253) near p = 0, one can see that this becomes a decreasing function
of the chemical potential, at least for small j, if

2d — Doy + ay + % <0. (4.265)
Since the GB correction is already able to lower the KSS bound, whenever the inequality above
is satisfied we may obtain an even lower bound by turning on the chemical potential. In order
to answer how much the value of 1/s can be diminished we need to take into account all
physical constraints on the higher-derivative couplings. However, a general analysis would be
more complicated than before, since we do not know anymore for which value of /i the ratio
n/s reaches its minimum.
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FIGURE 4.7: Ratio of the shear viscosity over the entropy density as a
function of the chemical potential, with a, > 0. For this plot we chose d = 4
dimensions and the values of the couplings A = ; = = 0. Even though
these respect all the physical constraints that we found, it is possible to
obtain n/s = 0 for a sufficiently large chemical potential.

In spite of this, it is enough to consider a simple example to show that we can lower the
value of n/s, and therefore also that of 7, all the way down to zero and below. Let us take
a; = A = B = 0, so the only active coupling is ,. Due to the WGC bound (4.184), this parameter
has to be negative, a, < 0. In that case the shear viscosity to entropy ratio reads simply

2

4p

1+
d—2

, (4.266)

1
n_ o
N

and we show it as a function of /i in Figure 4.7. The parameter |p| ranges from 0 to pey =
\Jd(d — 1)/2 when /i goes from 0 to infinity, and therefore the minimum value of /s is reached
at extremality,

1

" 4n

n

N

2d(d—1)

+ _—
d-2

So now we have to look at the bounds on «a,, given by Eqgs. (4.147) and (4.148), besides Eq.

(4-184) which we are already taking into account. Eq. (4.147) does not impose any additional

constraint, since it is always satisfied for a, < 0, while Eq. (4.148) sets a lower bound only for
d =3, 4 and 5, reading

o (4267)

ext

d—2
a, >

Y B TRE for d=3,4,5. (4.268)

In higher dimensions there is no limit on how negative a, can be, so 17/s can certainly be taken
to zero. Focusing on these lower dimensions, which are usually the most relevant, we see that
the minimum value of /s in this example is

17]: 1 [1_ 2d(d — 1)

mm[E 6d —d?— 4|’

.26
pp (4.269)
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which is in fact negative for d = 3, 4 and 5. A negative 5 is meaningless, and it indicates that
the plasma is unstable, so we can define a critical value of ji at which the viscosity vanishes and
above which it makes no sense to talk about hydrodynamics. Taking into account Eq. (4.219),

we see that this is
R d—-1)-(d-2)a,

crit = s .270
Herit = "= 2)(d - 2 + 2d(d - Dawy) (4:270)
and its minimum value is precisely reached for the smallest @, in Eq. (4.268),
: d—1)Jé6d —d*—4
T ( ) for d=3,4,5. (4.271)

Herie = (d _ 2)2(3d _ 2) ’

This result can probably be lowered by considering other couplings besides a;,, the only non-
zero one in our simple example. In any case, this result means that the viscosity cannot vanish
as long as i < ™" for any choice of parameters satisfying the physical constraints. For d > 6
we have [I™M = 0 as a, is in principle allowed to be arbitrarily negative, so it is possible to
achieve a vanishing  with an arbitrarily small chemical potential.

These results found for a, > 0 are certainly surprinsing, and possibly pathological. There-
fore, it would be interesting to investigate whether other types of constraints, such as those
coming from plasma instabilities [1,268,324] or causality deep into the bulk [105], could be

used to rule out values of /s very close to zero.

4.7 DiscussioN

In this Chapter of the thesis we have extended the construction of Electromagnetic Quasitopo-
logical gravity theories, originally proposed in D = 4 by [23], to general dimensions. These
are models containing a (d — 2)-form field H non-minimally coupled to gravity, which can be
dualized into theories with vector fields, thus providing an appealing setup for studies of holog-
raphy with a chemical potential. The interaction between this generalized Maxwell field and
gravity is encoded in higher-derivative corrections to the gravity action, made of contractions
of H and the curvature tensors, which are chosen in such a way that single function black hole
solutions of the form (4.18), with H given by Eq. (4.21) and N(r) = constant, are allowed.

The non-minimal couplings in these theories affect the central charge of the 2-point function
(J]), and give rise to a non-vanishing parameter a, (see Eq. (4.129)) that controls the angular
distribution of the energy 1-point function according to Eq. (4.106). This in turn means that
the boundary theory has a more general (TJ]) correlator, and in the end implies that the EQG
models allow us to probe holographic CFTs beyond the universality class dual to Einstein-
Maxwell theory. In addition, the special properties of these gravity theories allow us to carry
out a fully analytic and exact study of many of their holographic aspects, so we do not need to
restrict to the perturbative regime.

Most of the analysis presented here is focused on the four-derivative theory whose action is
given in Eq. (4.33), and which contains couplings of the form RH? and H*. However, in Section
4.1.4 we also provide expressions for EQG theories at any higher order in the curvature and
the (d — 2)-field H, which will be considered in the following Chapter.

One of the main questions we tried to answer is that of how the physics of the dual CFT
can change while satisfying physically reasonable conditions. Thus, in Section 4.4 we have
constrained the couplings of our bulk theory by demanding that the boundary CFT respect
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unitarity, which in turn means that the central charges Cr and C;, as well as the energy fluxes
(€(n)); and (E(n))r (see respectively Egs. (4.106) and (4.142)), have to remain positive. We also
studied the constraints coming from demanding causality in the bulk on the background of
a planar neutral black hole. In the case of gravitational fluctuations, it is known that these
causality constraints imply the positivity of the energy flux (£(n))r [102, 104, 106, 291], and
here we have shown that demanding that electromagnetic waves do not propagate faster than
light is equivalent to constraining (£()); to be positive. These causality bounds follow from
looking at the phase velocity of waves close to the AdS boundary, and while we have not
observed additional constraints when extending these conditions away from the boundary, a
more thorough search of causality bounds inside the bulk as in [105] would be needed.

Besides these, in our analysis we include constraints derived from the weak gravity conjec-
ture. As proposed by [271] and recently explored by [273] in the case of AdS, the so-called mild
form of the WGC demands that the corrections to the entropy of thermally stable black holes
be positive in the microcanonical ensemble. In particular, this implies that the charge-to-mass
ratio of extremal black holes should be corrected positively [309], which is the most familiar
form of the WGC for asymptotically flat black holes [272, 308]. However, demanding the
entropy corrections to be positive is a more general condition than that, and is amenable to
the AdS case. When applied to spherical and planar black holes we obtain constraints on the
couplings, which become powerful when combined with unitarity/causality bounds. In fact,
taking all these into account we find that the couplings a;, @, and A of the theory (4.33) can
only lie in a very small compact set of R? in d = 3, 4 and 5. The only parameter that can take
arbitrarily large values is 8, which is simply required to be positive. However, we suspect that
additional causality or unitarity conditions, involving higher order correlators, should provide
an upper limit for this coupling.

When the positivity-of-entropy bounds are considered instead for hyperbolic black holes
we find something quite remarkable: some bounds become incompatible with those coming
from spherical black holes. For example, this would require that the Gauss-Bonnet coupling
is vanishing, A = 0, which seems an unreasonably strong constraint, since a positive GB
coupling (compatible with the WGC bounds imposed by spherical black holes) is explicitly
realized in string theory effective actions [311,312]. This calls into question the validity of
the WGC bounds for hyperbolic black holes, so we decided to trust only those imposed by the
spherical case. As we will see in the next Chapter, this leads also to reasonable physics even
with hyperbolic black holes involved, in particular when computing Rényi entropies. In any
case, this discussion would require further investigations.

Next, in Section 4.5 we studied the thermodynamics of charged plasmas for these holo-
graphic models. Knowing that a single phase exists for any value of the temperature and
chemical potential for Einstein-Maxwell, we focused on the question of whether new phases
could appear in our higher-derivative theory (4.33). We have seen that several branches of solu-
tions could appear, and for large enough couplings we even find zeroth-order phase transitions
from the usual Einstein-Maxwell-like branch to a new exotic phase.

However, this behavior always comes accompanied by the quite unphysical phenomenon
of not having a large u regime, this is, no black hole solutions exist if y is too large. It is thus
natural to ask ourselves whether this scenario can be ruled out by the physical constraints for
the couplings obtained before. Since the coupling f is poorly constrained by our analysis, we
focused first on the case f = 0. In this situation, we were able to show that the exotic absence-
of-solutions behavior (as well as the existence of phase transitions) is ruled out in d = 3 and 4
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dimensions, due in particular to the WGC bounds, but not in d > 5. When f # 0 this phase
transition is not ruled out by our constraints, but as we argued this coupling is not properly
constrained. In general, we tend to think that these exotic phase transitions are unphysical,
and it would be interesting to investigate whether additional consistency requirements could
rule all of them out.

Finally, in Section 4.6 we studied the shear viscosity of these plasmas, focusing on the
case where a phase exists for arbitrary values of the chemical potential. Our result for the
shear viscosity to entropy density ratio, /s, provides a non-perturbative and d-dimensional
generalization of the computation of [265]. This ratio is in general a function of the chemical
potential, as given by Eq. (4.253), and the departure from the value 1/(4rx) is controlled by two
terms that are proportional, respectively, to the GB coupling A and to the parameter a,.

Taking into account the unitarity and WGC bounds, we find that the behavior is quite
different depending on the sign of a,. A negative value a, < 0 leads to very reasonable results:
the shear viscosity to entropy ratio is always a growing function of y, and it has absolute
minimum and maximum values given by Eq. (4.264). It is worth mentioning that QCD belongs
to this class, a3 < 0, so it would be interesting to study if the quark-gluon plasma in QCD
shares any of the qualitative properties observed in our holographic models. On the other
hand, we have seen that a, > 0 can lead to = 0 for large enough values of the chemical
potential, without violating any of the available physical conditions, and in fact we were
able to achieve this in a simple model with only @, # 0. However, it would be interesting
to understand if other mechanisms could prevent the vanishing of the shear viscosity. A
typical argument to rule out large corrections to 1/s in holographic higher-order gravities
is that of [238]. However, this is based on corrections to the graviton 3-point function, and
it is clear that the terms with «, in the action (4.33) cannot modify this quantity, so we do
not have a concrete argument by which this coupling should be perturbatively small. Still,
it would be convenient to investigate other constraints that might avoid reaching too small
values of 7, such as causality on charged backgrounds in the bulk interior, or the existence of
plasma instabilities [194,268,324]. Otherwise, the example that we found could indicate that in
certain CFTs it would be possible to reach an arbitrarily low viscosity by turning on a chemical
potential.

Besides those points already mentioned above, there are some holographic aspects and
applications of these theories that we did not address here and could be worth pursuing. In
particular, this includes studying the thermodynamic phase space of CFTs in a sphere or carrying
out a more general hydrodynamic analysis, including for instance the study of conductivities. Of
course, it would be natural to consider these EQG corrections in the holographic superconductor
of Chapter 3. Indeed, the basic ingredients of that model are gravity, a Maxwell field and a
charged scalar field, as given by the action (3.2), so one would expect the dynamics of the
system to change if one included non-minimal couplings as proposed in this Chapter.

Let us close this discussion by commenting on some new results that appeared based on the
theories proposed here and in [23]. In Ref. [325], the construction presented here is generalized
by allowing the function f(r) that characterizes single-function black hole solutions to be
determined by a second order ODE, rather than a strictly algebraic equation. This leads to
finding theories that belong to the family of “Electromagnetic Generalized Quasitopological
gravities,” particularly in 3 bulk dimensions and at any order in the curvature. Also, Ref.
[326] proves some universal properties of charge transport for generic CFTs described by
4-dimensional theories of the type treated here, but that satisfy the property of self-duality.
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In the upcoming Chapter, we extend the holographic study of EQGs performed here by
computing Rényi and entanglement entropies. This will serve to characterize further these
theories, and we will be able to derive one universal relation for the entanglement entropy in
the presence of a chemical potential.
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CHARGED RENYI AND ENTANGLEMENT
ENTROPIES

Entanglement entropy [327] and Rényi entropies [328,329], as well as their holographic coun-
terparts [174, 175, 330], constitute a very useful way to probe the amount of entanglement
between a region and its complementary in a quantum field theory [331,332]. These quantities
are able to capture interesting universal information from the vacuum state of a CFT, such as
the Virasoro central charge c for two-dimensional theories [327,333], the Euclidean partition
function on the sphere in odd dimensions [334,335], the coefficients of the trace anomaly in even
dimensions [336-339], the stress-energy tensor 2-point function charge Cr [199,201, 340, 341],
and the thermal entropy coefficient Cs [119, 342,343], among others [344-346]. It has also been
suggested that the full CFT data might be accessible from a long-distance expansion of the
mutual N-partite information [347-353].

For a bipartition of the Hilbert space of a quantum system in two subspaces A and B, the
Rényi entropies are defined as

1
1—n

$:(A) = —— log Tr pf., (5.1)
where py = Trpp is the reduced density matrix of the subsystem A, obtained by taking the
partial trace over the complementary B of the total density matrix p. For a QFT, we are
interested in the case in which the subsystems A and B correspond to two spatial regions, at a
fixed time and separated by an entangling surface X.

The Rényi index n is usually considered an integer, which allows one to compute these
entropies by using the replica trick [327]. However, if one is able to continue n to an arbitrary
real number, then it is possible to recover the entanglement entropy as the limit n — 1,

See(A) = —Tr[palog pa] = lim S,(A). (5-2)

In this Chapter we will study these quantities for quantum field theories charged under a
global symmetry, which as argued can be described using the Electromagnetic Quasitopological
gravities studied in Chapter 4, by means of the holographic duality. However, the usual
definition for the Rényi entropy given in Eq. (5.1) is not enough when a chemical potential is
involved, so it needs to be extended. The appropriate generalization is proposed in [261], and
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it reads . 0n

_ n _ pae
log Tr [pa(w]" pa(p) = W )
where Q, is the charge conjugate to p that is enclosed in the region A. It is clear from this
definition that S,(u) reduces to S, given by Eq. (5.1) in the limit u — 0.

A very important feature of S,(u) is that, for spherical entangling surfaces %, it admits
a generalization of the conformal map of [330, 334], which provides a way to evaluate this
quantity from the thermal entropy in the hyperbolic cylinder [261]. This allows one to perform
explicit holographic calculations, as will be explained below, and it is a fundamental point in
our analysis. Some additional studies of charged Rényi entropies and closely related notions
can be found in [354-362].

Regarding the work presented here, in Section 5.1 we continue the study of the four-
derivative EQG given by Eq. (4.33), by computing the charged Rényi entropies S,(¢) and the
generalized twist operators. We will see that, as long as the physical constraints considered
before are met, a small chemical potential always increases the amount of entanglement. Also,
the Rényi entropies satisfy a set of standard inequalities as a function of the index n, as long
as the WGC bounds are also respected. Finally, we will compute the scaling dimension of the
generalized twist operators defined in [261], and check that several relations to 2- and 3-point
functions shown in that reference also hold for our theory.

Afterwards, in Section 5.2, building upon the results of the four-derivative EQG studied
before, we identify a relation between the expansion of the entanglement entropy for small
chemical potential and the coeflicients C; and a; of the theory. We conjecture that this might
be a universal identity for CFTs with a spherical entangling region, and show that it holds true
given the known relations for the generalized twist operators. This claim will be supported by
an explicit computation of these quantities for the arbitrary-order EQGs introduced in Section
4.1.4.

In this Chapter we include contents from two publications, [26] and [27], whose detailed
information can be found in pages 212 and 213 of this thesis, respectively.

Sa(p) =

T (5.3)

5.1 RENYI ENTROPIES AND TWIST OPERATORS IN THE FOUR-DERIVATIVE
EQG

The goal of this Section is to compute the charged Rényi entropies (5.3) for the four-derivative
Electromagnetic Quasitopological gravity theories studied in the previous Chapter, whose
action is given by Eq. (4.33). After that we will also analyze a couple of related quantities: the
scaling dimension and the magnetic response of generalized twist operators [261], which will
be introduced later on.

In the case of interest the quantum field theory is defined in flat space, and the entangling
surface ¥ is a sphere of radius R, namely 3 = $¢7%(R). For a CFT one can prove, by using
the Casini-Huerta-Myers map [334], that these Rényi entropies are related to the thermal
entropy of the same theory placed on a hyperbolic cylinder, $! x H*"!(R). The precise relation
reads [261,330]

n 1 To

Sa(p) =

pu— Sthermal(T, /l) dr P (54)
n—1 T() To/n
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where
1

" 27R’
While this is formulated in the frame of the CFT, it is also clear how to compute the Rényi entropy
holographically from it. Indeed, the thermal entropy of a holographic CFT on $! x H4"(R) is
nothing but the Wald’s entropy of a black hole with a hyperbolic horizon in the dual gravity
theory.

T, (5-5)

5.1.1 RENYI ENTROPIES

As argued above, in order to compute the charged Rényi entropies for the holographic CFTs dual
to (4.33), we have to consider charged black hole solutions with hyperbolic horizon topology.
For our theory, these take the form

2

dr
D) + rszfd_l) , (5.6)

where N_; is a constant, d=f, | is the line element of the hyperbolic space of unit radius and
f(r)is given by Eq. (4.59) with k = —1. This function behaves asymptotically as f(r) ~ r* f./L?,
so we set the constant N_; to

ds* = =N f(r)dt® +

B L
fuR’

This is a rescaling of the time coordinate, which makes the boundary metric conformal to

(5.7)

N_;

dsﬁdry = _dtz + deE?d—l) 5 (5.8)

whose spatial slices are hyperbolic spaces of radius R, as intended. The Rényi entropies across
a spherical entangling region are then computed through the integral (5.4), where Sipermar is
the Wald entropy of the black hole, given by Eq. (4.73). Notice that it is important that Syermal
is considered as a function of T and p, so that the integration is carried out at constant p.
Although this integration seems tricky at first sight, it can be greatly simplified by taking into
account the first law of thermodynamics (4.204), which implies

T, p)
S=—7-—""". .
T (5.9)
Therefore, plugging this in Eq. (5.4) we obtain
n 1
Su(p) = —[QTo/n, p) — ATy, p)] - (5.10)
n—1 TO
The form the grand canonical potential Q in terms of the horizon radius and the charge was
given before in Eq. (4.205). Setting k = —1 in that expression, introducing the parameters x
and p defined by
X = rf, Q= px™ 'L, (5.11)
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and replacing T = T,/n = 1/(27Rn), the expression for Q(Ty/n, u) becomes

d-1 2.d 2% Fa 4.d
= L7 Voran (d—-1)x? - @ 7 d-1+ xJ + 3pr'x
167GN+/ foR d-2 n 3d -4
B 2x\/ﬁ B B 4x ./ foo
2 d-2 _ 2 d-2 _ d—4
+ 20, p°x <3(d 1)+ " >+2a2px +(d—-1Ax (1+n(d—3)>]'
(5.12)

However, in order to replace this in Eq. (5.10) it needs to be written in terms of n and g, so
we have to find the relations x = x(n, p) and p = p(n, p). For that, it is convenient to present
the expressions of n and p in terms of x and p, which follow from Eqgs. (4.70) and (4.200) after
setting k = —1,

1

1
~ = —(d-2)+dx*+(d—-DIx? .
no 2x\fu(1 - 205 p? — 2)x72) (@= 2y d+ (d= 9 (5:13)
2p* px*p?
—d_l(x2—3d(d—l)a1—da2)+d_l ,
B Lp X o Zx\/ﬁ (0% xpzﬁ
,u—[* foR|d-2 x (3(d D+ n > x 3d—4| (5.14)

In practice, it does not seem possible to invert these equations analytically to obtain explicit
expressions for x(n, ) and p(n, p). Therefore, to circumvent this in the next Sections we focus
on two limiting regimes, namely, small y and p — oo.

Before getting on to the actual computations, let us introduce the notation

N
L

= Iz (5.15)
as this combination will appear repeatedly in our expressions. Notice also that this is a
dimensionless quantity.

5.1.1.1  Small

Here we consider the case in which g « 1, so that it is enough to carry out the inversion
procedure of Egs. (5.13) and (5.14) perturbatively in ji. Furthermore, as an attempt to make
explicit computations and capture the effects produced by the non-minimal couplings we are
going to set A = 0, or equivalently f,, = 1. This makes sense, since the effect of the GB coupling
on (uncharged) Rényi entropies is already known [330] — see also [119,363-365] for other
studies of holographic RE in higher-order gravities.

We therefore expand x(n, ) and p(n, p) in this regime as

x(n, p) = %y + 8%, + O (@), pln, ) = paii+ O (7°) . (5.16)

By plugging these into Egs. (5.13) and (5.14) we find the values of the coeflicients, which are

nt+ yn2+d(d-2)

%, = y , (5.17)
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2(d — 2)223[2(d? — Doty + £2(d(d — Doy — 1) + dary |

0x, = — 5 (5.18)
(d-1)(d(x2+1) —2) [£2(d(d — 2)as — 1) + (d — 2)((2d — Dty + a5)]
Spn = —rg5— (- 2% (5.19)

aeff

(22— 1)(d(d - 2)ay — 1)

We recall that ang, given in Eq. (4.100), is the combination that appears in the denominator of
the central charge C; in Eq. (4.98). Taking this perturbative expansion into account, the grand
canonical potential for given values of n and p takes the form

LW g
167TGNR

2(d — 2)x¢
o¢ — (%2 — 1)(d(d — 2)y — 1

Q) =~ R 2 + 1) + +0O (') . (5:20)

_2
) H
Now, noting that X; = 1, we can take the limit n — 1 of this quantity to obtain

d—

L"Wy 4 5
Eoc 4
aeff

_4
870nR +0O (,u ) , (5.21)

Qn(:u) ==

and replacing this in Eq. (5.10) we find the form of the n-th Rényi entropy for small p,

o LTV (2= EE ) d-2 %, 2
" 4(n—1)Gy 2 a2’ 1— (&2 - 1)(d(d - 2)ery — 1) g g
+0(g) .

(5.22)
Let us remark at this point that the volume V_; ;_; is a divergent function of the ratio

between the radius of the entangling surface R and a cutoft §. In fact, the leading term gives an

area law,

Vses RT2 here V. 2740/ (5.23)
—_— ..., Where = .2
d— 2502 S T T = 1)/2] >23

since the quantity Vgs.R?? is indeed the area of the spherical entangling surface.

It is interesting to keep only the universal part in this expansion, which can be extracted
from the subleading terms and will provide us with the regularized RE [334]. The form of this
universal part depends on the dimension: for even d it is logarithmic in the cutoff, while for
odd d it is simply a constant. In any case, it reads [334]

V—1,d—1 =

iversal _ Vd—1 (-1)@2/241og(R/S) for d even,
VBanSTSa — —V d-1 Where Vd—l = (524)
1,d-1 $ .
o (D227 for d odd,

and we will use this regularized volume from now on. It is also useful to introduce the quantity

. 141 p(d-2)/2

TSI N

(5.25)
which represents the universal contribution to the regularized EE in theories dual to Einstein

gravity. This parameter can also be easily computed for higher-curvature gravities [197, 198],
and in general it coincides with the a-type trace-anomaly charge for even d, while in odd
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dimensions it is proportional to the free energy of the corresponding theory evaluated on
S¢ [334]. In terms of this parameter, we can write the holographic Rényi entropies as

na‘vy, [2—-x%(x24+1) d-2 % _2
S, = — 5 + FQG 1- 5 EQG H
n Ao 1—(x2— 1)(d(d 2)ay — 1)/a (5.26)

+0(p*) .

Let us now explore the properties of these entropies, starting with the most relevant one:
the entanglement entropy, corresponding to n — 1. This limit yields

(d-2)*(1-3d(d - Doy —daty)
d-1)(a EQG)

It is interesting to think about the sign of the coefficient multiplying j* in this expression, or
more precisely the quantity

-2

Sgp = lil’l’ll S,=a vy, |1+ +0 (ﬂ4> ) (5.27)

0%SkE

_2d- 2)2(1-3d(d — 1oy — daty)
(d-1) ()" |

In Einstein-Maxwell theory this is clearly positive, so that the holographic entanglement grows
when we turn on a chemical potential, but we should check if this is also true in our family of
theories. For doing so we need to take into account the physical constraints on the parameters
derived in Section 4.4, and in fact it is enough to consider only the unitarity constraints. Let us
first note that the bound (4.147) can be expressed as

(5.28)

SEE

2 - EQG
—— + 2den + - =D a2’ >0 (5.29)
Then, we have
1-3d(d—Day—day = ————— +2do; + —— -2 > —— = 4 2da; + ———a"2 >0, (5.30
( o 2 d—2 1 d—2 g d—2 1 d(d—2) Qg =2 (5.30)
where we took into account that aEQG > 0 and d3(‘{§ 3) d ; for d > 3. Note that the result we

obtain is strictly an inequality, since aef? = 0 is not allowed, and thus it implies that, for all

unitary CFTs dual to our theories,

S >0. (5.31)
EE ‘u:0

Given the robustness of this result, it is tempting to conjecture that the entanglement entropy
should always grow with the chemical potential for any unitary CFT at zero temperature.’

It is possible to extend this result to prove that the coefficient of p? for all Rényi entropies
(5.26) with n > 1 is strictly positive. For that, let us note that for n > 1 we have /(d — 2)/d <
%, < 1, and also the inequality

3d -2
2d

1 This is in line with the results of [366] for the holographic EE of an infinite rectangular strip in the case y # 0
and T = 0.

1-— (1—x)>x for d>3,n>1, (5.32)
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which can be checked by plugging in the value of x, given in Eq. (5.17). From these we observe
that, defining & = d(d — 2)a; — 1, for n > 1 we have

% R s Gt VN 7 U Yot + (1 - 22)¢
@ DEdE —< ~DEfalC a0 4 (1 - %2)E

>0. (5.33)

The last inequality here follows from the fact that both the numerator and the denominator are
positive, as can be checked explicitly,
3d — 2

1 — £2)4FC _$2\r
¥ D +(1—x)¢E

Q-x3)(d-2) ([ 3d—2 FQG 2
L +2doy — —— ) >0
2 d(d —2) % nTyy) ="

G (=D > T e+ (- 8 20,

(5-34)
where we have used the inequality (5.29) and taken into account that 1 > 1 — x?> > 0 and

- ¥22(1 - x2) < 1 for every d > 3. Therefore, by applying (5.33) in Eq. (5.26) while also taking
mto account (5.31), it follows that
%5,
Sn

>0, for n>1. (5-35)
1=0

Therefore we have proven that, as long as unitarity is respected, the Rényi entropies with n > 1
always grow when a chemical potential is turned on.

We can now study the dependence of the Rényi entropies on the index n. It is known that
standard REs, this is, at zero chemical potential, must satisfy the inequalities [330]

0 0 -1

=5, <0, a—(" Sn)zo,

n n n
5 o (5.36)
e _1Sn 20, - 4 _1Sn SO
(1= 1s,) o ((1=1)S,)

It was shown in [261] that these are also fulfilled by the holographic charged Rényi entropies
in Einstein-Maxwell theory. Therefore, it is interesting to check whether they still hold for
our holographic higher-derivative theories, assuming that the values of the couplings satisfy
the constraints found in Section 4.4. Since the uncharged Rényi entropies for Holographic
Einstein gravity, obtained by setting i = 0 in Eq. (5.26), already satisfy such inequalities [330],
it is enough to check that the coefficient multiplying i in Eq. (5.26) fulfills them. This will
guarantee that the charged REs also satisfy them, at least in the regime where the O(u*) terms
are subleading. To this aim, we show in Figure 5.1 the profile of ags,, /Sil,=o for a few values of
a; and a, allowed by the physical constraints, in d = 3 and 4. We check that all the previous
inequalities seem to hold for our EQG theories, at least in this small y regime.

This result is indeed quite impressive, as all the properties one expects to find for Rényi
entropies are satisfied whenever the parameters of the bulk theory are taken to satisfy a minimal
set of physical requirements. In fact, we have been able to observe that choosing values of the
couplings that do not verify all the constraints obtained might lead to different behaviors, and
even divergences, in the REs. Instead, for the physically sensible values of these parameters
the chemical potential always increases the amount of entanglement, and the REs have the
same qualitative features found for Einstein-Maxwell theory.

137



ALBERTO RIVADULLA SANCHEZ

2.4
0.75 R ] .
= = Einstein-Maxwell 2.2¢ = = Einstein-Maxwell 1
0.70 - Y
o 1) =3
g 0.65 Lo18¢f
S5 0.60 f 3
— ~ 16F
R e L
S 0.55 F < 1afb
0.50 f 12f
0.45 1.0
0 1 2 3 4 5 0
n
1.0
04 Ff
° - 05
Loo02 L
s i 0.0
& 0.0 =
| |~ _
= u]: = ? 0.5
| -0.2 | -1.0F
E E
-0.4 . . ] b . . ]
0 = = Einstein-Maxwell -15 = = FEinstein-Maxwell
~0.6 -2.0
0 1 2 3 4 5 0 1 2 3 4 5
n n
5
2.0 == Einstein-Maxwell 4 == Einstein-Maxwell
= 15 [ = 5 C
] ]
| - 1o} | 2
— | — |
| | 1F
o 0.5 F o
N N
0
0.0
e . . . L
0 1 2 3 4 5 0 1 2 3 4 5
n n
(a)d=3. (b) d = 4.

FIGURE 5.1: Coefficient of i in the Rényi entropies as a function of
n, represented in such a way that allows to check that the inequal-

ities (5.36) are fulfilled. The curves for d = 3 correspond, from
— 1 19 1 21 1 5 1 37

blue to red, to {al, 0{2} = 2’ —5}, {5, —%}, {ﬁ’ _ﬁ}’ {%, %0 S

In the same way, the curves for d = 4 correspond to {a;, a;} =

{i, —%}, {é, —%}, {4—18, —%} , {%, —%} In all cases, A = f = 0, and
the different constraints on the couplings imposed by unitarity and the WGC

are fulfilled.

5.1.1.2 Large
Let us now study the opposite limit, 4 — oco. For this it is convenient to revise this limit first in

the case of Einstein-Maxwell theory [261], and later generalize the study for our four-derivative
theory (4.33).
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In this particular case, Egs. (5.13) and (5.14) reduce to

1

n

2p%x?
d-1

1

[dx2 —(d-2)- ] , flem = —— . (5-37)

M 2X

These equations can be solved for x, finding

1 2d(d — 2)*n?
Xlegm = — |1+ \/1 +d(d - 2)n* + uﬂz . (5.38)
nd d—-1
In the limit that we are interested in now, i — oo, we get
2 1 1
=d-2)|-——i+—+0| -
x[em = ( ) d(d—l)y nd (ﬂ) >
e . (5-39)
-1 -1 1
= - +0\(= ).
Plex 2 2n(d — 2)ji ( p2>

Given this structure for the perturbative expansions of x and p as i — o in Einstein-Maxwell
theory, it is reasonable to expect them to look similar for our four-derivative EQG. Therefore,
we try the ansatzes,

1 _ 1
x:x1ﬁ+xo+(9<—_>, P:p0+}#+(9(__2>’ (540)
f f f
and after plugging these into Egs. (5.13) and (5.14) we find

((3d = 8)p? — 3d(d — 1)(d — 2)) p-1x; + 2(3d — 4)(d — 2)[ foopiers/m

Xo = s
dpo(p3 +d(d —3) +2)
_ (d-2)B3d - 9)p,
B ECERCEDR (549
. 1—d(d-1)B @ = DSt = 2a1p§)po
o= ; P o R W) R

where the sign of p, matches that of . Plugging these expansions in Eq. (5.12) and replacing
that in Eq. (5.10), the Rényi entropy for large y turns out to be

(d - 2)(3d — )po[fo )“ o

£ Ry (d-2)/2
lim S, = vd_l( A
00 8GnI'(d/2)

(1 + 2a,pg) (d(pé +(d —1)(d - 2))

Similarly to what is found in the Einstein-Maxwell case [261], we observe that Rényi entropies
are independent of n as y — o, and they scale with y?~!. Also, since the dependence on n
becomes trivial for large y, it is likely that the standard inequalities (5.36), that we showed to
hold for small p, are actually satisfied for every p.

Regarding the sign of the corrections, we note that it is not definite. Since a; > 0 due to the
WGC, this coupling always has the effect of increasing the value of the Rényi entropy. But on
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the other hand, we see that x, is a decreasing function of f (which must also be non-negative)
for d = 3 and 4, and non-monotonic for d > 5. Hence, the higher-derivative corrections can
either decrease or increase the value of the RE, depending on the dimension and the values of
these couplings. In spite of this, we notice that this quantity is always positive provided that
the WGC is respected. Otherwise, if one were not to impose the WGC bounds, then «; could
get arbitrarily negative, which would allow the RE to become negative for large enough values
of the chemical potential.

5.1.1.3 An exact example in connection to the WGC

To finish off the study of the Rényi entropies, let us look at an illustrative example for some
particular values of the couplings. We start by setting d = 4, since this is the most interesting
case. Then, for a given choice of the couplings {A, «;, @,, f} we need to solve Egs. (5.13) and
(5.14) in order to obtain S,(y) according to Eq. (5.10). However, it can happen that these
equations have several admissible solutions for the same n and p. If this is the case, it denotes
the existence of multiple phases and we should choose the one with the smallest value of Q, as
that is the dominant one. Therefore, we wish to study the profile of S,(u) when we take into
account the physical constraints found in Section 4.4, as well as those in Section 4.5.2.3 that
ensure the existence of a large p limit. For this, we choose two sets of random values of the
couplings: one that does satisfy both the WGC and unitarity constraints, and a second one that
only satisfies unitarity. Then we study the properties of the Rényi entropy for each set.

The actual values of the Rényi entropies depend on the particular choice of the couplings,
but an illustrative example is shown in Figure 5.2. In the left column we represent S,/S; and
related quantities as a function of n, for several values of /i and for a set of couplings that do not
satisfy the WGC but do respect unitarity. In the right column we show the same quantities for
a different choice of couplings that satisfy all the constraints considered. We find that, while in
the latter case S, is always positive and respects the inequalities (5.36), the RE for the theory
that breaks the WGC violates the second and third of them when ji becomes large enough, and
can even become negative.

Of course, this is only an example, but looking at randomly generated couplings we have
not found any instance of a theory that satisfies the WGC and unitarity and behaves as that in
the left column of Figure 5.2. In fact, in all those cases we obtain plots similar to those in the
right column of the Figure. Thus, these results are one additional argument pointing towards
the fact that the WGC bounds might be key to produce a sensible CFT.

5.1.2 GENERALIZED TWIST OPERATORS

A very interesting notion in the context of the Rényi entropies is that of twist operators, which
possess a great deal of information about the CFT.

The Rényi entropy for some spatial region A can be computed using the replica trick [327],
which requires evaluating the partition function Z, of an n-fold cover of Euclidean flat space,
with cuts introduced on the region A. The k-th geometry is glued to the (k + 1)-th copy along
these cuts, with the entangling surface ¥ being the branch point. From this construction, the
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FIGURE 5.2: Rényi entropies as a function of n for two choices of the cou-
plings that satisfy or not the WGC constraints. The different curves corre-
spond, from blue to red, to ﬁ/\/ﬁ =0, 2, 4, 6, 8 and 10. In both cases we
work in d = 4 dimensions, and the values of the couplings for the plot on the
left are {a;, as, B, A} = {0.005, —0.1, 0.8, 0.005}, while for those on the right
{1, ap, B, A} = {0.08, 0.05, —0.6, 0.02}. It is clear that the general relations
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quantity Tr p/; needed for the Rényi entropy (5.1) is then computed, for integer values of n, as

Trp) = —.
Tha=7

n

1

(5-43)

141



ALBERTO RivADULLA SANCHEZ

In order to glue together two consecutive copies of the geometry at the cuts one needs to
implement some appropriate boundary conditions, and an alternative way to achieve this is by
introducing some (d — 2)-dimensional operators o, that extend over the replicated geometry,
known as the “twist operators” [327, 330, 340, 367]. In the presence of a chemical potential,
however, one should consider instead the generalized twist operators o,(1) defined in [261], and
which are constructed by attaching a Dirac sheet carrying a “magnetic flux” —iny to the original
operators o,. With these, the path integral over the replicated geometry can be replaced by a
path integral for the symmetric product of n copies of the theory, with the o, inserted, on a
single copy of the geometry. Then the trace of p/; can be obtained as the expectation value of
these twist operators, Tr py = (0,), computed in the n-fold symmetric product CFT.

It is possible to define a notion of conformal dimension for these twist operators by per-
forming an insertion of the stress-energy tensor Ty, at a small distance y from X. In particular,
the leading singularity of the correlator (T,,0,(1)) takes the form [330,340]

() bas

<Tabo-n(,u)> = o yd s

(5.44)
where h,(p) is the conformal dimension of ¢, and b,, is a fixed tensorial structure given,
e.g., in [261, 340]. In the case of a spherical entangling surface and with a finite chemical
potential, the conformal mapping from flat space to the hyperbolic cylinder allows one to show

that [261,330]
27n

ha(p) = Rd(é’(To, =0)— E(Ty/n, p)), (5.45)

where (T, ) is the thermal energy density of the theory placed on S* x H*'(R).

Similarly, when a chemical potential is present we also have at hand its associated current
J¢, and one can therefore study the correlator (J,0,,(11)). In this case, the leading singularity
takes the form [261]

(Jaon(i)) = i (u) E“jﬁ : (5.46)
y

where n’ is a unit vector normal to J,, and € is the volume form of the two-dimensional space

orthogonal to the entangling surface. The coefficient k,(y) is the magnetic response of the
generalized twist operators, and for a spherical entangling surface it can be computed as

k.(u) = 27nR p(n, 1), (5-47)

where p(n, p) is the charge density of the theory on §' x H4~(R), at temperature T = T, /n and
with chemical potential .

We will be more interested in the expansions of h,(u) and k,(u) around n = 1 and p = 0,
which can be written as

ha(p) = Z Z T hlm(n - 'pm, (5.48)
1=0 m=0

XOEDY Z T Fm (= ", (5.49)
=0 m:0

where the coefficients of the expansion are obtained as
hlm = (an)l(au)mhn(ﬂ)|n:1,y:0 > klm = (an)l(ay)mkn(/an:l,y:() . (5-50)

142



CHAPTER 5. CHARGED RENYI AND ENTANGLEMENT ENTROPIES

As shown in [261] (and in [203, 330, 340] in the case of h, for u = 0), these coefficients involve
integrated correlators of the form (T ---TJ --- J). In particular, the first few coefficients are
related to 2- or 3-point functions of T and J, and therefore have a universal form for any CFT.
These relations were derived in [261, 330, 340] from first principles, but here we will see that
they can also be obtained by using holography with higher-derivative terms.

5.1.2.1 Conformal dimension of generalized twist operators

We start by studying the conformal dimension of the generalized twist operators, given by
Eq. (5.45). The energy density £ can be computed holographically as the mass of a hyperbolic
black hole over the volume of the boundary,

M(T, p)

ET, p) = Vo R

(5.51)

This can be obtained from Eq. (4.69) by setting k = —1, and replacing this together with
M(Ty, p = 0) = 0in Eq. (5.45) we have

_ L _ d_ _d-2 -4
halh) = s(d—l)GNJﬁ[(d D (= ) .52)
2p2x? d—2 Bptxd '
T (1— = (3(d—1)a1+az)>—3d_4],

where as usual we introduced the variables x = r, /L and p = QL/r?"!, which depend on n and
u through Eqgs. (5.13) and (5.14). These are solved forn = 1and g = 0 by x = I/Jﬁ and p =0,
so we perform an expansion around these values to find

1 n—1 (%R)z (d — 22 £3/%(1 = (3d + 2)(d — 1) foos — d fuottz) .

e @-oyi Uz -1 fo) (@)
&R\ [(d-2)f. (d - 2)fo(1+ (d = D = 2) fuots + (d — 2) foo2)
b= (ﬂL ) aeEP%G +(n—-1) @D (O(EP%G)Z + ...

+ ...,

(5.53)
where we only show the terms that will be relevant for our computations. From these expres-

sions it is straightforward to obtain the expansion of h, in Eq. (5.48) and read off the values of
the derivatives. In the first place, we find

d-1
C1-22f. [ L
hio = 2@ - 10n (Jﬁ) : (5.54)

Comparing this with the value of the central charge Cr for our theory written in Eq. (4.84), it

can be written as

”d/ZHM p (5.55)
rd+2) °
which is precisely the relation found in [330]. In a similar way, the second derivative of h,
at vanishing p, that is, hy, is completely determined in terms of Cr and the 3-point function

h10:2
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coefficients t, and t, [203,340], and those relations have been shown to be identically satisfied
for holographic higher-curvature gravities [119, 128,203].

Let us turn our attention now to the derivatives of h, with respect to . From Eqgs. (5.52)
and (5.53) we find

hoz =

d-2er [ 1\ 2d—3—(d—2)f((6d — 1)(d — Day + (2d — Da)
. (5.56)

2(d — 1)%Gy \/ﬁ (aEQG)z

eff
Now, looking at Egs. (4.98), (4.100) and (4.129), we see that this expression can be written in
terms of the central charge C; and the flux parameter a, as

Crnd/211(d /2)

hop = ~(27RY d—1yT(d+1)

(d(d - 1)(2d — 3) + ax(d — 2)°) . (5.57)

Finally, we can write this in terms of the coefficient of (TJ]), ¢ and é, using the relations (4.134)

and (4.135),

2

41
ho, = —(27R)* “¢+¢é 58
02 (”)F(d+1)(dc+e)’ (5.58)

which is precisely the result in Eq. (2.45) of [261], and which applies to any CFT.?

5.1.2.2 Magnetic response of generalized twist operators

Let us now take a look at the magnetic response of the same twist operators, k,(u), which can
be computed using Eq. (5.47). For this we need the charge density of the boundary theory,
which is simply

- tq
p(n, p) = RV, (5.59)
with g given by Eq. (4.65). Using this, we get for the magnetic response
nt,Q  £L47? _
k() = = npx®". (5.60)

2Gy 26y

Again, we should replace both x and p in terms of n and p, which can be done in an approximate
manner around n = 1 and g = 0 using the expansions (5.53). This is enough to read off the first
derivatives close to this point, and in particular the first derivative with respect to p ends up

being

d-3
~ (d - 2)R ( L ) _ 8”d/2+1RMC (5.61)

01 — EQG \/ﬁ F(d—l—l) J >

where in the second equality we used Eq. (4.98). This can also be written in terms of the
coefficients of the (T ]J]) correlator, ¢ and é, related to C; through Eq. (4.134), as

=——(¢c+eé). (5.62)

2 Note that we have an additional factor of (27R)? with respect to the expression in [261], which comes from the
fact that they normalize the chemical potential with a factor 1/(27R) with respect to our convention.
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Again, up to a factor of 27R arising from the different normalization conventions, this matches

Eq. (2.57) of [261].
In the same manner, we can compute the mixed derivative k;;, which reads

d-2ER[1+@-2(d- D+ ) f] { L\
k11 = EQG . (563)
4(d - )Gy ()’ Voo

This can be written in terms of C; and a,, given respectively by Eqs. (4.98) and (4.129), in the
form

4R74IPIT(d /2) 2
(d —1)T(d + l)C](d(d —1) —a,(d - 2) ) ) (5.64)

or in terms of the coefficients of (T JJ), given for our theory in Egs. (4.138) and (4.139), as

k11 =

1679 R
(2

fu = drd +1)

2¢ —d(d — 3)é) ) (5.65)
So in this case we also reproduce the result of [261], in particular their Eq. (2.56). Let us
remark that the authors of the reference check that these relations hold for holographic
Einstein-Maxwell theory, which is a more restricted case, as the dual theory has a, = 0. In
our computation, on the other hand, we were able to show these universal relationships for a
theory with a general 3-point function (T ]).

5.2 A UNIVERSAL FEATURE OF CHARGED ENTANGLEMENT ENTROPY

In this second part of the Chapter we will conjecture and prove a universal relation for the
charged entanglement entropy with a spherical entangling region. More explicitly, we will see
that for a general d-dimensional CFT, this quantity is, to the lowest order in g,

See(p) 7iCy ,
Vi @ (d—-1)T(d - 2) [1 d(d ]( R)”, (5.66)

where v;_; is proportional to the non-divergent part of the volume, as given in Eq. (5.24), and
a” is the value of this entanglement entropy in the uncharged case. Alternatively, this relation
can be formulated as a statement involving the first two derivatives of the Rényi entropy S, (1)
with respect to p evaluated atn = 1 and py = 0.

Notice that all the information regarding the boundary theory in the first correction with
respect to the uncharged entanglement entropy is encoded in the constants C; and a,. We
recall that C; appears in the correlator of the current associated to the global symmetry, given
by Eq. (4.86), and it is the only part of that object that is theory-dependent and not fixed by
conformal symmetry. As for a,, it is the parameter controlling the effect of the non-minimal
couplings on the energy flux measured at infinity after the insertion of a current operator ¢;J’,
given in general by Eq. (4.106). Furthermore, as discussed in Section 4.3.4, the 3-point function
(T]]) for a CFT has a fixed form up to two theory-dependent coefficients, which can indeed be
taken to be C; and a,. Therefore, these two parameters carry a great deal of information about
the particular CFT, and it makes sense that they play a role in certain universal identities.

The relation (5.66) was found in the first place from the results shown in Section 5.1.1.1 for
the four-derivative theory (4.33), in particular by looking at Eq. (5.27). While that corresponds
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to A = 0, it is straightforward to repeat the computation allowing for a non-vanishing Gauss-
Bonnet coupling. In that case, the entanglement entropy across a spherical entangling region
reads

sEe (d — 2224 2/2(1 = 3d(d — 1) fors — d frotty) [0-32 o
v " 8(d - DI(d/2) (afg°)’ Gy WRIHO), (567)

where afgc’ is given in terms of ; and a, by Eq. (4.100). The constant term ag also corresponds

to the same entanglement entropy without a chemical potential, but it is now modified by the
Gauss-Bonnet terms and it reads [198]

. [d-1 z(d-2)/2 2(d _ 1)
68 = 3Gy T(d/2)

The leading correction to Eq. (5.67) has a complicated non-polynomial dependence on the
gravitational couplings a; and a,. However, this conspires to produce a linear combination of
the charges C}aQG and C}aQG ;2% as can be checked using Eqs. (4.98) and (4.129), thus obtaining
the relation proposed in Eq. (5.66).

Y (5.68)

5.2.1 CHARGED EE 1N EQGS OF ANY ORDER

We will now extend the previous result and show that the conjectured universal relation
(5.66) indeed holds for the arbitrary-order family of Electromagnetic Quasitopological theories
proposed in Section 4.1.4. For this, we consider the general action

d(d 2 AL?
Te0G, gen = dd“ H + —
FG.een ™ 6 GN \/—[ L2 (d —1)! d—-2)d-3)"
] 2stm- 1) (@) ®)
(d—l)'sz(;ng) 0( 5m£d5m+a25m£d,s,m) i
(5.69)

where y; is the Gauss-Bonnet scalar in Eq. (4.28), and ﬁffim and ﬁg,’)s’m are the densities written
in Eq. (4-35).

In order to check the relation (5.66) we need to compute separately the parameters a, and
C) of the theory, as well as the entanglement entropy across an spherical region. But first we
need to discuss the hyperbolic black hole solutions of this general theory.

5.2.1.1 Hyperbolic black hole solutions

By construction, the theories (5.69) admit charged black hole solutions with spherical, planar or
hyperbolic horizons, described by a single function f(r) which fulfills the equation of motion
(4.47). Here we are interested only in solutions with hyperbolic sections, so we restrict ourselves
to that case. The line element of such a spacetime can be written as

fR? r2h(r) — L2

where dE?d_l) corresponds to the unit hyperbolic space H*™!, w_; 1) is the associated volume
form and f is given in terms of the Gauss-Bonnet coupling by Eq. (4.52). The constant

L2 rz L2dr2
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multiplying the term dt* has been chosen in such a way that the metric at the boundary r — oo
becomes conformally equivalent to the hyperbolic cylinder with radius R.

The equation of motion for the function h(r) in the metric can be obtained with the usual
reduced Lagrangian approach, or simply performing a change of variables in Eq. (4.47), yielding
the algebraic equation

2 167R ./ fo(GNM 207 Ar?
o= Do JORIEGM et
I A= DIV1er? T d-Dd-2red T 2
(=2yQ*"L*T(d)" " 2s SQ 5. m
+ Z @D e d_l((l—Zm)(d—1)+1—ds)a1,s,m+ﬁ (5.71)
(1= 2m— a5+ ams + 29D ik L
m S ms d— 1 al,s,m d_laz,s,m L2 5

where M is an integration constant that should be identified with the mass of the solution, as
explained in Section 4.2,and ), ,, = > 2 >

Even though this equation is algebraic, it is not possible to find the exact form of h(r) in
general. We can, however, study the thermodynamic properties of the spacetime. For that,
let us assume that g, has some zero along the positive real axis, and let us denote the one
corresponding to the horizon by r, = max{r € R*|h(r) = L?/r*}. Defining x = r, /L and
p = QL* x4 a5 several times before, and evaluating Eq. (5.71) at r = r,, the mass of the black
hole solution can be seen to be

167R ./ fG 2p2x4

f—fNM:(d—l)xd*Z(x _1) 4 X (@ - DA

LAV a4 d— (5.72)
r(d)m 1,2m 57

(=2)
Z xgs d ( - (d - 1)(1 —2m— 2s)al,s,m + az,s,m) .

Similarly, taking into account that the Hawking temperature is given by

, 2L
4R\ fT = +h(+) - (5.73)

+

we find
(d-1D(2+d(x?*— 1)+ (d - )Ix?) — 2p*x?
(d-D(x —22x ) + X W (=2)T@m 1 p2m (s m — (s — 1) m) X372

4R\ foT =

23 m( z)sr(d)m 1p2m —2(s— 1)(23 —2m + d(2m . 1))ﬁsm (574)
(@ = D(x = 225 + 2oy o~ T@ 97 (Y — (5 = D)2
where the constants f; ,, and y; ,, are given by
ﬁs,m = (d - l)(zs +2m — l)al,s,m + Q2. 5,m >
(5.75)

Yom = (d —1—(4d — 2)s + 2ds* + 2m(d — 1)(2s — 1))0.'1,5,,,1 +(s—Dagsm-

The computation of the black hole entropy S is carried out as before using the Iyer-Wald
formula written in Eq. (4.72). It can be applied to the general theory (5.69) on the black hole
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metric (5.70) in a somewhat straightforward manner, finding

e d-1,.d-1 2(d — —2)T m—1q 12
Vo1a-1L x 1 (d-1) _Z( )T(d)" 'sp

S = a2
4Gy (d —3)x2 x2(s=1)

al,s,m . (576)

Interestingly, the entropy does not receive any corrections from the densities Eg”)s’m.

As explained in Section 4.3, the chemical potential y is defined as the asymptotic value of
the electrostatic potential A;, y = lim, , A;/?., after demanding that A;|,_,, = 0. This is the
only active component of the dual vector field A for the magnetic configuration (5.70), whose
field strength tensor F = dA is given by

oL
F = 47Gy(d — 1)! » — . .
7Gn( )*aH (5.77)

However, an easier way to compute this chemical potential is by means of the first law of black
hole thermodynamics,

Voi,a16.0

dM =TdS + pdN', where N = (5.78)
477,'GN
Indeed, this equation is equivalent to
Vopa b L7 oM S
= p=—— =T, (579)

471Gy p p op

and by plugging in the values of M and T given respectively by Egs. (5.72) and (5.74) one can
obtain the form of the chemical potential for the theories (5.69). It can be checked that this
value and the one obtained by means of Eq. (5.77) are actually the same, thus confirming the
validity of the first law for our black hole solutions.

5.2.1.2 Parameters C; and a, of the dual CFT

Our ultimate goal is to express the entanglement entropy corresponding to an spherical region
in terms of the charges C; and a, of the CFT dual to the theories (5.69), as written in Eq. (5.66).
Therefore, we need to compute both the entropy and these parameters in an independent
manner. Let us begin with the latter.

If we denote by F the dual field strength of H, then C; is obtained by working out the
effective gauge coupling of F? when evaluating the action on a pure AdS background [261], as
done in Section 4.3.2 for the four-derivative theory. For this computation (and also for a,) it
is enough to restrict ourselves to terms quadratic in H in the action (5.69), this is, those with
m = 1. Following the procedure described in Section 4.1.1 we find the relevant part of the dual
action to be

z el R d(d AL? o
2 d+1 . —1\H oo
Ie = 167 GN d [ Lz (d —2)(d - 3))(4 (Q ) pnFHVF (5.80)

As before, Q’l is defined as the inverse of Q,
(0)",,07. = 6",8", (5:81)
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which is given in this case by

12

AV = lap sn sV
=@ Dd-2° @
o\ Hla v
0, =57, Z (sR (R +raar R, + 25— 1) (R, RILR k,])al,s
1
o (R 1) o (ZsR[“ﬂéﬁ]V +gd,s,1R“ﬁpv) oy -
(5.82)
Here we are introducing the shorthand notation for the couplings
a5 = 01,515 Qa5 = Q25,1 - (5.83)

Finding the inverse Q! is in general a rather challenging task, but it becomes manageable
when we restrict ourselves to backgrounds with enough symmetry. In the case at hand, since
the spacetime is pure AdS space with

2 N L
Hv _ _ = [u v] —
R po - i25 [p5 O'] H] L - \/ﬁ ’ (5'84)
we have simply
voo_ A o sln sl SR L N Y
Qﬂ po Q# po T aeff5 p[pé o> (Q 1) po - aeﬁé ,U[p5 o]’ (585)
where the effective coupling constant takes the value
der =1+ Y (-2) ' f22—d)((d—1+2ds)a; s + ;) - (5.86)

s=0

Consequently, the coefficient of F? in Eq. (5.80) turns out to be 1/a.g. This implies that the net
effect of the higher-derivative terms is the renormalization of the gauge coupling constant,
producing in turn the central charge

C;% = ¢ e T@) &L (5.87)
] Cep I T(d/2 = 1) 4nd/2H Gy’
being Cj™ the Einstein-Maxwell central charge, although with the effective AdS length scale L
due to the Gauss-Bonnet coupling.
The computation of a,, on the other hand, requires the knowledge of the inverse tensor Q'
on a shock-wave background given by the metric (see Section 4.3.3 for a detailed computation)

iz ' d—2 ‘
ds’ = = |60, wdy™ —dy*dy” + Y (dy) +du’|
j=1
oy (5.88)
ou

_ . ; d-1°
(w2 + X207 - 0)?)

W, u) = where yJeR.
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This satisfies R,, = —d/ I? g and W, ,,W*°* = 0, being W,,,, the corresponding Weyl tensor.

Taking these properties into account one can compute
A ﬁefsz
Ay wH
Qo = et e ~ a2 P
) (5.89)
R =
P a7 (d-1D)d-fedly
where S is the combination of the couplings given by
Pet = Z(—Zfoo)z(d - 1)5((2ds —Days + az,s) ) (5.90)
s=0

This is formally equivalent to the same tensor evaluated for the four-derivative EQG, given in
Eq. (4.121), upon exchange of 23 = —2[2(2d — 1)(d — 1)a; + 2(d — 1)az] = Per/ foo. Therefore,
the coefficient a, associated to the general theory (5.69) will be equal to that given in Eq. (4.129)
after making the same substitution, namely

dﬁef’f
EQG _

5.2.1.3 Entanglement entropy with a spherical entangling surface

Let us finally get to the ultimate goal of this Section: computing the entanglement entropy
for the boundary theory dual to (5.69) across a spherical entangling surface of radius R, and
checking that it fulfills the conjectured relation given in Eq. (5.66). This quantity can be
obtained as the n — 1 limit of the Rényi entropy, which results in

1

See(p) = S(To, p), where Tp=—,
27 R

(5.92)
as can be seen by computing explicitly the limit of Eq. (5.10), and taking into account the first law
of thermodynamics in the form of Eq. (4.204). In this equation, S(T, y) is the thermal entropy
of the same theory placed on the hyperbolic cylinder $* x H%(R), which for a holographic
theory is given by the Wald entropy of the dual black hole. In this case that is given in Eq. (5.76)
as S = S(x, p), so we need to find the inverse functions x = x(Ty, ) and p = p(Ty, p). Since
we are interested only in the correction to leading order in y, we can carry out this procedure
perturbatively from the temperature and chemical potential given by Eqgs. (5.74) and (5.79),
respectively. We find an expansion of the form

x =R+ +0 (1), p=sp(tp)+0O (1), (5.93)
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with the different coefficients given by

o1
X=—,
NIS
s 6p)? [2+ X2 (-2 fi(2 — 4s+d(d — 3 + 2ds — 25 + 4s%)ay  + (d + 25 — 2)aty ) |
Xy = — s

2(d = 1*(fo — 2)\/foo
. 2(d — 2) fR
P v -2 (2 ((d + 2ds — Dan, + )]

(5.94)
Plugging these perturbative expressions into Eq. (5.76), we find that the entanglement entropy

to quadratic order in y reads

) = BV [1_ 2d-1), fm+< J;joR> (e ((d—z>2 N (d—z>2ﬁeﬁ)]+@ ()

4GN d-3 Aeff d—1 (d - 1)20561{

(5-95)
with the parameters a.¢ and S.g given respectively by Egs. (5.86) and (5.90). If we now take
into account the values of C; and a, that we computed for these theories, given in Egs. (5.87)
and (5.91), we see that this can be rewritten as

Fd—1 _
See(p) = % [1 - Zde 31)/1](00]
N - (5:96)
r(d/Z — l)ﬂ'd/2+1v_1,d_1 EQG (d - 2)2 (d - 2)3a]25:QG 2 4
) Yl id -1y ](#R)+(9(#)'

Since we are interested in the universal part of this entropy, we should consider only the
regularized volume of the unit hyperbolic space, which is given by Eq. (5.24). Thus, we arrive
at the final result

See(p) a4 ! CEQC |1 4 (d—2)a;~°
Va1 6B (d-1)rd-2) " d(d—1)

] R +0O (1), (597

where the charge a* of the Gauss-Bonnet theory is given in Eq. (5.68). We see therefore that
this is equal to Eq. (5.66), so the conjectured universal relation is fulfilled for our infinite family
of Electromagnetic Quasitopological theories of gravity.

As a final comment, one may wonder about the effect of adding arbitrary pure-gravity
higher-order terms belonging to the Quasitopological class [8, 10, 107-110] to the action (5.69).
Given the structure and the derivation of Eq. (5.97), we expect such terms to produce a
renormalization of the constant f.,, while leaving the result (5.97) invariant.

5.2.2 PROOF FOR GENERAL CFTs

All the results obtained until now, first for the four-derivative theory (4.33) and then for the
generalizations of these proposed in Section 4.1.4, point towards the validity of the relation (5.66)
for general CFTs. However, this is by no means a proof of that conjecture, and a more generic
analysis involving known universal relations fulfilled by any theory should be performed. This
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is actually the goal of the current Section, and for that we will use a combination of the results
presented in [261] with some thermodynamic identities.

Let us consider once again the generalized twist operators that we studied in Section 5.1.2.
The leading divergence of the correlator (J,0,(1)) is determined by the magnetic response
k.(p), as given in Eq. (5.46). This quantity can be computed using Eq. (5.47), which we repeat
here for convenience,

kn(p) = 2nR*" p(n, pr). (5.98)

We recall that p(n, p) is the charge density of the CFT on the hyperbolic cylinder, at temperature
T = T,/n, with T, given by Eq. (5.5). The magnetic response also has a universal expansion
around n = 1 and pg = 0, whose leading coefficients can be expressed in terms of those
characterizing the (T]J) correlator. Namely, we have [261]

k"‘nzl,,u:O = a”knlnzl,pzo =0 ’
16x%'R . .
Pilucrieo = gy €49 (5.99)
167'R , . R
ana”kn‘nzl’uzo = m(zc - d(d - 3)6) 5

where the charges ¢ and ¢ are related to C; and a, by Eqs. (4.136) and (4.137). In fact, we verified
that the four-derivative EQG satisfies these relations (5.99) in Section 5.1.2.2.

Let us now consider the vacuum thermal entropy of the CFT on the hyperbolic cylinder at
temperature T = T, /n, which is equal to the entanglement entropy with a spherical entangling
surface, see Eq. (5.92). In the grand canonical ensemble, the first law of thermodynamics reads

dQ = —SdT — Ndyu, (5.100)

where S is that thermal entropy, Q is the grand canonical potential and N' = V_; 4 ;R p is
the total charge. From this form of the first law we can obtain the thermodynamic relation

9,S = —0,0rQ = —979,Q = Ot N . (5.101)

Writing now A in terms of the magnetic response k,(y1), and using that r = —1%9,, we have
ToV_14-1 k(1)

9,S =— T2 On ( " . (5.102)

We can now expand the derivatives and evaluate for n = 1 (which corresponds to T = Tj) and
u = 0 using Eq. (5.99). In particular, taking into account Eq. (5.92) it follows that the first
derivative of the entanglement entropy with respect to p vanishes,

aﬂSEE|”:O =0. (5.103)

Taking a second derivative with respect to p in Eq. (5.102), we find

T,V 14 k(1)
20 0YV-1,d-1 n\H
8uS = —Wayan ( n ) . (5104)
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Evaluating again for n = 1 and y = 0, we have
2 —
aHSEE{,u:O - Vfl,dflR(a,ukn - a,uank'n) ‘n:l,u:O > (5105)
and using Eq. (5.99) this can be written as

16(d — 2)m%+'R?
dr'(d + 1)

aiSEELl:O =V_14 (c+dé), (5.106)
which, using Egs. (4.136) and (4.137) to replace the values of ¢ and é and Eq. (5.24) for the
volume V_; ; 4_, reduces to Eq. (5.66). This therefore completes the proof that such relation is
universally valid for a CFT in the presence of a chemical potential.

5.3 DISCUSSION

In this Chapter we continued the study of the Electromagnetic Quasitopological theories
of gravity initiated in Chapter 4. We focused in particular on the holographic Rényi and
entanglement entropies for spherical entangling regions, and their associated twist operators.

First we computed the Rényi entropy in different limits and observed that, provided that
the dual CFT respects unitarity, a non-zero chemical potential always increases the Rényi
entropies with n > 1, and also the entanglement entropy as a particular case. Furthermore,
standard Rényi entropies are known to satisfy some inequalities when considered as a function
of the index n, which are written in Eq. (5.36), so we wondered whether these also held in
our higher-derivative theories. As it turns out, they seem to be satisfied if one assumes all
the physical constraints found in Section 4.4, while if one gives up the WGC bounds some of
them can be violated, and the RE can even become negative (see Figure 5.2). This is another
observation pointing towards the importance of the constraints derived from the WGC in
obtaining a sensible boundary theory.

Afterwards, we computed the scaling dimension h, (1) and the magnetic response k,(y) of
the generalized twist operators, as introduced in [261]. By using the entries for the holographic
dictionary of the four-derivative theory (4.44), we have obtained a series of relationships
between the derivatives of h,(u) and k,(¢) at n = 1 and p = 0, and Cr, C; and the coefficients
of (TJJ) (see Egs. (5.55), (5.58), (5.62) and (5.65)). These are actually universal relations that
hold for any CFT, and they were derived from first principles in [261,330]. Therefore, the fact
that one can independently obtain them by using holographic higher-derivative theories is a
proof of the power of this approach to learn about universality in CFTs.

The previous results served as a motivation to conjecture, and then prove, a universal
relation involving the entanglement entropy for a spherical entangling region. This is written
in Eq. (5.66), and implies that the leading correction to that entanglement entropy for a non-
zero chemical potential depends only on the charges C; and a, of the field theory. We have
checked that this formula holds for CFTs dual to the general EQGs proposed in Section 4.1.4,
and then provided a general proof based on the aforementioned universal relations involving
the magnetic response k,(y) of the twist operators, derived in [261].

An additional check of our conjecture involving free fields can be found in [27]. There, the
entanglement entropy across a spherical entangling surface is computed for a theory of free
scalars or fermions in d = 4 by means of heat-kernel techniques, as done previously in [261]. It
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is found that Eq. (5.66) is also verified in this case, thus confirming the validity of that universal
relation through an independent non-holographic computation.

Let us remark that we showed that universal relation (5.66) holds for d > 3, butind = 2
there are various reasons to expect a different situation. First, notice that both the coefficients
C; and a, are pathological in that limit (see Eqs. (5.87) and (5.91)). The free field results reported
in [261] also suggest a different structure in that case, including possible linear terms in y or
jumps in S,(u) as n and p vary. It would be interesting to investigate these features further,
and the three-dimensional holographic EQGs proposed in [139] would be natural candidates
for this.

Finally, we would like to emphasize the importance of the result presented here, as it
allows us to obtain predictions regarding the entanglement entropy of a CFT knowing only
its parameters C; and a,. Understanding the extent and applications of this, however, would
require further investigations.
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Part III

HIGHER-CURVATURE GRAVITY AND
ASTROPHYSICS
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BLACK HOLE ACCRETION IN EINSTEINIAN
CUBIC GRAVITY

Higher-derivative corrections are expected to appear in the low-energy dynamics of a hypo-
thetical UV completion of general relativity, and if we assume that there exists such a theory
that describes our universe, then these corrections should produce some sort of potentially
observable behavior. With this motivation in mind, in this last Part of the thesis we continue
the study of higher-derivative theories of gravity, focusing now on astrophysical scenarios.

General relativity has stood as a remarkably successful theory since its proposal, offering
robust predictions and passing all precision tests within the weak field regime commonly
explored in astrophysics. Nevertheless, it still faces several challenges, such as the need to
introduce additional entities like dark matter and a non-zero cosmological constant, in order
to accommodate observations that can not be accounted for by known matter and energy
distributions. In fact, an alternative solution to these problems could possibly be achieved by
considering certain corrected theories of gravity (see [368] for a review of these developments).

The expected higher-derivative terms in the action would be suppressed by powers of
a (presumably small) length scale, and therefore should have an appreciable effect only in
regions or regimes with very large curvatures, such as the first instants of our universe or the
vicinity of very massive objects like black holes and neutron stars. Therefore, it also makes
sense to consider HDGs for studies of cosmology, and indeed they could be able to produce an
inflationary era. A review of these topics can be found in [369].

Provided diffeomorphism and Lorentz invariance hold, one would expect that the afore-
mentioned higher-derivative corrections come in the form of contractions of the curvature
tensors in the action. Among these higher-curvature gravities, the simplest known non-trivial
theory in 4 dimensions is Einsteinian cubic gravity, which we introduced back in Section 1.1.3,
and its cosmological version P — 8C is of particular interest. This combination, besides sharing
the desirable features that define the QTG family, also produces second order equations of
motion when evaluated in an FLRW background, which when solved lead to an inflationary
behavior without needing an additional scalar field, the hypothetical inflation.

As mentioned, these corrections are expected to have some importance close to a compact
massive object, such as a black hole, and in order to detect any deviations from general
relativity one would need to investigate the effects of gravity on the surrounding matter,
including particles, gas, plasma and their interactions with radiation [368]. This interplay is
nowhere else more dramatic than in an accretion scenario, where external matter continuously
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falls towards a gravitational potential well. The development of accretion theory over the last
few decades has contributed to our understanding of astrophysical black holes and their role
as central engines behind high-energy astronomical sources, such as active galactic nuclei,
gamma ray bursts, tidal disruption events and some types of X-ray binaries [370].

The basic principles of non-relativistic accretion theory were established in the seminal
works by Hoyle & Lyttleton [371] and Bondi & Hoyle [372]. They studied the problem now
known as wind accretion, in which a massive gravitational object accretes matter as it moves
through a cloud of gas at supersonic speeds. The other regime of interest is that where the
relative motion between the cloud of external matter and the accretor can be neglected, known
as spherical accretion and first studied by Bondi in [373]. Accretion theory has been further
developed by incorporating the physics of rotating systems [374, 375], the role of turbulent
motions and magnetic fields [376,377], and the complex interplay between gas particles and
radiation [378]. Additionally, infalling matter with non-zero angular momentum into an
accretor may lead to the formation of an accretion disk [379, 380], a phenomenon that is
expected to take place e.g. in gravitational binary systems in which matter ejected from one of
its components gradually flows into the other.

The goal of this last Chapter of the thesis is to study the effect of higher-curvature corrections
in the action on the problem of accretion. We will start by constructing the simplest possible
spherically symmetric solution of Einsteinian cubic gravity: the Schwarzschild black hole.
Similarly to the asymptotically AdS black hole studied in Chapter 3, this needs to be obtained
numerically, which determines how the rest of the computations need to be performed. Then,
as a warm-up, in Section 6.2 we will compute the radius of the flyby and the innermost stable
circular orbit (these will be defined properly later), which will give us a hint of what can be
expected from the study of accretion.

Afterwards we will consider the scenario of wind accretion, in which a cloud of dust moves
towards the black hole (or alternatively the black hole moves inside the cloud) in Section 6.3.
For this, we consider the relativistic model introduced in [381] and perform those computations
with our solution for f(r). The results for the accretion rate will then be compared with those
obtained from simulations of relativistic hydrodynamics performed using the open source
software aztekas [31,32].

Finally, in Section 6.4 we delve deeper into the study of accretion by considering the
scenario in which the black hole and the cloud of gas are at rest with respect to each other. As
mentioned before, this is known as spherical accretion, and following [382] we will compute
the accretion rate assuming first that the fluid satisfies a polytropic equation of state and then
a fully relativistic one.

In all cases we find that the higher-derivative terms tend to increase the rate of accretion.
While it was already known that they also increase the horizon radius for a given mass, this
effect turns out to not be enough to account for the change in the accretion rate, and the effects
of the higher-curvature coupling outside the black hole are also relevant.

6.1 SCHWARZSCHILD BLACK HOLE IN EINSTEINIAN CUBIC GRAVITY

Let us first introduce the black hole solution that we will consider throughout this Chapter. We
choose the simplest higher-curvature theory that is non-trivial in 4 dimensions, Einsteinian
cubic gravity, as a representative model to study the role of this kind of corrections, and in
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order for the theory to have a well-behaved cosmological scenario we work with the version
introduced in [76].' The gravitational action is therefore given by

1 4
S = TenCn / d' =g [R—2A, — 2BLL(P - 80)] , (6.1)

where A, is a cosmological constant, P and C are the cubic Lagrangian densities introduced
in Egs. (1.24) and (1.33), B is the corresponding (dimensionless) coupling constant and L, is a
length scale. We will assume that f > 0,% and since we are interested in asymptotically flat
spacetimes we fix A, = 0. Also, for simplicity we set Gy = 1.

For more detailed studies of accretion one would ideally consider rotating black holes, as
are most of them in the universe. However, these metrics are typically very difficult to find for
higher-curvature gravities, and in fact no analytic solutions with arbitrary rotation have been
found even for Lovelock theories. The same thing happens with Einsteinian cubic gravity, for
which rotating black holes could only be obtained in certain regimes such as slow rotation,
near extremality or a perturbative coupling constant [125,127,131]. Because of this we settle
with the simplest black hole solution that we are able to compute, the Schwarzschild black
hole, which will be enough for our purposes.

6.1.1 BLACK HOLE ANSATZ AND EQUATIONS OF MOTION

Let us consider the ansatz for the metric in spherical coordinates

dr

f)

where N(r) and f(r) are for now unknown functions. In order to find the equations of motion,
we follow the reduced action approach introduced in Section 1.1.3. For this, we plug the metric
ansatz (6.2) into the action (6.1), and vary the evaluated action with respect to f(r) and N(r).
The first of these variations implies that N(r) = 1, as corresponds to any theory of the GQG
class, and after setting this we find from the second one the equation of motion for f(r),

f/2

r

ds® = —=N*(r) f(r)dt* + + 1% (d6* + sin® 0d¢®) | (6.2)

(= apit |43 e L g (f—@)] — oM. (63)

=z
Here, M is an integration constant with dimensions of mass, and it is equal to the ADM mass
of the black hole in the flat case A, = 0,3 which we will consider from now on.

This 4-dimensional black hole solution was already studied in [5], where its explicit ther-
modynamic properties were also found. In particular, the radius of the horizon r, is computed

1 Strictly speaking, the Lagrangian density C does not modify the equations of motion for a MSS such as the

Schwarzschild black hole, but we include it for consistency with the results from cosmology.

If B < 0 the black hole solution would not be asymptotically flat, as it would present non-decaying oscillations

at infinity [115].

3 The ADM mass for a static and spherically symmetric spacetime can be computed using the same formula as in
GR [111-114,279], which for a metric of the form (6.2) reads

(D—-2)Qp-2) .. 1
M, =—F == — =1 6.
ADM 167G anQo [0 (6.4)
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by solving the implicit equation

2M 16BL 5+ 3.1+ 48BL4/r}
—=1- (6.5)

Py no (1+ J1+a8pLijr)’

which can be obtained by expanding the equation of motion (6.3) near the horizon. The actual
form for f(r) needs to be found numerically, and while this was done also in [5], here we will
obtain it by applying again the relaxation method explained in Appendix C. This was already
employed in Chapter 3 to obtain the asymptotically AdS solution, so the implementation in
this flat case is straightforward.

As before, this method requires the integration range to be finite, and since we are interested
in the exterior of the black hole, instead of the radial coordinate r € [r,, +c0) it is natural to
introduce Z = 2M/r, such that Z € [0,2M/r,]. We also need to specify an initial seed
for the function f(Z), which we take to be a linear interpolation from f(Z = 0) = 1 to
f(Z =2M/r,) = 0. With this setup, the numerical relaxation algorithm is able to produce the
solution for the function in the metric for any value of f.

6.1.2 DIMENSIONALITY AND OBSERVATIONAL CONSTRAINTS

For the remaining of this Chapter, we will replace the coupling of the cubic terms in Eq. (6.1),
B, by the combination \

e=f ]{;4 . (6.6)
While both € and f are dimensionless, this change and the fact that we work in terms of the
ratio r/M make all our computations independent of the black hole mass M.

In principle we don’t know what values these constants could have, as they are not fixed
when constructing the higher-curvature corrections. However, if we expect ECG to make
predictions about our universe we should find bounds on the values of the coupling so that
the theory is compatible with currently available observations. To the best of our knowledge,
the best classical constraint found at the moment is that proposed in [118], which relies on
the experimental bound for the Shapiro time delay reviewed in [383]. In our conventions, this
amounts to

BL: = eM* < 2.212 x 10¥ m*, (6.7)

where we assumed that f ~ 1. The constraint imposed on eM* is rather loose, since the
higher-curvature terms acquire relevance in regions where the spacetime curvature becomes
drastic, e.g. in the neighborhood of a black hole, so the classical tests of GR are not that useful
for constraining ECG. That being said, we should always keep in mind that these theories
are formulated in the context of EFT, in which case the dimensionless couplings should be
of O (1), and we can not say anything about their validity beyond that [141]. Therefore, the
extrapolation that we perform here applying these theories to the study of our universe with
a relatively large coupling constant should be regarded more as an academic, and perhaps
speculative, exploration.

Now, given that the best constraint for the coupling that we know of is that written in
Eq. (6.7), we can allow for a large € by considering black holes of small mass. This makes the
model more appealing for the study of smaller objects, such as the hypothetical primordial
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black holes, which are theorized to have formed due to density fluctuations in the early stages
of the universe and would have masses smaller than that of the Sun [43].

Of course, it is also possible that more restrictive bounds could be obtained from experi-
mental setups currently out of reach, so this discussion should be taken with a grain of salt.
However, for the remaining of this Chapter we will allow € to be modestly large, and the results
obtained should be interpreted as an illustration of the effects that higher-curvature terms can
produce in astrophysical setups.

Before closing this discussion, let us mention that one might think of constraining the
higher-curvature terms using measurements of the gravitational interaction between two test
masses, as those performed in [384—388]. The authors of these references consider modifications
of the Newtonian potential, obtained from the weak-field expansion of the Schwarzschild metric
in GR, due to the exchange of additional hypothetical modes. For the higher-curvature theory
studied here the first terms in the expansion of the metric components are the same as those in
GR, so one must include higher powers of r/M to find some differences. However, this makes
it impossible to find the gravitational potential in the usual way, from the ¢t component of the
metric, and therefore the results of those references are not directly applicable to our case. In
fact, the modifications expected on the Newtonian potential would be due to the appearance of
additional propagating modes in the metric, which do not exist in Einsteinian cubic gravity or
any other GQG (this is indeed one of the defining features of these theories), so this is not the
correct interpretation for the modifications of the metric that we find. A discussion on this
point can be found in Section 2.5.1 of [279].

6.1.3 GENERALIZED KERR-SCHILD COORDINATES

The procedure explained above allows us to obtain the form of f(r) outside the horizon for
any value of the cubic coupling. While this is enough for most of our computations, in order to
perform the hydrodynamic simulations with the software aztekas presented in Section 6.3.3.1
we will need to extend the solution to some point behind the horizon, so we must find a system
of coordinates that is regular at r = r,. The natural candidate for a Schwarzschild black hole in
GR are the Kerr-Schild coordinates (see e.g. Section 1.15 of [389]), which we generalize now
for our f(r).

Let us start by writing the metric in Eddington-Finkelstein coordinates. For this, we must
find the radial null geodesics by imposing d = d¢ = 0 and ds® = 0 in the metric (6.2). These
curves are therefore given by

dr
f)

Here r” is the tortoise coordinate, which by definition is singular at the horizon. If we define
the new coordinate V =t + r*, the metric becomes

t = 4r* + const, where dr’= (6.8)

ds’ = —f(r)dV* + 2dVdr + r*dQ},), (6.9)

and we see clearly that the ingoing radial null geodesics are given by V = constant. A further
transformation of coordinates t = V — r brings the metric to the Kerr-Schild form

" =~ FE ~ 2(f) = 1)ddr + (2= F0)ar + 7, (610
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which is regular at the horizon. This entire change of coordinates amounts to a single transfor-
mation of the time coordinate, as

fr)

which is equal to the original one asymptotically, since in any case lim,_,., f(r) = 1. Note also
that the spatial coordinates have not been changed at any point.

For the actual numerical computations we will need the 3 4+ 1 decomposition of the metric
(6.10). This is given in general by

- 1
dt — dt =dt — (1——) dr, (6.11)

ds* = —a*di* +y,; (dx' + Bidi) (dx' + pidi) , (6.12)

and in this case the lapse function a and the components of the shift vector ' and the 3-metric

yi; take the values
1
a= |[———,
N2 f(r)

,_ fn-1 0 _ b _ (6.13)
- PTIY
Yrr =2—f(r), Yoo = 1°, y¢¢=rzsin29,

while the off-diagonal components of y;; vanish. These functions are all regular and non-zero at
the horizon, and thus allow us to continue the computation behind it. The numerical solution
for f(r) obtained using the relaxation method is only valid in the range r € [r;, o), but it is easy
to integrate Eq. (6.3) inside the horizon taking the exterior solution for f(r) as initial conditions.
In practice, since the equation of motion (6.3) is stiff at the horizon, we use an extrapolation
of the exterior solution obtained with the relaxation method to compute the values of f(r)
and f’(r) a short distance inside the horizon. From these, we continue the solution for r < r,
employing standard numerical methods for stiff equations.

The numerical solution continued inside the horizon for different values of the cubic
coupling is shown in Figure 6.1. Notice that the singularity of f(r) at r = 0 disappears when
the cubic terms are turned on. However, as explained in [5], there is still a curvature singularity
at the origin. This can be seen by explicitly evaluating the Kretschmann scalar, which behaves
as Ry, R ~ 1/r%, so it diverges at the origin, although the strength of this singularity
decreases with respect to the result in Einstein gravity, R,,,,R*?? ~ 1/r°. This can be taken
as a hint to the fact that these higher-curvature terms might improve the behavior of these
spacetime singularities, as would be expected from a UV complete quantum theory of gravity.

6.2 PRELIMINARY STUDIES: BLACK HOLE FLYBY AND [SCO

Before getting into the study of accretion by a black hole in ECG, let us consider the simpler
problem of a massive particle moving in the background of such an object. We will contemplate
two different scenarios, that we describe now.

In the first one, the probe particle is non-relativistic for distant observers, that is, it has
zero kinetic energy at r — co. We are interested in computing the minimal distance from the
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FI1GURE 6.1: Numerical solution for the function f(r) in the Schwarzschild
metric (6.2), for different values of the cubic coupling € introduced in Eq.
(6.6). Notice that the singularity at » = 0 disappears for € # 0.

black hole that it can reach before flying away to infinity without being powered by external
sources of energy, which is known as the flyby radius. The corresponding trajectory is also
named “marginally bound orbit”. This problem was treated in general relativity in [390], and
here we will extend their results to our theory with cubic corrections.

The second case that we will consider has a setup somewhat similar to the previous one,
but now the particle is allowed to have a non-zero kinetic energy at the asymptotic region.
We are interested in computing the radius of the innermost stable circular orbit (ISCO), this is,
the smallest circular orbit that the particle can follow without falling into the black hole. The
radius of the ISCO has been computed before in ECG in [118] for perturbatively small values
of the cubic coupling €, but our solution described in Section 6.1 allows us to go beyond that
regime.

In general relativity the function f(r) has a simple form, so both problems can be solved
in an analytic manner. In the cubic case, however, we will need to resort to some numerical
root-finding methods to obtain the solutions. We are interested on the dependence of ryy, and
nsco on the higher-curvature coupling, in order to gain some intuition about what we might
find when studying the accretion scenario.

The initial setting in both cases is the same: we want to study the trajectory of a massive
particle in the Schwarzschild metric (6.2), with N(r) = 1 and a generic form of the function
f(r). Without loss of generality, since the entire movement takes place in a plane we fix for
simplicity 6 = x/2. Also, the components of the metric do not depend on t or ¢, so we can
construct the Killing vectors 7 = 9; and R = d4. Denoting by u the 4-velocity of the particle,
we find the associated conserved quantities

u-T =u =-E, u-R=uy=1L, (6.14)

which are related to the energy and angular momentum of the particle, respectively. Then,
we can write the components of the 4-velocity as u, = (=E, g., 0, L). Since the particle is
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massive, it must fulfill ¥ - u = —1 (assuming for simplicity that it has unit mass), which leads to
. (r)
= —f(r)+E2——fr2 L%, (6.15)
This can be recast as a 1-dimensional problem in classical orbital mechanics, of the form
N
E = 5 + Veg(r), (6.16)

where we defined

Ver(r) = —% + ? + %Lz , E= E 2_ ! (6.17)

As mentioned before, the constant E introduced in Eq. (6.14) is related to the energy of the
particle at infinity. In order to find out how we expand Eq. (6.15) for r — oo, which results in

7

=—1+E?%, (6.18)

r—o00

where we took into account that lim,_,., f(r) = 1. If the particle has a radial velocity at r — oo,

then in this region
or ot
e = o = UE, (6.19)
= ot ar|, .,

and plugging this above we can read off the value of the constant E,
1 —
Ji—w

So we see that, since the mass of the particle is 1, the conserved quantity E is equal to the total
energy of the particle at infinity.

E =

(6.20)

6.2.1 BLACK HOLE FLYBY

As explained above, the flyby radius is defined for a particle that is at rest at infinity, this is,
Ve = 0. This implies, taking into account Eqgs. (6.17) and (6.20), that E = 0 in the differential
equation (6.16). The flyby radius is then defined as the minimum radius that this particle can
reach in the orbit before escaping back to infinity. Therefore, the effective potential introduced
in Eq. (6.17) must have an extremum at that point,

Vgﬁ(rﬂyby) =0. (6.21)

Combining this with Eq. (6.16) we arrive at

_ S () f'(rm) _
Flm) - 2f )l (6.22)

where we replaced r, = ryypy for ease of notation. This equation can be solved analytically in
general relativity [390], where f(r) = 1—2M/r, finding ray,, = 21, = 4M. For the cubic theory,
however, the solution has to be found numerically for a given form of f(r).

The results for ryy1, compared with the horizon radius are shown in Figure 6.2. We see
that both quantities increase with the cubic coupling €, and indeed by dividing ray, by 1, we

flm)—1
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F1GURE 6.2: Flyby radius and horizon radius with respect to the coupling of
the cubic terms ¢, in the range € € [0, 500].
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F1GURE 6.3: Flyby radius and horizon radius with respect to the coupling of
the cubic terms €, in the range € € [0, 0.8].

observe that the former increases faster, meaning that the change of the flyby radius is not due
entirely to the larger radius of the horizon, but also to the effects of the higher-curvature terms
outside the black hole. We were able to confirm this tendency by considering much larger
values of the coupling, going up to € ~ 4000, above which our procedure presents numerical
errors and should not be trusted.

For very small values of the cubic coupling, however, the effect is the opposite: the ratio
rayby /1 decreases with respect to its value of 2 found in GR. This is illustrated in Figure 6.3,
where we can observe a dip in that ratio below € = 0.1. At the moment we have no satisfactory
explanation for this effect, but it seems to imply that in this regime the effect of the cubic terms
is greater at the horizon than in the region outside, in the sense that they enlarge the black
hole horizon more than the radius of these geodesics.

6.2.2 INNERMOST STABLE CIRCULAR ORBIT

Let us now turn to the second problem: finding the radius of the smallest circular and stable
orbit that a massive particle can describe around our black hole. The setting of the problem
is the same as before, but now we relax the condition that the probe particle is at rest at
infinity. For a problem written in the form (6.16), finding rsco and the corresponding angular
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momentum Lisco reduces to obtaining the solution of the system of equations

Vis(rsco) = 0, Vii(risco) = 0. (6.23)

The first of these ensures that the trajectory is circular, since the radius must be constant 7 = 0,
and this condition has to be kept during the evolution of the system. The second equation
means that risco is an inflection point of the effective potential, which corresponds to the point
at which the inequality V/z(r) < 0, needed for the orbit to be stable, is saturated.

Therefore, by plugging the form of the effective potential (6.17) into Eq. (6.23) we get a
system of equations involving the function f(r), whose solution yields the values of both
the rsco and Ligco. Again, for GR the solution for these can be found easily, and they read
risco = 31, = 6M and Lisco = v12M = 3.46M. For Einsteinian cubic gravity, on the other hand,
these equations need to be solved numerically resorting to some root-finding algorithm.

The quantities risco and Lisco for a black hole in ECG have already been computed in [118].
However, the authors consider an analytic approximation for the form of f(r), which is valid
only for small values of the coupling constant, in particular € < 1/12 = 0.083 in our conventions.
The solution obtained here allows us to go beyond that perturbative regime, and we checked
that our results are consistent with those in the reference.

st
15
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0 — nsco/2M | — 11500 /Th
r r 3
_ Tlyb /2M —_— Tlyb /rh
oM yby oM yby
— /2M 2r — Tisco/Tayby 1
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FIGURE 6.4: Radius of the ISCO with respect to the cubic coupling € in the
range € € [0, 500], compared with the flyby and horizon radii. The dips that
appear for certian values of € seem to be due to numerical inaccuracies, and
should not be taken into consideration.

The numerical results for the radio of the ISCO for a wide range of values of the cubic
coupling are shown in Figure 6.4, where we compare them with the flyby radius computed
in Section 6.2.1. We see that risco also increases with e faster than the horizon radius, but
slower than ryyy. Also, for the sake of completeness we show the dependence of the angular
momentum Lisco with € in Figure 6.5, which although it is not as relevant for our work, it can
be if one wants to study accretion disks produced by such black holes [379,380].

Finally, in Figure 6.6 we plot the behavior of rsco for small values of the cubic coupling.
We observe the same initial dip in the ratio nsco/r, that was found in Figure 6.3 for rayby /7,
but again we could not come up with a convincing interpretation. In any case, these findings
imply that the geodesics are distorted in a non-trivial manner by the cubic terms.

The results for both the radius of the ISCO and the flyby radius imply that the corrected
black hole will absorb matter from a larger region than its equivalent in GR, at least in the
non-perturbative regime of € that we are interested in. This strongly suggests that the rate
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FIGURE 6.5: Angular momentum of the ISCO with respect to the cubic
coupling € in the range € € [0, 500].
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FIGURE 6.6: Radius of the ISCO with respect to the cubic coupling € in the
range € € [0, 0.8], compared with the flyby and horizon radii.

at which it accretes matter should increase with €, and the goal of the next two Sections is to
check this in different scenarios.

6.3 ACCRETION OF WIND

Let us turn now to the more complex problem of the accretion of wind by a static black hole.
This has first been studied using classical gravitational physics by Hoyle and Lyttleton [391],
and later refined by Bondi and Hoyle [392] (see [393] for a pedagogical introduction to these
models). In this work we are interested in the relativistic extension of the setup, which was
first proposed in [381], and the implications that the higher-curvature terms in the gravity
action can have in the process. However, in order to get a better understanding of the scenario
let us first review the classical approach.

6.3.1 CLASSICAL HOYLE-LYTTLETON MODEL

In its original form, the Hoyle-Lyttleton model [391] attempts to describe the absorption of
matter by a massive object (originally a star) moving at a constant non-relativistic velocity
through an infinite cloud of gas or dust. The external matter is initially at rest, and made of
massive particles that are influenced only by the gravitational potential of the central attractor.
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This is known as the ballistic approximation, and implies that the interaction among the
particles of the gas is negligible.

Equivalently, we will consider the central object to be at rest and the external matter to be a
non-relativistic “wind,” characterized at infinity by a constant velocity v., and density p... Due
to the symmetry of the problem, it is easier to work in spherical coordinates, and for simplicity
we set the polar angle 6 = 7 /2. The system of equations obtained from studying the movement
of a test particle in the background of the massive object can be solved analytically, finding in
particular the trajectory and velocity of the particle [394]

b*v?
(@) = S
GNM (1 + cos ¢) + bvZ sin ¢
212
F(¢) = —\/v[i, SO b =, (6.24)
r r

dp="

where M is the mass of the central accretor and we recovered Newton’s constant. Notice that
the solution is characterized only by b, which is the impact parameter of the particle. This
setup is represented in Figure 6.7.

be

y/M

SRERRERERY

x/M

FIGURE 6.7: Two-dimensional representation of the accretion of wind by a
massive object. The particles of matter come from the left of the diagram
(¢ = m) with an asymptotic velocity v, and their trajectory is characterized
only by the impact parameter b and given by Eq. (6.24). The absorbed
particles are those with b < b,, which is represented by the shaded region in
the plot.

The condition for accretion can be obtained in a simple manner by working in terms of
energies. At infinity, the particle has only a kinetic energy E., = mv% /2, and from the analytic
solution (6.24) we see that it reaches the downstream axis ¢ = 0 at a distance r(¢ = 0) =
b*v% /(2GyM), and with a radial velocity (¢ = 0) = v.,. Here, streams of particles coming from
above will collide with those coming from below, thus losing the angular component of their
velocity, which is assumed to be radiated away. Then, after the collision each particle is left
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with a total energy

= = _ 6.
2 r(0) g Moo b2 (6.25)

The particles with negative E’ become bound to the central object, and thus eventually accreted.
Therefore, we can find the critical impact parameter b, by equating this to zero, finding

_ 2G\M

V%

b, (6.26)
As depicted in Figure 6.7, the material inside the asymptotic cylinder b < b, is absorbed. Then,
we can compute the flow of accreted matter, defined as the incoming volume per unit of time
in this region, and multiply it by the density p. to obtain the mass accretion rate,
- (GaM)?
My = 70 postee = 47T poo 5 (6.27)

(o]

We will compare our results for general relativity and Einsteinian cubic gravity against this
quantity later on.

The Bondi-Hoyle model [392] is a refinement of the one presented here, in which the
accreted matter spreads out in a column or cone around the offstream axis ¢ = 0. While this is
a more realistic setup, the actual change of the accretion rate is of ©@ (1), and therefore not very
relevant for our purposes. Therefore, for ease of computations in the following we consider a
relativistic extension of the simpler Hoyle-Lyttleton reviewed here.

6.3.2 RELATIVISTIC EXTENSION OF THE MODEL

Let us now consider a relativistic extension of the Hoyle-Lyttleton model for accretion of wind,
proposed in [381]. As before, we consider a “wind” made of massive particles that only interact
with a central attractor, which now will be a Schwarzschild black hole. Its metric is given by

dr

f)

where the exact form of the function f(r) depends on the theory at hand. Also, taking advantage
of the spherical symmetry of the problem we will work in the plane 6 = 7 /2.

The movement of a massive particle in this background is described by the geodesic
equations obtained in Section 6.2, which we rewrite here in a more convenient manner,

dt E dp L

dr ~ f(r)’ dr  r?’

dr ) 2\1"*
E:ﬂ:[E —f(r)<1+r—2>] .

Again, E and L are conserved quantities proportional respectively to the energy and angular
momentum of the particle at infinity. In fact, the constant E is related to the asymptotic velocity
U as given in Eq. (6.20). The last of these equations follows from u - u = —1, and since the
particles studied follow infalling trajectories we will choose the minus sign.

ds® = —f(r)dt* + —— +r* (d6* + sin® 0dg?) | (6.28)

(6.29)
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We can define the impact parameter b in an intuitive manner as the distance of closest
approach of the particle to the origin if the spacetime were flat. In this case we would have
f(r) =1, and at this point Eq. (6.29) implies

d L?
dr f(r=1r=b b

where we replaced the value of E using Eq. (6.20), and we defined

Voo
T = el (6.31)

So in what follows we write everything in terms of the parameters b and v, or V..

Since we want to study the trajectory of the probe particles in the plane (r, ¢) it is natural
to compute the function r(¢), this is, taking the angular coordinate to be the independent
variable. Using Egs. (6.20), (6.29), (6.30) and (6.31), we can obtain the differential equation for
this function,

Vo =

ﬂ =+ [R(r) , where R(r)=r [r2 (1 + Vi) —rf(r) - rf(r)b2V£,] ) (6.32)
d¢ bVe
Of course, this equation is generic for any theory of gravity that admits a solution of the form
(6.28). The authors of [381] present exact analytical solutions for the trajectories r(¢) in GR,
first derived in [395]. However, since we want to plug in the numerical solutions for f(r)
obtained in Section 6.1.1, these geodesic need to be computed also by means of numerical
methods.4

There is one subtlety that needs to be taken into account when integrating Eq. (6.32):
the sign of the square root must be chosen in a consistent manner. Clearly, the minus sign
corresponds to infalling trajectories, while the positive sign means that the particle moves
away from the central object. While all trajectories are infalling at the beginning of evolution
(this is, for r — o0), implying that the integration starts with the negative sign, depending on
the value of b they can reach a minimum and then go away. This minimum happens where
dr/d¢ = 0, or equivalently R(r) = 0, so if a point is reached where R(r) < 0, the integration
algorithm must go back to the value of r in the previous step, and choose the positive branch
of the square root to continue the integration.

Once we know how to compute the streamlines of the wind particles for given values
of v, and b, we need to find which of those will be absorbed by the black hole in order to
compute the accretion rate. The procedure considered is equal to what was explained for the
Hoyle-Lyttleton model in Section 6.3.1: streams of particles that are symmetric to each other
along the axis ¢ = 0 collide, losing energy in such a way that some become energetically bound
to the black hole. We are interested in computing the critical impact parameter, b., below which
all the particles are eventually absorbed by the black hole.

Let us consider a unit-mass particle with constant energy E and angular momentum L
before the collision, given in terms of v, by Egs. (6.20) and (6.30) respectively. When both
streams meet at ¢ = 0, the component u? of their velocities becomes zero, while " = dr/dr is

4 In practice we work with the inverse coordinate z = 1/r, so that the range r;, < r < oo becomes finite, making
the numerical treatment more amenable. The transformation of all the equations is rather straightforward, so
we discuss the entire procedure in terms of the original coordinate r.
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conserved. Thus, if we denote with primes the constants after the collision we have L’ = 0,

and using Eq. (6.29) in both cases,

LZ
r(0

<%) :d%40®»(LFL >=Emf0w» —  E?=E—£(r(0)) (6.33)

oo r(0)?

As in the classical case, the value of this relativistic energy determines whether the particle
will escape to infinity after the collision (E’ > 1), or if instead it will be bound to the black hole
and accreted by it (E” < 1). The critical parameter b, determines the limiting case E’ = 1, which
yields the simple equation

r(0)% — f(r(O))bf =0, (6.34)

where we replaced E? = 1 + L?/b?, as can easily be checked using Egs. (6.20) and (6.30).

In order to compute b. numerically from Eq. (6.34) we had to implement a root-finding
algorithm that we outline now. For some given v, the program picks a value of b, solves Eq.
(6.32) for the trajectory r(¢) and checks whether Eq. (6.34) is verified or not to some desired
accuracy. If it is not fulfilled, it moves to a different value of b as given by a bisection algorithm,
and repeats the process until the solution is found.

Once the critical impact parameter is known, it is straightforward to compute the accretion
rate M = dM/dr as the mass per unit of proper time that enters the cylinder of radius b, at
r — 09,

M = 7b’pott’| . = 7D} Pocbeoeo » (6.35)

where we wrote the radial velocity at infinity as

p_dr _ Ye dr
YT Tt ar

ur‘r_)oo = Ymvoo . (636)
Notice that the only difference between the relativistic formula for M and the classical one
given in Eq. (6.27), besides the value of b, is the multiplicative factor y... This is due to the

Lorentz contraction, which compresses the volume elements of the fluid along the direction of
the wind, and will change the behavior drastically for large v...

6.3.3 NUMERICAL RESULTS WITH CUBIC CORRECTIONS

In what follows we the numerical results for the model of accretion of wind explained in the
previous Section, considering the function f(r) that corresponds to the Schwarzschild black
hole with cubic corrections obtained in Section 6.1.1. Also, one should recall that in Section 6.2
we found that the flyby radius increases with the coupling of the higher-curvature terms, and
we argued that the same would be expected to happen for the accretion rate.

The results obtained for the critical impact parameter b, are shown in Figure 6.8, where it is
possible to see the behavior of this quantity with respect to the asymptotic velocity of the wind
Ueo. We show curves for different values of ¢, all of them resembling the one that corresponds
to Einstein gravity, € = 0, which we have checked that matches the results in [381]. Also, b,
increases with the coupling of the cubic terms, and this effect is accentuated for large values
of vs. This is shown in Figure 6.9, where we plot similar data now with € in the horizontal
axis. This tendency resembles the increase of rqy,, and risco that we had seen in Section 6.2,
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FIGURE 6.8: Critical impact parameter for accretion of wind with respect to
Us for different values of the coupling of the cubic terms e.
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FIGURE 6.9: Critical impact parameter for accretion of wind with respect to
€, for different values of the asymptotic velocity v..

although we were not able to observe a decrease in b, /r;, for small € values as we did for the
other two quantities.

In Figure 6.10 we plot the critical impact parameter b, divided, respectively, by the horizon
radius and the flyby radius. By simple inspection, it is possible to conclude that the increase
in these two quantities alone is not enough to explain the growth of b., and the effects of the
cubic terms in the spacetime outside the horizon are important.

From the results for the critical impact parameter we can compute the mass accretion
rate employing Eq. (6.35). We plot these results in Figure 6.11, also comparing them with the
Hoyle-Lyttleton value given in Eq. (6.27). As expected, the increase of b, is translated into an
increase of the accretion rate, which becomes much more important for large values of the
velocity v.. Note however that the scale of the vertical axis in the plot is logarithmic, which
suppresses the small deviations with respect to the GR value for low v...
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F1IGURE 6.10: Critical impact parameter divided by the horizon radius or the
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FIGURE 6.11: Mass accretion rate, normalized by M, = 4xM? P, With re-
spect to v, for different values of the cubic coupling e. We also show the
result computed with the Hoyle-Lyttleton formula (6.27), obtained using
Newtonian gravity.

As mentioned before, we can also observe that the accretion rate always blows up for
U — 1. This is due to the Lorentz factor y. in Eq. (6.35), which takes into account the
relativistic contraction of the spacetime along the direction of movement of the fluid, so it is
obviously not present in the non-relativistic Hoyle-Lyttleton approximation that we also plot
in Figure 6.11.

Finally, in Figure 6.12 we show results for the same mass accretion rate, now with respect
to the cubic coupling € and fixing the asymptotic velocity v.. In this way, it becomes clearer
that the effect of the cubic corrections becomes more important as the velocity v., increases,
which makes sense, as one would expect the higher-curvature terms to become more relevant
as one approaches the ultra-relativistic regime. Also, notice that the effects are in general much
more dramatic for small values of e.
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FIGURE 6.12: Mass accretion rate, normalized by its value in GR, with respect
to €. Each curve corresponds to a different value of the asymptotic velocity
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6.3.3.1 Comparisons with simulations using aztekas

To finish our explorations of accretion of wind in Einsteinian cubic gravity, let us compare
the results of the previous model with those obtained from a full numerical simulation of
the problem in the framework of relativistic hydrodynamics, which are performed using the
software aztekas [31,32]. This is written in C under the GPL license,> and uses a high resolution
shock-capturing scheme to solve hyperbolic partial equations in conservative form. It is able
to solve the hydrodynamic equations for both non-relativistic and relativistic perfect fluids on
a fixed background, and has been used extensively in the literature for different astrophysical
problems, see e.g. [381,382,396,397].

In order to accommodate the numerical solution for f(r) computed in Section 6.1, certain
aspects of the code had to be modified. In particular, we implemented a new solution for
the metric which admits a general form for f(r) constructed as a polynomial by parts, that
interpolates between the discrete points in the solution found using the relaxation method and
then continued to the interior, as previously described.

We ran simulations for € = 0, 5, 20, and 500, and values of v, ranging from 0.2 to 0.8 in
units of the speed of light. In each case, we consider a grid of 200 x 200 points® in the (r, ¢)
plane, where as always we took advantage of the spherical symmetry and fixed 0 = 7 /2. These
two coordinates take values in the ranges

r € [0.575cc, 107acc], 0 elo, n], (6.37)

where we defined, following [381],

Th

Tace = .
20 (1+ 1/ M2)

(6.38)

5 The original source code can be downloaded from the repository https://github.com/aztekas-code/aztekas-main,
while the forked version used in this project is located at https://github.com/AlbertoRivadulla/aztekas-main.

For v = 0.8 the resolution of the grid had to be increased in order for the simulation to converge. However, as
shown in Appendix D, the results do not change in a significant manner with this.
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In this expression M is the Mach number, related to the speed of sound at infinity, and we
always take M = 5. In Appendix D we perform some numerical tests in which we increase the
size of the range (6.37), and we argue that this does not result in a relevant improvement in the
simulations. Notice that for large enough values of v..,, the minimum value of r in the range,
0.57,cc, lies inside the horizon. This means that we need to work with coordinates that are
regular at r = r;, so we employ the generalized Kerr-Schild system introduced in Section 6.1.3.
Besides, we choose the fluid to follow a polytropic equation of state, and in all the simulations
we fix the adiabatic index y = 5/3. Finally, each integration takes place in constant time steps
of size At = C min(Ar, rA¢), where C is known as the Courant factor, and its value ranges from
C = 0.4 for v, = 0.2 to C = 0.1 for v, = 0.8, although in some cases it needed to be reduced
even more to achieve convergence.
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FIGURE 6.13: Streamlines and density on the spatial domain of the simulation,
computed with aztekas, for representative values of v, and e. We see that the
cubic terms tend to increase the contrast in density, while also decreasing the
aperture angle of the shock cone. The width of the flow lines is proportional
to the norm of the spatial velocity, [v] = \/ﬂ

We show the state of the fluid after some time of evolution and for different values of the
parameters in Figure 6.13.7 The incoming matter arrives from the left with an asymptotic

7 As already mentioned, the simulations are performed in the generalized Kerr-Schild coordinate system intro-
duced in Section 6.1.3. This means that we must convert the quantities to the usual spherical coordinates for
the representations, and this is relevant in particular for the radial component of the velocity, which is given by

. p
U (6.39)
[04

where 0, is the velocity in Kerr-Schild coordinates computed in aztekas.
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velocity v, similarly to the models presented in Sections 6.3.1 and 6.3.2, and with an initial
density p, whose value is not relevant for our computations. The mass accretion rate can be
computed from these results at each step of the simulation and for any value of r, evaluating
the integral [381,398]

MzZﬂ/ﬂD<vr—§> risingdg, (6.40)

where a and p* are respectively the lapse function and the shift vector in our system of
coordinates given in Eq. (6.13), v* is the velocity of the fluid, and we introduced the combination

D=p (1 - y,-jvivj) . (6.41)

Due to the conservation of the stress-energy tensor, the mass accretion rate should be the same
when evaluated at any value of r outside the horizon. In the numerical computations this is not
exactly true, due to the finiteness of the integration domain (see Appendix D), and in practice
we compute M at each value of r and then take their average as our result.

We run the simulation for each pair of values of € and v, until it reaches an stationary state,
for which we monitor the mass accretion rate in each step. This stabilization takes place at
around t = 7, /v, SO simulations with larger values of the asymptotic velocity of the fluid
converge in less time, although the size of the time steps needs to be reduced in order to produce
sensible results. The diagrams of the flow shown in Figure 6.13 correspond to this stationary
state, and this is the regime that the simplified model studied earlier in this Section should be
compared with.

| e = ()
80
| e ¢ = §
. 60 -
M t
20
0 L 1
0.0 0.2

Voo

FIGURE 6.14: Mass accretion rate M, normalized by My, given in Eq. (6.27)
(with Gy = 1), with respect to v., and for different values of €. The lines
correspond to the results obtained with the ballistic model presented above,
while the dots are computed from the stationary flow state of each simulation
performed with aztekas.

The results for the mass accretion rate obtained from the two models are compared in
Figures 6.14 and 6.15, which show the same data in linear and logarithmic scale. Recall that for
the simulations with aztekas we chose arbitrarily the values of the Mach number M and the
adiabatic index y, which do not appear in the simplified ballistic model introduced before. This
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FIGURE 6.15: Mass accretion rate M, normalized by M, = 4nM? Poo-, With
respect to v, and for different values of €. The lines are the results obtained
with the ballistic model presented above, already shown in Figure 6.11, while
the dots are computed from the stationary flow state of each simulation
performed with aztekas.

might be a source of disagreement between the two sets of results, as one would expect M to
depend on those, so taking this into account we can conclude that the ballistic approximation
is good enough for our purposes. Therefore, these hydrodynamic simulations provide a more
robust evidence to the fact that the higher-curvature corrections, parameterized by the coupling
€, tend to increase the accretion rate of a black hole.

Looking at Figure 6.13, we can also notice that the cubic terms decrease the aperture angle
of the shock cone, while also increasing the change in density of the accreting material. This
could play a role, for example, in the mechanism of supernovae triggering due to collisions of
primordial black holes with white dwarves, proposed in [399], which can give a bound on the
presence of primordial black holes in the current universe.

6.4 SPHERICAL ACCRETION

Let us expand the study of accretion by a black hole with cubic corrections, considering now the
scenario in which the black hole is immersed in an ideal gas cloud that is at rest at infinity. This
is commonly referred to as “spherical accretion,” and can be thought of as the v, — 0 limit of
the previous setup, which means that we need to move away from the ballistic approximation
and study explicitly the behavior of an ideal gas on the black hole background. The gas will be

characterized by its asymptotic density p., and a dimensionless temperature ©.,, defined as
o=l 2 (6.42)

m p

where m is the average mass of particles in the gas, and T, P and p are its temperature, pressure
and density, respectively. The second equality follows trivially from the classical ideal gas law.
In this Section we follow closely the treatment of [382], which considered a general rela-
tivistic extension of the Bondi model for spherical accretion, known as the Michel model [400].
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First, we will consider our ideal fluid to follow a polytropic relation, which is only correct
in the non-relativistic and ultra-relativistic regimes assuming we chose the correct value of
the polytropic parameter. Therefore, later we will generalize the study by employing a fully
relativistic equation of state, which is valid in the entire range of temperatures.

However, prior to that we review Bondi’s classical model for spherical accretion of a gas to
get an idea of what we should expect.

6.4.1 BONDI (CLASSICAL) ACCRETION OF A POLYTROPIC FLUID

The non-relativistic treatment for accretion of an ideal gas by a massive object at rest was first
proposed by Bondi in [373]. The fluid is considered to follow a polytropic relation,

P=Kp", (6.43)

where K is a constant and y is known as the adiabatic index, which is lies in the range 1 <y < 2.
Also, the gas is assumed to be in a spherically symmetric and steady-state flow, which means
that its properties, such as temperature and density, do not change with time. This cloud
of matter is gradually absorbed by a central attractor of mass M, due to the gravitational
interaction described entirely by Newtonian gravity.

The detailed computation of the mass accretion rate in this model can be found in [382],
and involves solving simultaneously the mass and momentum conservation equations of the
fluid. The final result is

5-3

Mg = 47T)LB(GM)2g—3, where A = 2 (5 — 3)/) , (6.44)

so the dependence on the adiabatic index y is encoded entirely in the multiplicative factor
As. Notice that this expression is only valid for y < 5/3. Above this Ag acquires a non-zero
imaginary part, implying that the Bondi treatment is not valid in that regime. The quantity Co
is the adiabatic speed of sound at infinity, and is defined in the classical case as

oP P
wak—=y—=y®, (6.45)
ap p

where we employed the polytropic relation (6.43). Therefore, it is clear that the only free
parameter in the accretion rate Mj is the asymptotic temperature of the gas, ©.,, once the value
of the adiabatic index y is fixed and the asymptotic density p., is factored out.

Of course, this result is an approximation obtained with a great simplification of the gas
dynamics, and should only be valid in the non-relativistic regime ®, < 1. This will be checked
explicitly later, by comparing it with the mass accretion rate obtained with the relativistic
model described in the next Section.

6.4.2 MICHEL ACCRETION OF A POLYTROPIC FLUID

We want to consider the previous problem of spherical accretion on the background a black
hole with the geometry (6.28), where in principle f(r) can be an unknown function. For this,
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we consider the Michel model of accretion, first proposed in [400], and studied in detail in [382].
A discussion of this model can also be found in Appendix G of [401].

Let us consider again an ideal gas that obeys the polytropic relation given in Eq. (6.43). The
dynamics of the fluid is governed by the relativistic conservation equations

V,(pu') =0,

6.46
V" =0, (6.46)

Here, u* and T" are respectively the 4-velocity and the stress-energy tensor of the fluid. Since
it is ideal, the latter takes the usual form

™ = phu'u” + Pg"", (6.47)
where p
h=1+-L 14 1 (6.48)
y—1p y—1

is the specific enthalpy of the fluid.® In this relativistic setting, the speed of sound can be

defined as 5 P
P Y Y
C’=C—='"="0, 6.
hop hp h (6:51)
where we used Egs. (6.43) and (6.48). Notice that combining Egs. (6.48) and (6.51) we can get a
relation between the speed of sound and the specific enthalpy,

1
ey

which will be useful later on. With these definitions and the polytropic relation (6.43) we can
write the mass density of the gas, p, as a function of C and h. Indeed, plugging Eq. (6.43) into
Eq. (6.51) and solving for p we find

(6.52)

C%h 1/(r-1)

where we also imposed p(Cu , 1) = poo.

At this point, all ingredients necessary to tackle the problem are available. As said before, we
consider the spacetime metric to be given by Eq. (6.2) and the flow to be spherically symmetric
and steady. Then, the 4-velocity only has the components

u=uo,+uo,, (6.54)

8 The equation of conservation of the stress-energy tensor written in Eq. (6.46), with T# given by Eq. (6.47), is
equivalent to the relativistic version of the Euler equation. This can be expressed as [401, 402]

(p+& +p)u'Vu’ =—g"a,P—u'u'd,P, (6.49)

where £’ is the internal energy density of the gas. Since it obeys the polytropic relation (6.43), this is given

by [401] ,
&= (6.50)
y—1

and the enthalpy density is ph = p+ P + £’.
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and depends only on the coordinate r. Evaluating explicitly the components of the conservation
equations (6.46) we find

d
o (rzp ur) =0, (6.55)

I (rzphut u’) =0. (6.56)

The second of these can be expanded in two terms using the Leibniz rule,
d d d
I (rzphut ur) = (rzp ur) hu, +r’p ura (hu,) =0, (6.57)
the first one being zero due to Eq. (6.55). Therefore, this implies
d
o (hu))=0. (6.58)

Since the particles that compose the gas are massive, the two components of the velocity are
related as

uu' =-1= f( ) (W) — @), (6.59)

where we plugged in the form of the metric (6.2). This allows us to write

u, = Ju*+ f(r), where u=[u]. (6.60)

Using this and integrating once, the conservation equations (6.55) and (6.58) become
47rr2pu = M = const., (6.61)

hyu? + f(r) = he = const. (6.62)

We are interested in a flow that is at rest asymptotically far away and regular at the black
hole horizon, which implies that at some point the radial velocity of the fluid must become
larger than the speed of sound. In general relativity, it is known [403, 404] that there exists a
unique solution with these features, and this was shown to be true also for a broader class of
metrics of the form (6.2) in [403]. However, the black hole metric that we will consider in this
work, obtained by solving the equations of motion of Einsteinian cubic gravity, does not fulfill
the conditions required for the proof in that article to work, in particular the condition (M4)
proposed by the authors. But this does not mean that such flow does not exist in our case, and
indeed we have been able to solve the equations numerically, as we will show later.

The point where the velocity of the fluid is equal to the speed of sound is known as the
sonic point, and is relatively easy to identify. The mass accretion rate must be the same for any
value of r, as given in Eq. (6.61), and therefore it makes sense to evaluate it at this point. Let us
start by combining Eqs. (6.61) and (6.62), resulting in the expression

[l—i—j(f+u2) uu’z—f—/+2—(f+u). (6.63)
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At the sonic point r = r; both sides of this equation must vanish simultaneously.? Thus,
equating them to zero and combining the resulting equations we find

C? ()
l_CSZf(rs)_rsT —0, (6-65)
= fszcszf(rs) =0. (6.66)

These can be solved analytically in general relativity (see Section 2.2 of [382]), but for more
general theories they need to be treated numerically, given a form of f(r). In any case, with
these we are able to find r; and u; as functions of C,, which can then be plugged into Eq. (6.62)
evaluated at the sonic point to find a relation C? = C2(h;, h.,). Since C? and h; are also related
through Eq. (6.52), in the end we can find a relation h,(h.), where h., is given in terms of the

asymptotic temperature O as
he =1+ ——0.. (6.67)
y—1
Therefore, for given values of ©., and y, and a solution for the function f(r) in the metric, we
can obtain numerically the values of h;, C;, u; and r.

Once we know these, it is trivial to evaluate the mass accretion rate (6.61), as
My = 4rrlpsus . (6.68)

The mass density p; can be written in terms of C and h at the sonic point using Eq. (6.53), so
replacing this we find

MM = 47TM2/1MZ—O; s (669)
where we introduced the dimensionless combination®®
rsz C;Zhs 1/(y-1)
)LM = CSOUSW (Czh ) . (670)

Therefore, this mass accretion rate My is determined entirely by the value of ©,, (for a given
adiabatic index y), with the rest of the quantities appearing in the expressions computed
numerically as explained above.

9 In order to see why this must happen, let us consider the factor multiplying «’ in the LHS of Eq. (6.63) multiplied
by u,
u? — CA(f +u?). (6.64)

Atr — oo this is equal to —CZ, since u — 0 and f — 1, whereas at r — r, this goes to uZ(1 — C?), which is
positive provided C2 < 1 as required by causality. Then, there must be a critical radius outside the horizon
where this quantity is zero: the sonic point r,. However, in order for u and u’ to be regular there, we must
impose the RHS of Eq. (6.63) to vanish too.

10 Notice that the constant Ay does not depend on the black hole mass M, since the sonic radius r; will be
proportional to this. In practice, the numerical computations are always performed in terms of the coordinate
r/M, or rather its inverse, so this scale is naturally taken out.
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6.4.2.1 Numerical results with cubic corrections

In Figure 6.16 we plot the mass accretion rate for different values of the adiabatic index y, com-
paring the result predicted by the classical Bondi model, with those obtained numerically from
the relativistic computation presented above, varying also the cubic coupling €. As mentioned
below Eq. (6.44), the Bondi computation is not valid for y > 5/3, so the corresponding value is
not shown in the plot with y = 2.

Notice that for both Mg and My, given respectively by Eqs. (6.44) and (6.69), we are able to
factor out the scales M and p.. dividing the accretion rate by M?p.,. However, while the classical
result My depends trivially on the speed of sound at infinity C., the relativistic result does
not. Indeed, the quantities appearing in Ay in Eq. (6.70) depend on this, which is ultimately
due to the fact that in the relativistic case there exists one additional scale: the speed of light.
Therefore, the mass accretion rate is plotted in Figure 6.16 with respect to O, directly related
to C. through Eqgs. (6.48) and (6.51).

In all cases it is observed that the relativistic treatment results in a larger value for the
accretion rate, which increases even further when the higher-curvature terms are turned on.
As expected, both models produce essentially the same result in the non-relativistic regime
O < 1. However, as the temperature increases the relativistic (and higher-curvature) effects
become more relevant, and can indeed change the value of the mass accretion rate by more
than one order of magnitude.

We can also comment on the small bump that appears at ., ~ 0.1 when the cubic coupling
increases, which becomes more noticeable for larger values of y. It seems to be a numerical
artifact carrying no physical meaning, and indeed one should note that the polytropic relation
(6.43) is only valid on a certain range of temperatures, depending on the value of y. This feature
is not present when considering the fully-relativistic equation of state, which is valid for any
O, as we will see in the following Section.

6.4.3 MICHEL ACCRETION WITH A RELATIVISTIC E0S

Until now, in this Section we studied the problem of a black hole accreting some ideal fluid
that fulfills the polytropic relation given in Eq. (6.43). This is a simple equation of state
characterized by the adiabatic index y, whose value modifies the dynamics of the system. If the
gas is monoatomic, that relation is only accurate in two relevant limits,

« non-relativistic limit ©,, < 1, described by y = 5/3, and
« ultra-relativistic limit ®, > 1, described by y = 4/3,

while for intermediate values of ., the polytropic EoS is not valid [405]. The goal of this
Section is to extend the previous study of accretion to find results that are sensible in the entire
range of temperatures, by replacing the polytropic relation (6.43).

The relativistic equation of state for an ideal monoatomic gas has been derived from
relativistic kinetic theory, and it reads [406—408]

_ k(1/©)

"= ka/e)

(6.71)
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FIGURE 6.16: Mass accretion rate with respect to the asymptotic temperature
O, in the setup of spherical accretion of a fluid that follows the polytropic
relation (6.43), for selected values of the adiabatic index y. In each plot, we
compare the result of the non-relativistic (Bondi) model with those obtained
from a relativistic treatment, with each curve corresponding to a different
value of the cubic coupling e.

where K,(x) is the n-th order modified Bessel function of the second kind. Imposing the
adiabatic condition to the flow, it is possible to obtain the expression for the density at a given
temperature,'’

p _ O { 1 K1(1/®)}
— = , ©) =0K,(1/0)expy —=———= ¢ - 6.72
The speed of sound is defined as in the previous case, and it reads
oh y
c2=P% _Vg. 6.
hop ~ h (6.73)

11 A derivation of Eq. (6.72) can be found at Appendix B of [409].
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which can be checked using Egs. (6.71) and (6.72), as well as some properties of the Bessel
functions. By analogy to Eq. (6.51) we defined the effective adiabatic index y, given by

h, d K3(X)
V= W=— . 6.
Y W+ 02’ dx | Ky(x) (674)
From these definitions one can find that
- o f
limy = 3 limy = 3 (6.75)

thus recovering the conditions for the validity of the polytropic equation of state, mentioned
above.

The procedure to compute the accretion rate is the same as that described in Section 6.4.2:
we need to identify the sonic point, where the velocity of the fluid and the local speed of sound
match, and evaluate M there. This is still found by solving Eqs. (6.65) and (6.66), which were
obtained from relativistic fluid dynamics alone. The EoS (6.71) will only modify the relations
between the thermodynamic quantities, namely h = h(®) and C = C(0), but the computation
carries on similarly. In fact, the problem becomes simpler as the adiabatic index is no longer a
degree of freedom.

In practice, for given values of ©, and the cubic coupling € we use Egs. (6.65) and (6.66),
together with the conservation equation (6.62), to find numerically the values of the different
variables at the sonic point: Oy, r; and u,. Finally, we compute the mass accretion rate as before,
evaluating Eq. (6.61) at that radius,

My = 4rr?pous (6.76)

where p; is obtained by setting © = ©; in Eq. (6.72).
6.4.3.1  Numerical results with cubic corrections

Let us finally show and discuss the numerical results for spherical accretion of a gas with a
relativistic EoS in our cubic theory. As explained in Section 6.4.2.1, the natural way to plot
the results is with respect to the temperature at infinity 0., while the black hole mass M and
asymptotic density p., can be easily factored out from M.

First, we compare the results for My with a fluid that obeys either the polytropic relation
(6.43) or the relativistic equation of state (6.71) in Figure 6.17. This confirms the fact that an
adiabatic index y = 5/3 is accurate for describing the fluid for low temperatures, while y = 4/3
corresponds to higher temperatures. The relativistic EoS given in Eq. (6.48) is valid in the
entire range of temperatures, and we see that its results connect smoothly those obtained in
the two limiting regimes.

Next we focus on the computations corresponding to a gas whose dynamics is governed by
the relativistic equation of state. First, in Figure 6.18 we plot My, with respect to the temperature
O, for different values of €. We observe a similar behavior to that found in the different setups
studied throughout this Chapter: the higher-curvature corrections in the action tend to increase
the rate of accretion for any given temperature.

This dependence can be observed perhaps more clearly in Figure 6.19, where we plot the
same data for My now with the cubic coupling in the horizontal axis, for different values of
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FIGURE 6.17: Comparison between the spherical mass accretion rate of an
ideal gas described by either a polytropic or a relativistic equation of state,
for two values of the cubic coupling . We can see clearly that the polytropic
relation with y = 5/3 is valid for low temperatures, while that EoS with
y = 4/3 is accurate in the ultra-relativistic regime.

O... Notice that these curves are very similar to those shown in Figure 6.12 for accretion of
wind, each corresponding to one value of the asymptotic velocity v... In both cases the effect of
the cubic terms becomes larger in the more relativistic regimes, corresponding respectively to
higher values of O Or V.

6.5 DIscussiON

This last Part of the thesis is a continuation of our studies of higher-curvatures theories
of gravity, but now we treated a radically different problem: the accretion of matter by an
astrophysical black hole. Since we only intended to explore the implications that these higher-
order corrections can have in this scenario, we chose to consider the action of cosmological
Einsteinian cubic gravity, given in Eq. (6.1), as this is the simplest non-trivial modification of
Einstein gravity in 4 dimensions. Also, in order to accurately describe a realistic black hole, one
should allow it to have a non-zero angular momentum. However, such a solution does not exist
in general for our theory, so we settled for a Schwarzschild black hole, whose construction is
discussed extensively in Section 6.1.

Before delving into the problem of accretion, in Section 6.2 we took a detour to treat a
couple of problems of orbital mechanics in the background of our corrected black hole. First
we computed the flyby radius which, as described in [390] in the context of GR, corresponds to
the minimum distance from the black hole that a probe mass initially at rest at r — oo can reach
before escaping again all the way to infinity. Then we studied the radius of the ISCO, which is
the smallest stable circular orbit that a particle can describe around the black hole. This second
problem had already been studied in [118] for Einsteinian cubic gravity, but here we extended
their treatment to larger values of the higher-curvature coupling. The results are similar in
the two cases, as both quantities tend to increase when the cubic terms are turned on. In fact,
they grow with € faster than the horizon radius, pointing to the relevance of higher-curvature
effects outside the black hole.
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FIGURE 6.18: Mass accretion rate with respect to the temperature, computed
with the Michel model for spherical accretion of an ideal gas that fulfills
a relativistic EoS, for different values of the coupling of the cubic terms.
As opposed to the results shown in Figure 6.16, obtained by considering a
gas that follows a polytropic relation, the ones plotted here are valid in the
entire range of temperatures.

After this discussion, we focused properly on the problem of accretion of matter. First, in
Section 6.3 we considered the setup in which a black hole moves at a constant speed inside
an infinite cloud of gas or dust (or equivalently, the cloud of matter moves with respect to the
central object). This is usually known as accretion of wind, and we treated it by considering
the simplified model of ballistic accretion, which assumes the massive particles in the gas to be
subject only to the gravitational interaction, and not collide with each other. This lead us to a
numerical procedure to compute the rate of accretion, which depends on the relative velocity
U, and the validity of the results obtained was contrasted with simulations of relativistic
hydrodynamics using the software aztekas.

Finally, in Section 6.4 we continued the study of accretion, but now set the black hole and
cloud of matter at rest with respect to each other, thus posing the scenario known as spherical
accretion. We considered the exterior matter to be an ideal gas that follows a certain equation
of state, and whose dynamics is determined by the asymptotic (dimensionless) temperature
O.. This EoS was first taken to be a polytropic relation, which is valid only in certain regimes
depending on the adiabatic index y, and then a fully-relativistic equation of state that is correct
in any case. The computation requires that there is a transonic flow solution, in which the
velocity of the infalling gas reaches and surpasses the local sound speed at some point. While
the existence and uniqueness of such a solution is guaranteed in GR, for a more general theory
it is not, and a proof along the lines of that presented in [403] would be desired. Nonetheless,
we were able to find solutions for these equations numerically in our case (although we should
emphasize that the solution is not guaranteed to be unique), and from them we computed the
mass accretion rate.

The results found in these last two cases are consistent with each other: the mass accretion
rate increases with the magnitude of the higher-curvature corrections, controlled by the
coupling constant €. They also match what can be naively expected from the study of the radii
of the flyby and ISCO, since one can think that increasing these would result in more matter
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FIGURE 6.19: Mass accretion rate with respect to the cubic coupling, for
different values of the asymptotic temperature, computed with the Michel
model for an ideal gas obeying a relativistic equation of state. Notice that
dependence on € becomes more important as the temperature increases, and
the curves for large temperatures (O, = 1, 10 and 100) are almost identical.

being absorbed by the black hole. Besides, the effect is more relevant in the ultra-relativistic
limit, corresponding to having either a large v, for the wind or large ©,, for the spherical setup.

In order to have a noticeable deviation from the results in Einstein gravity, we need to
have a large higher-curvature coupling. Although the known bounds, reviewed in Section
6.1.2, are somewhat permissive, we expect more restrictive constraints to be obtained from
future experimental results. In any case, this bound is expressed in terms of the dimensionful
combination eM?*, and therefore one could in principle increase the allowed value of the coupling
€ by considering a smaller mass. Therefore, the study presented here is not expected to be
relevant for supermassive black holes, such as those located at the centers of galaxies, but
rather for smaller ones. In particular, it could be interesting to apply these results to the study
of prevalence of primordial black holes, which have been theorized to contribute to the dark
matter content in our universe.

Finally, a natural expansion of this study would involve adding corrections of higher orders
in derivatives to the gravity action. Indeed, it has been shown in [115] that the Einstein action
supplemented by an infinite series of ghost-free higher-curvature terms admits 4-dimensional
black hole solutions, which actually become stable below a certain mass, as opposed to what
happens in pure GR. However, we should emphasize the fact that these theories are well
formulated in the EFT regime [141], and all results beyond that must be taken with caution.
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SUMMARY AND CONCLUSIONS

This work is mainly an exploration of the effects that certain corrections added to the the gravity
action can have when considered in various physical scenarios. Throughout the Chapters that
compose the main body of the thesis we have presented the different computations that have
been conducted, and thoroughly commented on the results obtained. The current Chapter
intends to serve as a point of convergence, summarizing those findings and offering a broader
view of the presented research. This serves not only to highlight the value that this work might
have, but also acknowledge its limitations, as there are some question that remain open and
could be worth exploring.

It is clear that the central topic of study are higher-derivative theories of gravity. These
can be constructed in different ways, but here we focused primarily on those obtained from a
bottom up approach, which consists on adding general corrections to the Lagrangian and later
restricting them through different physical requirements. In Chapter 1 we provided a review
of theories containing contractions of the Riemann tensor that fulfill such constraints, with
special emphasis on the family of Generalized Quasitopological gravities.

After that introduction, Part I focuses on applications in holography of theories with the
schematic form £(Riemann). First, in Chapter 2 we proposed a renormalization procedure that
is able to regularize and provide a well-posed variational problem for any theory of this kind
in an asymptotically AdS background. This is interesting, as the cancellation of divergences
is necessary in order to compute quantities such as finite asymptotic charges of black holes
or holographic entanglement entropies. However, we have only confirmed our prescription
to be valid in up to 5 bulk dimensions since, although the construction of the counterterms is
very systematic, the computations become technically complex beyond that and we have no
guarantee that the undesired divergences will be cancelled out. In any case, this is something
that should be considered in order to extend the range of applicability of our proposal.

Continuing the exploration of higher-curvature gravities in the context of the AdS/CFT
correspondence, in Chapter 3 we studied the holographic superconductor as an illustrative
example of a problem of condensed matter physics that can be treated by means of these tools.
We chose the gravity action to be that of Einsteinian cubic gravity, which is the lowest-order
GQG that is non-trivial in 4 dimensions. The main finding that we would like to highlight
is the fact that the behavior of the system is similar to that obtained with Einstein gravity
alone, which can not be taken for granted in general given the order of the equations of motion.
By inspecting the results of the computations we have identified some effects of the higher-
curvature terms in the system, such as the decrease in the critical temperature and the growth
in the magnitude of the condensate after the phase transition. However, it is not clear what can
be the actual meaning of these corrections from the point of view of the dual field theory. One
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could naively attribute it to a gradual restauration of the Coleman-Mermin-Wagner theorem,
but this is in fact an IR effect, which would require the calculation of loops in the bulk [236,242],
and thus is not captured by the 1/N contributions dual to the higher-curvature terms. In any
case, the study performed here should be taken as a first step towards a better understanding
of such corrections in holographic condensed matter systems.

In Part II we also treat the topic of holography with higher-derivative corrections, but
besides the contractions of curvature tensors considered before we now introduce a non-
minimally coupled chemical potential in the dual theory. In the gravity action, this is accounted
for by including contractions of a (d — 2)-form with the curvature, as done in Chapter 4. The
actual form and combination of these terms has to be restricted in order for the gravity theory to
have sensible physics, and this lead us to finding the so-called Electromagnetic Quasitopological
gravities. Comparing these models with the usual Einstein-Maxwell theory, we saw that they
are able to describe a wider range of dual QFTs which can have modified correlators and a
richer phase space, and even violate the KSS bound for the ratio of shear viscosity to density
entropy. Therefore, these theories provide an interesting playground to explore different setups
in holographic condensed matter physics.

The study of these theories was extended in Chapter 5, where we focused on certain
holographic Rényi and entanglement entropies, and their corresponding twist operators. As
a sanity check, we were able to confirm explicitly that our proposed theories fulfill certain
known universal relations involving the mentioned quantities. Based on those results, we also
conjectured a universal relation for the holographic entanglement entropy across a spherical
entangling region in the presence of a chemical potential. We were able to test this on the
general-order EQGs found in the previous Chapter, and then proved it to be true for any charged
CFT. Of course, it would be interesting to compute the EE across different entangling surfaces,
such as cylinders, squashed shapes or regions with corners, with these higher-order EQGs,
hoping that this might help us understand better the corresponding dual CFTs.

Finally, in Part III of this thesis we departed from the domain of holography and explored a
rather different scenario in the realm of astrphysics. In particular, we studied the accretion of
matter by a black hole described by a gravitational action with higher-curvature terms. These
hypothetical corrections would modify the dynamics of gravity most importantly in regions of
very high curvature, such as near the horizon of a black hole, so it makes sense to analyze the
behavior of matter in the vicinity of such an object. By proposing and treating numerically
different scenarios in Chapter 6, we confirmed that higher-curvature corrections have a non-
negligible impact in the process of accretion. In particular they always tend to increase the
mass accretion rate, and this is more noticeable in the relativistic regimes. Even though this
should affect any astrophysical massive object, due to the constraints on the higher-derivative
couplings the effect is only expected to be relevant for smaller black holes, and particularly
interesting for primordial ones. These are hypothetical objects that would have been formed
due to density fluctuations in the early stages of the universe, and have been considered as dark
matter candidates. Therefore, a corrected rate of accretion would affect the evolution of such
black holes in time, thus modifying the prevalence that they might have in the current density
of dark matter. In fact, one could think about combining existing bounds on their formation,
which arise from the fact that they have not been observed, to provide some further constraints
on the couplings of the higher-curvature terms.

To sum up, this thesis demonstrates the viability of certain higher-derivative theories in
studying different physical scenarios of interest, ranging from holography to astrophysics.
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While many unknowns still remain, we expect that this work can contribute to a deeper
understanding of these models, with the ultimate goal to learn about an UV complete theory of
gravity.
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EXTRINSIC GEOMETRY AND THE
GAUSS-CODAZZI EQUATIONS

In Chapter 2 we need to split our coordinate system into those normal and tangent to a given
hypersurface (in this case the AdS boundary). This requires that we perform a consistent
decomposition of the metric, and we must be able to write curvatures of the global manifold in
terms of quantities defined on the lower-dimensional submanifold.

The formalism presented in this Appendix is very well explained in the textbooks [410]
and [411]. The first of these introduces it in the context of the 3 + 1 decomposition, which
is suitable for numerics as it splits the metric in its temporal and spatial parts, this is, the
hypersurface is spacelike and has codimension 1. Another classical reference is [412], which
can serve as a guide to extend this to hypersurfaces of larger codimension, although this will
not be necessary for the purposes of this thesis. Our conventions differ from those in the
references, but they are consistently taken into account in the computations shown in the main
text.

Let us consider a hypersurface I' embedded in a D-dimensional Lorentzian manifold M,
with coordinates x* and metric g,,. The worldvolume of I is parameterized by some coordinates
y', withi =1, 2, ..., d, being d < D is the dimension of the submanifold. We will consider
d = D — 1, this is, I" has codimension 1 with respect to M. The embedding can be described by
a set of relations of the form x# = x*(y"), and the vectors that form a basis of the space tangent
to I' are given as

u_ Oxt
€ = —,
ay
which has an index in the target space M and another one in the submanifold I. With these
we can compute the induced metric as the projection of g,, on the hypersurface,

(A.1)

hi; = efeﬁ-’gyv , (A.2)

and the inverse induced metric is defined such that hyh*/ = §/. This can also be used to compute
the inverse of the basis vectors as eL = h'g,e]. In order to span the full target manifold M we
need to find also a normal vector n*,! which fulfills

eLn“ =0, nn' =e=+1. (A.3)

1 If the codimension of the submanifold T were larger than 1 there would be more than one normal direction,
and thus we would have to introduce indices for these, labeling the normal vectors as for example n/,.
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Once we know the form of all these vectors, the metric of the global manifold can be separated
in the normal and tangent parts as

8w = nun, + eLeihij, (A.4)

and similarly for the inverse metric g*".

Let us consider a vector field A* defined on the global manifold, but that only has components
in the directions parallel to T, this is, it can be decomposed as A* = e/’ A’ and also Afn, = 0. We
can define the intrinsic covariant derivative as the projection of the covariant derivative V,A,
onT [411],

VA = e,-”e]V.VI,AV, (A.5)

and with the ingredients that we have it can be shown that V; is the covariant derivative
compatible with the induced metric, V;h . = 0. If we instead look at the normal components of
the vector €]V, A" we find [411]

eV, A" = e/ VAl + AVK;n” (A.6)
where we defined the extrinsic curvature, or second fundamental form of T,?
Kij = —ele;V,n, = n,e/V,ej, (A.7)

where the second expression comes from the orthogonality condition n e} = 0. It can be proved
that this tensor is symmetric, K;; = Kj;, and in the coordinates of the global manifold M it is
given by

K, =-V,n, +n,a,, (A.8)

where a, = n”V,n, is the “acceleration” tensor. From this last expression one can also show
that

1
Kij = —Eﬁnhu s (Ag)

where L, is the Lie derivative with respect to the normal vector field n*. For simplicity, in
Chapter 2 we will compute the extrinsic curvature as given in Eq. (A.9). For completion, since
K;; is a tensor on the hypersurface I', its indices have to be raised with the induced metric, and
in particular its trace is given by K = hK;;.

Using the definitions introduced until now, we can obtain the Gauss-Codazzi equations.
These relate the different components of the Riemann tensor of the global metric, R, o (guv), to
those of the curvature of the induced metric, R;;,(h;;), and they read

efejere] Rups = Riju + € (KuKj — KaKj) (A.10)
nﬂe;/efelfRuvpa = ﬁiji - kaji . (A.ll)

Apart from these, by considering a projection with two normal and two tangent vectors one
obtains the so-called Ricci equation,

n‘e;n’e] R, s = L,Kij + KikKkj —aa; + @jai. (A.12)

2 Notice that the sign of K;; differs from that in [411], but it is the same as in [410]. As already emphasized, the
conventions used in Chapter 2 match those presented here.
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A detailed derivation for each of these expressions can be found in [410].
Let us finish by writing the contracted form of the Gauss-Codazzi equations, which are
straightforward to derive from Eqs. (A.10) an (A.11) using the machinery presented here,

Rij=Rij+n'n"Ry; +e€ (KikKkj —KK;) | (A.13)
R=R+2n"n'R,, + € (KK; — K*) , (A.14)
nR, = V;K — VK7, . (A.15)

While this review is not exhaustive by any means, the relations presented here should be
enough to understand the computations in Chapter 2 of this thesis.
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CONDITIONS TO LEAVE g\ AND g
gl] gl]
UNDETERMINED

The universal renormalization procedure proposed in Chapter 2 requires certain assumptions
about the AdS asymptotics of the bulk. In particular, it can only work provided the odd terms
in the Fefferman-Graham expansion of the induced metric (2.14) vanish, this is,

g,.(jl)(x) =0, gi(jz’)(x) =0. (B.1)

In Section 2.2 it is shown that this is indeed the case in general, except for a measure-zero
subset of theories that can be of interest in some particular scenarios. Some quadratic-curvature
theories that admit g'” # 0 are mentioned at the end of Section 2.2.1, but in this Appendix
we extend that discussion to cubic theories. Afterwards we do a similar analysis for finding

j
Lagrangians that admit gi(f) # 0.

1
B.1 CONDITIONS TO HAVE gl(]) UNDETERMINED IN CUBIC THEORIES

Let us consider the most general cubic theory constructed from the Einstein-Hilbert action
supplemented by all independent terms that are cubic in the curvature, each of them multiplied
by its own (for the moment arbitrary) coupling constant A;,

1 v o vVpo
S = /M d'x \/—G( TG R 200 + MRSRPR) 2+ R, O R™P Rogys

+ AR R P Rpoy + AgRRyup R*P7 + AR R R, (B.2)
+ AR R,,R,f + AR, R R + ASR3> .

The value of the constant C(L) that appears in the asymptotic behavior of P}’ can be computed
using Eq. (2.12),

C(L) =

1 3(b-1)/D-2 4
+ ( ) A+ Ay + 25+ 2DAs + (D — 1)As
167Gy Lt D-1 D-1 (B.3)
3

+(D—-1DAs+D(D - 1A, + D*(D — 1)/18) ,
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where L is the effective AdS radius, defined through the near-boundary behavior of the Riemann
tensor (2.10), and depends on the couplings A; and the cosmological constant Ay. The equations
of motion at order z (2.27), (2.28) and (2.29) are determined by the constants a”(L) and b(L),
which in this case are given by

1
aV(L) = + —(6(D = 3)A; + 365 + 2(7D — 9)A5 + 10D(D — 1)A4 + (5D* — 13D + 9) s
167TGN L4
+ (6D — 15D + 9)A¢ + D(4D* — 9D + 5)A; + 3D*(D — 1)°1s)
1
b(L) = — + —(6A; + 124, + 2(D + 5)A5 — 2(D* — 17D + 16)A4 — (D* — 15D + 17) s
167TGN L4

+9(D — 1) — (2D* — 23D* + 37D — 16)A; — 3D(D — 1)*(D — 8)s) .

As explained in Section 2.2.1, the equations of motion imply g,-(jl) = 0 unless one of the conditions

discussed below Eq. (2.31) is met. Thus, only for both a®(L) = b)(L) = 0, gl-(jl) is fully
unconstrained by the equations of motion, which happens only in a zero measure region of
the space of parameters A;. Besides, as what was found for quadratic theories of gravity, the
conditions a®V(L) = bV(L) = 0 end up implying that the corresponding cubic theory has
degenerate AdS vacua.

In the case of cubic curvature gravity, let us quote two examples of usually well-behaved
theories which have the above properties:

+ Cubic Lovelock theory in general dimensions [2], which is non-trivial only for D > 7.
This corresponds to setting in the action (B.2) the values of the couplings to

/11:_8/1, A2:4'U, ).3:—2411, A4Z3ﬂ, ).5:2411,

B.
16:1611, /17:—12![, Agzﬂ ( 4)
The particular value of y that results in a(L) = V(L) = 0 is
1 Lt

167Gy 3(D - 3)(D - 4)(D - 5)(D - 6)°
which corresponds to the critical value [104].

« Einsteinian cubic gravity, first proposed in [3]. We could consider the Einstein-Hilbert
Lagrangian supplemented by the term ppP, where P is given by Eq. (1.24). This amounts
to setting

Al = 12/'[7) s AZ = Hp, AS = _12/17) > Aé = 8”7) ’ (Bé)

while the remaining couplings are equal to zero. The coefficient g,-(jl) becomes undeter-
mined at the critical value of the coupling

1 L
167Gy 12(D-3)(D - 6)°

Hp (B7)

which corresponds to the critical value found in [119] when studying the AdS vacua of
the theory in 4 dimensions. This regime is explored in Section 3.2 of this work, in the
context of the holographic superconductor with a higher-curvature gravity action.
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UNDETERMINED
One could also consider the Lagrangian density C, defined in [6]. In particular, the
combination P — 8C in D = 4, introduced in [76, 78] due to its interesting cosmological
properties, also leaves the coefficient gi(jl) undetermined for the value of the coupling
(B.7). This is totally expected, since it is known that C does not modify the AdS vacuum
in four dimensions.

Apart from these particular cases that we were able to find, it would be interesting to explore
whether the condition a®”’(L) = b(L) = 0 can be used to look for new theories in higher
dimensions and of higher orders in the curvature, with analogous behavior to the examples
discussed here.

3
B.2 CONDITIONS TO HAVE gz(]) UNDETERMINED IN QUADRATIC AND
CUBIC THEORIES

In what follows we simply give the values of the constants a®(L) and b*®(L) introduced in
Section 2.2.3 for different families of theories. These appear in the projected equations of
motion at third order in z, Egs. (2.51) and (2.52).

First let us consider the general quadratic gravity action as introduced in Eq. (2.32). These
constants are expressions of the AdS radius L and the couplings in the Lagrangian, and read

; 3 1
a®(L) = T + E( —3(5D — 14)a; — 6D(D — 1), — 6(D — 3)(D — 4)a3) , )
PO = — jGN + %( ~3(D — 6)ay + 6(DF — 9D + 24)a, + 6(D — 3)(D — 4)as) .

For the general theory that contains cubic contractions of the curvature tensors, whose action
is written in Eq. (B.2), these constants take the values

3 1
O = — 4D -1 4D* — 13D —
a®(L) TenCn + (364, + 36( 7y + 6( 3D — 9)As
+6D(D — 1)(4D — 15)A4 + 9(3D?* — 13D + 13) A5
+9(D — 1)(4D — 13)A¢ + 9D(D — 1)(2D — 5)A; + 9D*(D — 1)*A4)
1
G(TY —
WAL = - ToxCn + 4 (18(D — 9)A; + 364, + 30(D — 3)A5 — 6(D* — 33D + 96) A4

+9(D* =D —9)As + 9(D — 1)(2D — 7)As
+9(D — 1)(9D — 32)A; — 9D(D — 1)(D* — 17D + 48)As) .

(B.9)
Studying the particular points where these constants vanish, implying that g@

;;” could be non-
zero, might lead us to theories whose dynamics differs from that of Einstein gravity. However,

such thorough study is out of the scope of the current work.
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NUMERICAL RELAXATION METHOD FOR
DIFFERENTIAL EQUATIONS

Let us explain the basics of the numerical relaxation method [247], used for computing the
different fields in the holographic superconductor in Chapter 3 and to obtain the function
f(r) in the metric for Chapter 6. The basic goal of this procedure is to convert an arbitrarily
complicated system of differential equations into a single matrix equation, which can be solved
more or less easily using methods of linear algebra.

Suppose a linear differential equation of the form

Lly(x)] =J(x), with xe€]a, b]. (C.1)

The interval of values of the independent variable, [a, b], must be finite, and therefore can be
discretized in N points x;, with i = 1, ..., N + 1. Then we can construct a vector y such that
¥: = y(x;), and similarly for the source terms J(x). In this discrete form, derivative operators
of any order n, 9%, are expressed as (N + 1) x (N + 1) matrices' D,, but it is also possible to
replace a derivative operator of order n by the product of n first-derivative matrices,

. — D, =(Dy)". (C.2)

If the operator L [y(x)] contains a term of the form f(x)y(x), this f(x) should be replaced also
by a discrete version F, given by the matrix

F = diag (f(x1), ..., f(xn+1)) - (C.3)

If this appears as f(x)d%y(x), it should be replaced by the matrix product FD,, and so on. After
performing all the substitutions, the total operator L is transformed into a matrix M by adding
together each of the individual terms of the differential equation. Then, the final system to
solve takes the form .

M-y=7]. (C.q)
We need to apply also the boundary conditions of the system. As mentioned in the main text,
one advantage of this method is that it is very natural to impose conditions at any point of
the interval, since one only needs to modify some components of M and J. Let us see how to
enforce them explicitly:

1 These operators are constructed automatically by a function in the software Mathematica, which yields a matrix
that computes the order n derivative at each point using an arbitrary number of nearby points. Their form can
also be computed algorithmically from the coefficients of the Taylor expansion.
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1. If there is a condition of the form y(x;) = A, set

2. If the condition is of the form 97 y(x;) = B, set

M; = (Dy);, Ji=B. (C.6)

Once the system is formulated in the form (C.4), it is straightforward to solve it for y using any
standard method for linear equations.

The described implementation works for linear differential equations, as it relies on the use
of linear operators. The generalization to non-linear ODEs is slightly more involved, but also
possible. In order to show how, let us start by considering a non-linear differential equation

Ely(x)] =J(x). (C.7)

The solution can be found iteratively starting from an initial seed y,, by expanding the solution
as y(x) = yo(x) + dy(x), where dy(x) is the change on the solution after one iteration. After
replacing this in Eq. (C.7) and expanding to first order in §y(x), it becomes

E[yo(x)] + SE[6y(x)] = J(x), (C.8)

where OE [dy(x)] is a linear differential operator acting on dy(x), and E [y,(x)] can be con-
sidered part of the inhomogeneous term. Then, dy(x) can be computed using the method
described above for linear equations, and at the end one updates the total solution y(x), which
becomes the seed for the next iteration. This process is repeated until the solution converges,
this is, y(x) becomes sufficiently small at every point.

The method can be straightforwardly extended for coupled differential equations. For this,
it is enough to concatenate the vectors formed by discretizing every function y@(x) that we
need to solve in one single vector,

¥ = (V) Y26, s Y )) (C.9)

The matrix M also becomes more complex, since now each differential equation can depend on
all the functions involved. It can be constructed by blocks, with each corresponding to one of
the equations of the system, following the same procedure as before, and once this is done the
rest of the computation carries on as usual.

Finally, one can also generalize the method for solving partial differential equations. How-
ever, since this is not necessary for the present work we do not explain it here, and we refer
the reader to [247].
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TESTS OF THE NUMERICAL SIMULATIONS
WITH AZTEKAS

In this Appendix we explore the consequences of changing different parameters of the numerical
simulations performed in Section 6.3.3.1. This is intended to support the previous results, since
as we will show extending the integration domain or changing its resolution after some point
does not produce any effect of relevant magnitude.

The data shown in the following plots were obtained in simulations with € = 20 and
Ve = 0.5, and an integration region of 200 x 200 points, except those parameters whose value is
explicitly stated. Also, as in the main text we set the Mach number to M = 5 and the polytropic
index y = 5/3. In some Figures we plot the mass accretion rate with respect to the time ¢,
which is the variable that keeps track of the progress of the simulation. This allows us to see
explicitly how M stabilizes and fluctuates around a constant value for large t. In order to obtain
the results in Section 6.3.3.1 we allowed it to evolve for a while after it had stabilized, and then
computed an average over a small period of time.

]2 - T T T T T T T T T T T T T T T T T T ‘_
10f 1
0.8Ff 1
M 4
log,, — o6t d
y ° ——h——\/\/—\ 4
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0.0 0.2 0.4 0.6 0.8 1.0
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F1GURE D.1: Accretion rate measured over the entire domain of the radial
coordinate, for v, = 0.5 and in the stationary regime of the simulation.

First, in Figure D.1 we show that the accretion rate computed with Eq. (6.40) is not entirely
constant for all values of r. As mentioned in the main text, this can be understood as a
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consequence of the finiteness of the integration domain, which means that there can be some
matter that goes outside this, which the simulation cannot account for. Therefore, for the
actual results presented in the main text we opted for computing the average of the value of M
in the entire domain.
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F1GURE D.2: Change of the accretion rate with the value of 7, for v, = 0.5
and € = 20. The values plotted are always measured at r = 7.
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F1cure D.3: Change of the accretion rate with the value of 7y, for v, = 0.5
and € = 20. The values plotted are always measured at r = r,. Although the
curves separate as the simulation converges, the actual change in M is very
small, so in general this effect is irrelevant.

In Figures D.2 and D.3 we show the variation of M when we change the size of the domain
of integration, by moving the lower and upper limits of the range (6.37). Although the accretion
rate changes more when increasing ry.y, in practice both effects are almost negligible for our
purposes.

Finally, in Figure D.4 we study the change of the accretion rate with the amount of points in
the domain of integration. Of course, we expect to obtain better results with a higher resolution
of this spatial grid, but again by inspecting the plot we see that these are very irrelevant overall.
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F1GURE D.4: Change of the accretion rate with the resolution of the numeri-
cal domain, for v, = 0.5 and € = 20. In each case, the grid has N x N points
in the coordinate system (r, 0).
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This thesis investigates the role of higher-derivative corrections
in the gravity action across various scenarios. The first part
focuses on the domain of holography, and in this context we
propose a method for holographic renormalization valid for
general theories in up to 5 dimensions. Subsequently, we
employ the framework of AdS/CFT to examine the effect of
cubic-curvature terms in a system known as the holographic
superconductor. Besides the curvature tensors, it is possible to
construct corrections with contractions of other fields. In
particular, we consider theories that are dual to a CFT with a
non-minimally coupled chemical potential. Finally, the thesis
transitions into the field of astrophysics, and we study the
impact of higher-curvature terms in processes of accretion of
matter by black holes.
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