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Preface

In the past century there have been very great progresses in understanding the world
around us by means of the celebrated quantum field theory, an extremely powerful
tool which allow us to understand a large amount of different physical phenomena,
from elementary particle physics to condensed matter physics. Our ability to ex-
tract results from a quantum field theory mostly relies on perturbation theory. In this
framework the physical observables are usually evaluated as an expansion in pow-
ers of the coupling constant, i.e. a dimensionless parameter, g, which measures the
departure from a free field theory.

However, in the last decades the physical community has realised that nature
can not be analysed always by means of perturbation theory. Some of the most
known examples include quantum chromodynamics (QCD). The asymptotically-
free nature of QCD makes perturbation theory reliable at high energy. On the other
hand, at low energies, QCD becomes strongly coupled so that relevant phenomena
such as confinement and chiral symmetry breaking are non-perturbative in nature.
In the condensed matter framework the prototypical example is that of the high-
T, superconductors, where strong coupling causes the physical behaviour of these
materials to abruptly deviate from the standard paradigm according to which we
understand normal metals in nature, the Fermi liquid theory.

In this direction, in recent times a mathematical tools developed in string theory,
the so called AdS/CFT correspondence (or gauge/gravity duality), has acquired a
prominent role in understanding general properties of strongly coupled systems.
The gauge/gravity duality provides the closest connection to date between string
theory and the observable world. At the same time, it makes a rich playground for
enhancing our theoretical understanding of strongly-interacting quantum systems,
gravity, and ultimately string theory itself. Even though it was born out of string
theory, in the past few years this duality has started a life of its own as an effective
description of strongly-interacting quantum systems. Such an effective description
forgets about the stringy origin of the duality and focuses on some of its properties
that are believed to be universal to many other strongly-interacting systems with or
without a stringy origin. Within this context, the duality has been used extensively to
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describe phenomena similar to the ones encountered in QCD and in superconducting
materials.

The aim of this thesis is to discuss how the AdS/CFT correspondence could help
in getting some insight in the understanding of strongly coupled condensed matter
systems. In particular, in this treatise the holographic correspondence is used to try
to understand the peculiar properties of the high-7;. superconductors.

Since this is a line of research where techniques from very different fields of
physics come together, in order for this treatise to be self-consistent and comprehen-
sible a very huge introductory part is necessary. Consequently, the thesis is organised
in three separate parts. The first two part are introductory while Part 3 contains the
original result of the thesis.

In Part 1 the basic features of the high 7, superconductors are described. At first
we will analyse the experimental properties of these peculiar materials, focussing
in particular on the in-plane thermo-electric transport properties. At each step, the
differences between the behaviour of the strange metals and the Fermi liquid pre-
diction is remarked. In the last chapter we will focus on some theoretical attempts
introduced in the past to explain the exotic behaviour of these materials, focussing
in particular on the idea of the existence of a quantum critical point in their phase
diagram.

In Part 2 the AdS/CFT correspondence is introduced. These Part is constructed
in order to introduce the holographic correspondence as a series of computational
rules, the so called holographic dictionary. The knowledge and the comprehension
of the holographic dictionary is a necessary step in order to understand the discus-
sion of Part 3.

Part 3 contains the original results of the thesis. In particular, the thermo-electric
transport properties of a strongly coupled bi-dimensional plasma in presence of an
extrinsic mechanism of momentum dissipation are deeply analysed using hologra-
phy. The holographic results are compared with the phenomenology of the strange
metals. In the last Chapter the conclusion of the thesis and the physical implications
of these holographic toy models are discussed in details.



Part I
Condensed matter background






Chapter 1
Preamble: transport coefficients definition

In this manuscript we will analyse the thermo-electric transport properties of two-
dimensional condensed matter systems. Then, in order to fix the notations in this
brief preamble we will define the transport coefficients for the case at hand.

We will consider a two-dimensional system living in the plane x —y and, in some
cases, we will analyse also the effects due to an external magnetic field B applied in
the direction perpendicular to the x —y plane, z (see Figure 1).

B

We are interested in the response of the electrical current J and the heat current
Q to an applied electric field £ and a temperature gradient VT'. The electric field
can be applied by allowing for a weak spatial dependence in the chemical potential
U (which is then, formally, the electrochemical potential) with gE = Vu (where g
is the charge of the excitations), while the temperature gradient describes a similar
weak spatial dependence in 7'. The transport coefficients are defined by the relation

J 6 & E
OGO e

In the presence of an external magnetic field B in the z-direction (see Figure 1) the
transport coefficients &, & and K are matrices, which, due to Onsager reciprocity,
assume the following form:
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6 =onl+0y8, (1.2)

where 1 is the identity, and & is the antisymmetric tensor &; i = —&ji. Oy and Oy,
describe the longitudinal and Hall conductivity, respectively. The resistivity p is
defined as the inverse of the conductivity matrix, namely p = 6~!. An analogous
form holds for the thermo-electric conductivity &, which determines the Seebeck
coefficient S, namely:

S= Gx , (1.3)

Gxx

as well as for the matrix K which governs thermal transport in the absence of electric
fields. The latter applies to samples connected to conducting leads, allowing for a
stationary current flow. In contrast, the thermal conductivity, &, is defined as the heat
current response to —VT in the absence of an electric current (electrically isolated
boundaries). It is given by

—Té&-67 1@ (1.4)

AD

K=

Finally, the Nernst response is defined as the electric field induced by a thermal
gradient in the absence of an electric current, and is given in linear response by the
relation E = féVT, with

6=-6""a. (1.5)

With these definitions at hand, we are now ready to start the analysis of the ex-
otic and exciting properties of the cuprates superconductors, starting by understand
how they differ from the Fermi Liquid theory, which is the theoretical framework
according by which we comprehend the behaviour of most of metals and insulators
existing in nature.



Chapter 2
Standard metals and the Fermi liquid

One of the milestones and great results of the 20" century is Landau’s Fermi liquid
theory, which underlines our present understanding of the majority of the known
states of matter, like normal metals, semi-conductors, superconductors and super-
fluids. To better understand the differences between the predictions of this great
theory and the behaviour of the cuprate superconductors, strange states of matter
discovered since the early 80s, it is necessary to recall its basic properties in this
Introduction referring the reader interested in the technical aspects to Appendix A
or to standard condensed matter textbook (e. g. [1, 2]).

Let us start by recalling the basic properties of a system of free fermions in
a box, where the Pauli exclusion principle controls everything. The ground state
of this system is given by filling all the single-particle states inside a sphere (in
case of rotational symmetry) in momentum space with radius k¢ determined by the
density of fermions, and with all the state outside the sphere empty. The boundary
of this sphere is called the Fermi surface. The low-energy excitations of the system
are given by either filling state slightly outside the Fermi surface or removing a
fermion from a filled state slightly inside the Fermi surface, and are called particles
and holes respectively. These excitations are gapless and have linear dispersion (for
k—kp < kp):
B K2 kr

[.sz(k—kF)EvF(k—kF), (21)

e(k) = 2m 2m

where m is the mass of the fermions, u = % is the chemical potential, the quantity
Vi = %F is called the Fermi velocity and particles and holes are distinguished by
the sign of k — kr. Rephrasing the previous statements in a more formal language,
the existence of these kind of excitations manifests itself as a pole in the complex
frequency plane of the retarded Green’ function Gg(®,k) of the electron operator

v(wk):
1

o —¢e(k)+i0t’

which describes the causal response if we add an electron to the system. Fourier
transforming the propagator (2.2) back in time we see that it describes, as it should,

G%(O),k) = <W(w’k)W(OaO)> = (2.2)
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the propagation of a free particle of energy €(k) (2.1):
GY(1,k) = ivV2m8 (1)e €0, (2.3)

The situation becomes complicated when interactions are turned on, since the no-
tion of single-particle state no longer makes sense. Even though one can expect that
the qualitative picture of the non-interacting gas should remain valid if the interac-
tions are weak, it is in principle not evident what should happen at strong coupling.

The basic assumption from which the phenomenological Landau theory starts is
that the above qualitative picture for non-interacting Fermi gas in fact persist for a
generic interacting fermionic system, also when the interactions between fermions
are strong. Specifically, the basic Landau’s starting assumptions are:

e The ground state of an interacting fermionic system is characterised by a Fermi
surface in momentum space at k = kr, defined as the locus of point in momentum
space where G ' (0,kr) = 0.

e Despite the, possibly strong, interactions among fundamental fermions, the low
energy excitations near the Fermi surface nevertheless behave like weakly inter-
acting particles and holes, called collectively quasi-particles. They have the same
charge as fundamental fermions and satisfy Fermi statistics. The dispersion of a
quasi-particle resembles (2.1) in the free theory but with m — m*, where m* can
be considered as an effective mass of the quasi-particle and is in general differ-
ent from the original fermion mass m, due to re normalization by many-body
interactions.

Given these basic assumptions, one has to verify that the theory is stable, namely
that, when the interactions between quasi-particles are switched on, the quasi-
particles life-time is long enough such that an approximate particle picture still
applies. Eventually, it can be proven that (see Appendix A) that, given a generic
local interaction between quasi-particles, the decay rate of a quasi-particle obeys

82
r~—<e. (2.4)
u

Thus, the despite potentially strong interactions, there is a region sufficiently near
to the Fermi surface, where quasi-particles have long life-time and an approximate
particle pictures still applies.

This implies that, near the Fermi surface, the retarded Green’s function for the
fermion operator should have the form:

Z
o —vp(k—kp)+Z(w,k)’

Gr(®,k) = (2.5)
where Z < 1 is the quasi-particle weight, which can be interpreted as the overlap
between the approximate one-particle state generated by acting with the electron
operator on the vacuum, and X (@, k) is called the free energy. Finally, according to
(2.1), the free energy X has the property:
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il
3X(w,k) = 5~ 0. (2.6)

The concept of quasi-particle is extremely powerful, and makes it possible to de-
velop a general low energy theory, independently of the precise microscopic details
of the system.

Starting from the basic assumptions previously outlined, it is possible, introduc-
ing some phenomenological prescriptions, to derive the behaviour of the thermody-
namical quantities like the specific heat Cy and the chemical potential , the entropy
s and the thermo-electric transport coefficients (see Appendix A for more details).

Regarding the thermodynamical quantities, considering only the quasi-particle
contribution we obtain:

Cy=T (i;)v —s=ZN(O)T, 2.7
2 * 2
W T) = p(n,0) = Sy (4 + 2% ) 22 (2.8)

where kp is the Boltzmann constant, N(0) is the density of carriers at the Fermi
surface, 7 is the total density of quasi-particles and Tr = k% /(2m*kg) is the Fermi
temperature.

Actually, when we have to compare the theoretical predictions with experiments,
we have to keep in mind that the experimental results provide us not only the elec-
tronic contribution of the thermodynamical quantities (2.7), but the total contribu-
tion, which takes into account also the effect of lattice vibrations, i. e. phonons, and
defects. Since, as we will see in the next Section, it is not always an easy task to ex-
trapolate the electronic contribution from the experimental data, in this manuscript
we will try, when it is possible, to specify how the external degrees of freedom like
lattice vibrations and impurities modifies the properties of the electronic plasma. As
an example, regarding the specific heat Cy, it is known [1] that the phonons contri-
bution to this quantity can be expanded in series of odd powers of the temperature
T, namely:

Con =BT +EpT° + ... (2.9)

Then, the total specific heat in a normal metal should scale as:
Cy =YT+Cpy . (2.10)

As regards the thermo-electric transport coefficients (see Chapter 1 for their defini-
tion), the relevant quantities in experiments are the electric resistivity p, the thermal
conductivity k and the Seebeck coefficient S, which measure the voltage generated
due to the presence of an applied external thermal gradient. Keeping into account
the presence of phonons and defects, we find for these quantities the following be-
haviour:

where d is the number of spatial dimensions in the system. In deriving the previ-
ous temperature scalings we have taken into account four different kind of scatter-
ing processes: the electron-impurity scattering (subscript imp), the electron-electron
scattering (subscript ee), the electron-phonon scattering (subscript e-ph) and the
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low T, (T <1Tp)  highT, (T > Ip)

p Aimp + Be.eT2 + Ce,ph Td+2 <Q{e,phT
S DT + Epyg T DeohT + Foha ¥
K Heeg +LinpT + Gepn 747! A ph

Table 2.1 Transport coefficients temperature dependence predicted by the Fermi liquid theory.

phonon-drag mechanism (subscript phd), namely the process according to which
the heat transfer in the metal causes a flux of phonons which carries the electron
with it. This mechanism is relevant only when one considers the Seebeck effect S
and can be neglected in the analysis of the electric and thermal transport. In normal
metals, the phonon-phonon scattering process is sub-dominant with respect to the
previously outlined scattering mechanism and can be neglected in the analysis of
the thermoelectric transport coefficients (see Appendix A).

We have divided the whole temperature range into two intervals separated by the
Debye temperature Tp. The coefficients in front of the powers of the temperature 7
in Table 2, are constant which depends on the specific parameters of the metal un-
der consideration. In the region T > Tp the electron-phonon scattering mechanism
largely dominates the transport. In the opposite regime, at very low T the scattering
mechanisms are dominated by the effect of impurities. However, in the transition
region between T ~ 0 and T ~ Tp, since the scattering rate of the electron-phonon
processes decrease faster than that of electron-electron processes as the temperature
is decreased, there may be a region in which the transport properties are dominated
by the electron-electron interactions. In this region the resistivity of the Fermi liquid
scales as T2. The T? scaling of the resistivity is considered a standard evidence of
the presence of the Fermi liquid in the experimental measurements (see Chapter 3).

Finally, let us make some comments about the celebrated Wiedemann-Franz law.
This law states that in a Fermi liquid where only to elastic scattering processes
occur, the ratio k/(oT) is constant in temperature and assumes the value Ly = %
In the analysis of Table 2, the scattering processes considered are all elastic with the
exception of the electron-phonon interaction, under which a fraction of the energy
of the quasi-particles is transferred to the lattice. This is definitely true in the low-
T region where, as one can see from the table, the Wiedemann-Franz law is not
satisfied. However, in the high-7 regime the fraction of energy transferred to the
lattice is very small and also the electron-phonon scattering can be considered as
elastic. In this region the Wiedemann-Franz law holds exactly.



Chapter 3

The Fermi liquid breakdown: high-T7
superconductivity

The Fermi liquid theory we have outlined in the previous Section has been tremen-
dously successful in explaining a/most all metallic states in nature. However, for-
tunately nature hides always great surprises. In fact the first big breakdown of the
Fermi liquid came in the early 80s, with the discovery of the phenomenon of high-
temperature superconductivity [3].

Whereas “ordinary” or metallic superconductors usually have transition temper-
atures T below 30 K (which is the maximum critical temperature predicted by BCS
theory [4]), high-T, superconductors have been observed with transition tempera-
tures as high as 138 K.

Moreover, in these peculiar materials both the transport properties of the non-
superconducting phase and the superconducting pairing mechanism differ signif-
icantly from whose predicted by the Fermi liquid and BCS theory (see [4] for a
theoretical review on BCS).

Until 2008, only certain compounds of copper and oxygen (so-called ”cuprates”)
were believed to have high-7. superconductors properties, and the term high-
temperature superconductor was used interchangeably with cuprate superconductor
for compounds such as bismuth strontium calcium copper oxide (BSCCO) [6] yt-
trium barium copper oxide (YBCO) [7], lanthanum strontium copper oxide (LSCO)
and the mercury barium calcium copper oxide (HgBa;Ca,;Cu3zO,) [8]. However,
several iron-based compounds (the iron pnictides) are now known to be supercon-
ducting at high temperatures [9, 11, 10].

Although the theoretical effort in explaining the mechanisms which govern the
physics of these materials has been remarkable, at present there is still no an ac-
cepted theory which describes the whole set of their peculiar properties.

This chapter is devoted to describe the experimental properties of these materials,
focusing particularly on the way in which the normal phase transport properties
differ from the Fermi liquid paradigm. !

! This is done in light of the holographic analysis of the normal phase transport properties which
is the central part of the manuscript.
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Since the iron pnictides superconductors have been discovered in very recent
times we will focus basically on the cuprates, which are the best known materials
from the experimental point of view.

To have in mind the experimental properties of these materials is extremely im-
portant. In fact in the lack of a solid theoretical model it is fundamental to face with
the experimental data in order to try to develop a serious theoretical starting point.

3.1 Cuprates: crystalline structure and electronic properties

In this Section we briefly outline the basic crystalline structure of cuprate supercon-
ductors. This is far to be comprehensive. The main purpose of this brief introduction
is to make the reader familiar with the microscopic composition of the most popu-
lar of these materials, focussing the attention of the common features of these large
class of compound. In what follows, some standard concepts of Structure of matter,
like tight binding and crystalline unite cells appear. We refer the reader not familiar
with these concepts to standard condensed matter textbooks (see e. g. [5]).

All high-T, superconductors share the following two elements: the CuO, planes
that form single-layer or multilayer conducting blocks per unit cell, and the “charge
reservoirs” in between the CuQO; planes that are responsible for contributing either
electrons or holes to the CuO; planes. The more layers of CuO; the higher T..
This structure causes a large anisotropy in normal conducting and superconducting
properties, since electrical currents are carried by holes or electrons induced in the
oxygen sites of the CuO, sheets.

The first superconductor found with 7. > 77 K (liquid nitrogen boiling point) is
yttrium barium copper oxide (YBayCuzOg, 5); the proportions of the three differ-
ent metals in the YBa;Cu30O7; superconductor are in the mole ratio of 1 to 2 to 3
for yttrium to barium to copper, respectively. Thus, this particular superconductor
is often referred to as the 123 superconductor. The unit cell of YBa;Cu3O7 (see
Figure 3.1) consists of three pseudo-cubic elementary perovskite unit cells. Each
perovskite unit cell contains a Y or Ba atom at the center: Ba in the bottom unit
cell, Y in the middle one, and Ba in the top unit cell. Thus, Y and Ba are stacked
in the sequence [Ba-Y-Ba] along the c-axis. All corner sites of the unit cell are
occupied by Cu, which has two different coordinations, Cu(1) and Cu(2), with re-
spect to oxygen. There are four possible crystallographic sites for oxygen: O(1),
0(2), O(3) and O(4) [14]. The coordination polyhedra of Y and Ba with respect to
oxygen are different. The tripling of the perovskite unit cell leads to nine oxygen
atoms, whereas YBa,Cu30O7 has seven oxygen atoms and, therefore, is referred to
as an oxygen-deficient perovskite structure. The structure has a stacking of differ-
ent layers: (CuO)(BaO)(Cu0O2)(Y)(Cu0O2)(BaO)(CuO). One of the key feature of
the unit cell of YBa;CuzOg. 5 (YBCO) is the presence of two layers of CuO,. The
role of the Y plane is to serve as a spacer between two CuQO; planes. In YBCO, the
Cu-O chains are known to play an important role for superconductivity. Tc is maxi-
mal near 92 K when § ~ 0.85 and the structure is orthorhombic. Superconductivity
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HgBa,CuO,,; YBa,Cu4Og,; La,,Sr,Cu0, TI,Ba,CuQOg,;
(Hg1201) (YBCO) (LSCO) (TI12201)

Fig. 3.1 Crystal structures of four hole-doped cuprates. (A) The unit cells (total number of atoms,
individual versus pairs of CuO;, sheets, c-axis dimensions, etc.). (B) The universal building block
of the high-Tc cuprates is the CuO; sheet. The most important electronic orbitals, Cu d,>_,» and
O pg, are shown. After [12].

disappears at 0 ~ 0.4, where the structural transformation of YBCO occurs from
orthorhombic to tetragonal [15].

The crystal structures of Bi-, Tl-, Hg- and La-based high-7,. superconductors
are very similar (see Figure 3.1) [16]. Like YBCO, the perovskite-type feature and
the presence of CuO, layers also exist in these superconductors. However, unlike
YBCO, Cu-O chains are not present in these superconductors. Moreover, contrary to
the YBCO superconductor which, as previously said, has an orthorhombic structure,
the other high-7,. superconductors have a tetragonal structure.

The cuprates previously discussed are all hole-doped, namely the “charge reser-
voirs” in between the CuO, contributes in adding holes to the CuO, planes.
Although the majority of high-7. superconductors are hole-doped compounds,
there are a small number that can be doped with electrons (see [13] for a re-
view on the topic). Along with the mostly commonly investigated compound
Nd,_,Ce,Cu0O4 (NCCO), most members of this material class have the chemical
formula RE, M, CuQ4 where the lanthanide rare earth (RE) substitution is Pr, Nd,
Sm or Eu and M is Ce or Th. These are single-layer compounds which, unlike
their other brethren 214 hole-doped systems (for instance the T crystal structured
Lay_,Sr,CuQOy.5), have a T 0 crystal structure that is characterized by a lack of
oxygen in the apical position (see Figure 3.2 left). 2

2 In what follow we will concentrate on the properties of the hole-doped cuprates.
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RE,..Ce,CuO, La,_Sr,CuO,

a

Fig. 3.2 A comparison of the crystal structures of the electron-doped cuprate RE,,Ce,CuQOy4 and
of its closest hole-doped counterpart La;,Sr,CuO4. Here RE is one of a number of rare earth
ions, including Nd, Pr, Sm, or Eu. One should note the different directions for the in-plane lattice
parameters with respect to the Cu-O bonds. After [13].

As already mentioned, the common feature of all this compound is the presence
of CuO; planes in their crystalline structure (hence the name cuprates). Then, even
though no firm evidence has been provided, it is commonly believed that the su-
perconductivity phenomenon and all the peculiar properties of these materials are
due to the presence of these perovskite planes. The electronic structure of these
perovskite planes is sketched in Figure 3.3. Its highest partially-filled band has pre-
dominantly 3d,>_» and Oy,  character. The resulting planar energy dispersion can
be expressed in tight-binding representation as

(k) = & — 2t (cosky + cosky) + 41" (cosky cosky) +4t" (cos 2k, + cos 2ky) . (3.1)

At half-filling, with only nearest-neighbour (¢) hopping, a diamond-like Fermi sur-
face is expected. Inclusion of next-nearest-neighbour (¢) hopping leads to a more
rounded topology. The ratio '/t has been observed to be proportional to the crit-
ical temperature 7. in a large number of cuprates [18]. Low T, cuprates like
La,,Sr,CuOy4 and BiySry,La,CuOg have a relatively low #’/¢, whilst those with
higher 7. values, such as Bi;S1oCaCuy0Og. 5, YBayCu3Og, s and TI;Ba;CuOg s,
have much more rounded Fermi surface geometries characteristic of the higher '/
values.
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x=0.15
x=0.30
- -1 L I

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

Fig. 3.3 a) Schematic figure of the CuO; plane showing the spin alignments of the Cu spins at half-
filling within the basal lane and the three principal hopping parameters ¢, ' and ”. b) Schematic
2D projection of the Fermi surface in La;,Sr,CuOy for doping level p=0.15 (¢ /¢ = 0.15) and 0.30
(#'/t = 0.12). ¢) Similar projections for Tl,Ba;CuQg, 5 for p = 0.15 (+'/t = 0.22) and 0.30 (' /t =
0.22). In all cases, t” /¢’ = -0.5. After [17].

3.2 Cuprates: phase diagram

Since, as we have outlined in the previous Section, all the peculiar properties of the
cuprates superconductors are believed to be caused by the presence of the perovkite
planes, let us now analyse the in-plane phase diagram of these compounds. Basi-
cally, all the cuprates superconductors share the main features of the in-plane phase
diagram. In this Section we will review schematically these properties, postponing
a more precise characterization to the next Section, where the in-plane transport
properties will be analysed.

The phase diagram of the cuprates is extremely reach and depends essentially on
the temperature 7' and the doping concentration p (for hole-doped cuprates) or n
(for electron-doped cuprates).

In Figure 3.4 the schematic phase diagram for both electron and hole-doped
cuprate superconductor is plotted as a function of temperature and doping con-
centration. At zero doping, the electronic state of the parent compound is an anti-
ferromagnetic Mott insulating state for both the n-type (electron-doped) and the
p-type (hole-doped) cuprates. Strictly speaking however, the Hohenberg-Mermin-
Wagner theorem (see e.g. [5]) asserts that an ideal two-dimensional (2D) mag-
netic system with isotropic anti-ferromagnetic Heisenberg couplings would re-
main magnetically disordered at finite temperature. The finding of long-range anti-
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Fig. 3.4 Simplified doping dependent phase diagram of cuprate superconductors for both electron
(n) and hole (p) doping. The phases shown are the anti-ferromagnetic (AF) phase close to zero
doping, the superconducting phase (SC) around optimal doping, and the pseudo-gap phase. Doping
ranges possible for some common compounds are also shown. After [19].

ferromagnetic ordering in real systems can be reconciled with theory by relaxing
the strict 2D picture and incorporating three-dimensional (3D) anisotropic effects
[20, 21, 22, 23].

As holes are introduced to the CuO; planes, the Néel temperature of the system
decreases rapidly upon doping and the commensurate anti-ferromagnetic (AFM)
long-range order disappears completely at around p ~ 0.02. Above this doping
level, various types of spin fluctuations replace the original commensurate AFM or-
der and continue to survive in the superconducting phase. In La;_,Sr,CuQOy4 (x = p
for the one-layer systems), static incommensurate spin fluctuations develop beyond
the Néel state and persist in the superconducting state, while in other compounds,
such as YBa;Cu30Og, 5, commensurate magnetic resonance modes and significant
dynamic spin fluctuations coexist with superconductivity in the under-doped and
optimally doped region. When hole-doping is further increased, superconductivity
sets in at p ~ 0.05 and lasts up to p ~ 0.25. Generally, the superconducting tran-
sition temperature 7, for copper-oxide superconductors has a parabolic dependence
on the concentration of charge carriers p with a maximum at an optimal doping p,
[24]. A universal formula for T.(p) can be proposed:

Tc(p) = Tc,max [1 - ﬁ(l’ - p()pt)z] ) (3.2)

where the parameters 3 and Popt have the constant values, 8 = 82.6, p,, =0.16 for
a large number of compounds [25].

There is general consensus that the pairing symmetry of the superconducting
order parameter of hole-doped cuprates is predominantly d,>_»-like in the under-
doped and optimally doped region [26, 27]. In the heavily over-doped limit, on the



3.3 Cuprates: in-plane transport properties in the non-superconducting phase 15

other hand, a significant s-wave component in addition to the d,>_,» component
has been revealed [28]. In the normal state of the under-doped cuprates, various
phenomena associated with a partially suppressed density of states around the Fermi
level and an opening of the spectral gap in the spin and charge fluctuations have been
observed [29]. This state is termed as the pseudo-gap phase.

Near the optimal doping, the pseudo-gap phase crosses over to an anomalous
non-Fermi liquid region where the transport properties differ significantly from the
Fermi liquid paradigm (see the following Section). As we further increase the dop-
ing to the over-doped range, some aspects of conventional Fermi liquid physics are
eventually recovered.

Finally, let us make some comments on the phase-diagram of the electron doped
cuprates. Even though, as we have noted previously, the low doping region is char-
acterized by a Néel state as in the hole-doped compound, the phase diagram of the
electron-doped cuprates is not simply the specular reflection of the hole-doped one
(see Figure 3.4). Also about zero doping only an approximate symmetry exists be-
tween p- and n-type, as the anti-ferromagnetic phase is much more robust in the
electron-doped material and persists to much higher doping levels (see Figure 3.4).
Superconductivity occurs in a doping range that is almost five times narrower. In
addition, these two ground states occur in much closer proximity to each other and
may even coincide unlike in the hole-doped materials. Additionally, in contrast to
many p-type cuprates, it is found that in doped compounds spin fluctuations remain
commensurate. This asymmetry has tremendous consequences also in the transport
properties. In what follows we will concentrate on the properties of the hole-doped
cuprates referring to the literature for the electron-doped cuprates [13].

3.3 Cuprates: in-plane transport properties in the
non-superconducting phase

We have noted in the previous sections that the typical order of magnitude of the
critical temperature 7. of the superconducting phase transition is too high to be
explained with the standard BCS theory. This is the first hint that the microscopic
mechanisms that govern the behaviour of these materials must be different from that
described for the Fermi Liquid in Chapter 2. In this Section, we will analyse care-
fully the transport properties in the non-superconducting phase, the so called strange
metal phase. We will note that, even though the known thermodynamical properties
in this phase are still Fermi liquid-like [54, 55, 56], the transport properties devi-
ates significantly from the Fermi liquid prediction. Since it is commonly believed
that a comprehension of the transport properties in the non-superconducting phase
is mandatory in order to understand the pairing mechanism which generates super-
conductivity, from now on we will focus mainly on the strange properties of these
phase.

In particular, also the basic assumption of the Fermi liquid theory, namely the
existence of stable quasi-particles, has to be questioned in these materials. This can
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be seen by the analysis of the spectral electric conductivity oy, (). In the standard
Fermi liquid theory (see Appendix A), at low frequency this quantity has to follow
a Drude-like behaviour, namely:

T oomt l-iot’ 3-3)
where T quasi-particle life-time which in the Fermi liquid scales as 1/72. As noted
in 2 this temperature scaling ensure the stability of the quasi-particle near the Fermi
surface and leads to the 72 resistivity scaling which is characteristic of the Fermi
liquid.

Optical conductivity data extending to temperatures up to and beyond 300 K have
by now been collected on most cuprates (see [57, 58] for a review) and a generic
and rather striking behaviour seems to be emerging. This is illustrated in Figure
3.5 where oy, (®) data for under-doped La, 9Srg ; CuQOy are reproduced (without the
phonon peaks).
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Fig. 3.5 Spectral conductivity oy, (®) data for under-doped La; 9Srg ; CuOy at various temperature
T without the phonon peak. After [59].

Atlow T, 0y (®) is dominated by a large Drude-like peak. As T increases, the
low-frequency feature initially broadens and ¢(0) drops, thereby signalling an in-
crease in the quasi-particle scattering rate plus in some cases, a redistribution of the
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spectral weight. At a critical temperature 7. (~ 400 K for La; 9Srg ;CuQOy4) a sub-
tle but fundamental change in the charge dynamics is heralded by the flattening out
of 6(®) in the low frequency limit at a corresponding value o, (0). Above T,
the plateau in o(w) evolves into a dip in the far infra-red limit, the low-frequency
spectral weight being transferred to energies @ > W (~ 1 eV).

The falloff of oy (®) in the Drude-like regime is significantly slower than is
prescribed by the Drude formula (3.3). As discussed in detail in [60], it is impossible
to fit the conductivity of the optimally doped cuprates with a simple Drude equation.
If the scattering rate in the Drude equation is set at a low value to reproduce the shape
of the low-frequency peak in oy, (®), then the fit is completely wrong at higher
frequencies. If the width of the Drude peak is chosen to be anomalously broad in
accord with the behaviour of the conductivity at @ ~ 600 cm™~!, then the model
yields the wrong magnitude of low @ behaviour and reveals strong disagreement
with the DC conductivity.

The lack of a well defined Drude peak has led the physical community to think
that the quasi-particle picture breaks down in these material (see Chapter 4 for more
details). This fact is reflected in the other DC transport properties, which have a
singular behaviour which strongly deviates from the Fermi Liquid picture, as we
will illustrate in what follow.

3.3.1 Resistivity and Hall angle

In this Section we will review the basic known properties of the in-plane resistivity
pux(T) (see Chapter 1) and the Hall angle cot 0y defined as the ratio between the
electric conductivity and the Hall conductivity, namely cot 8y = g—;‘f

Let us start from the resistivity. The temperature dependence of Pux(T) can be
very carefully characterized in terms of the doping level, as sketched in Figure 3.6.
In particular, as the reader will see by comparing the temperature dependence of
P (T) with those described for the Fermi liquid in Table 2, the T2 scaling, which
is commonly considered as a distinguish feature of a Fermi liquid behaviour, is
recovered only in specific regions of the phase diagram.

In particular, in Figure 3.6 the solid lines are the phase boundaries between the
normal state and the superconducting or anti-ferromagnetic ground state, whilst the
dashed lines indicate crossover in the py,(7') behaviours which can not be uniquely
associated with a fundamental change in the nature of the electronic states (no real
phase transitions). The optimal doping level is indicated by the vertical dotted line
corresponding to the pinnacle in the superconducting dome and the areas to the left
(right) of this lines are the under-doped (over-doped) regions of the phase diagram
respectively. In the under-doped regime, p.(T) varies approximatively linear in
temperature at high 7', but as the temperature is lowered it deviates downward from
linearity. This change of slope in p(7T') was initially interpreted as a “kink” in p(7T')
at T = T* (marked on the Figure) [30, 31]. Plots of the derivative dp /dT showed
however that p(T) in fact first deviates from linearity at a much higher 7 [32].
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Fig. 3.6 Phase diagrams of the hole-doped cuprates. The different “phases” are mapped in terms
of the different temperature behaviours of the in-plane resistivity. After [17].

Moreover, in the vicinity of T, there is no additional feature in dp /dT'; the change
of slope is a very gradual, continuous process with no clear evidence of a phase
transition below 7. In the more anisotropic cuprates such as LSCO [33] and Bi-
2212 [34], it has proven difficult to distinguish between deviations from linearity
due to genuine pseudo-gap effects and those due to para-conductivity fluctuations
near T;.. The dashed line depicting 7 in Figure 3.6 reflects this ill-defined nature.

At sufficiently low temperatures, p(7') of under-doped cuprates develops an up-
turn, suggestive of some form of (as yet unidentified) electronic localization. This
upturn is characterized by a marked log(1/T) dependence [35]. The critical doping
level p.,i; at which these upturns occur differs amongst the various cuprate families
[36, 37].

Optimally-doped cuprates are characterized by a T-linear resistivity that survives
for all T > T,. Despite the large variations in (optimal) 7, and in the crystallography
of individual cuprate families, T-linear resistivity is a universal feature at optimal
doping, confirming that it is intrinsic to the CuO; planes. Moreover, the value of
Pxx at T = 300K normalized to a single CuO, plane is largely independent of the
chemical composition of the charge transfer layers.

On the over-doped side, p.(T) contains a significant supra-linear contribution
that can be interpreted either as a sum of two components, one 7 -linear, the other
quadratic, or a single power law 7" where n varies smoothly from 1 at optimal
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doping to 2 at the superconducting transition boundary on the over-doped side
[38, 39, 40]. At sufficiently high T however, p(T) becomes T-linear once more.
This crossover temperature [40] is marked in Figure 3.6 as a coherence temperature
T.on, in line with the suggestion from the ARPES community that the onset of T-
linear resistivity coincides with the loss of the quasi-particles (coherence) peak in
the energy dispersion curves [41].

The crossover to purely quadratic p,(7), characteristic of a correlated Fermi
liquid, is only observed beyond the superconducting dome. The dashed line marked
Ty, represents this crossover to strictly T2 resistivity. However, in this region the
phenomenon of quantum oscillations [2], which is considered one of the fundamen-
tal evidence of a Fermi liquid behaviour, has never been measured.
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Fig. 3.7 Left: The temperature dependence of the in-plane YBCO resistivity of single-crystal
doped with Zn. Right: Temperature dependence of the Hall angle cot8y vs T? for a series of
Zn-doped YBCO crystals. After [42].

In systems immersed in an external magnetic field, which is the common situ-
ation in measurements in cuprates, important physical quantities are the transverse
transport coefficients (see Chapter 1).

In all hole-type cuprates near optimal doping, the Hall resistivity p.y, which mea-
sure the transverse electrical response to an external applied voltage, displays a
strong and complicated temperature dependence that persists to temperatures (T) as
high as 500 K [42, 43, 44, 45]. An important clue to the origin of this anomaly was
obtained by analysing the Hall angle cot 8y rather than p,, or the Hall conductivity
O,y. An investigation performed in [42] of how cot 8y varies with T and (concen-
tration of Zn impurities cz,) in YBayCu3_,Zn,0;_g revealed that the complicated
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dependences of py on T and cz, simplify to the relationship
cotOy = al?+Bcyy, . (3.4)

The Hall angle has been studied in La;SrCuO4 doped with 3d elements [43],
as well as in the two-chain superconductor YBa;CuOy [44]. These studies confirm
that the cotOy vs T relationship is valid (up to 500 K in some cases). In some
cases, deviations from the T behaviour become significant in the under-doped or
over-doped regimes [45].

Finally, whilst the 72 dependence of cot 8y holds for a wide range of doping in
most cuprates, it is not the case for the Bi-based cuprates Bi2212 and Bi2201. In
these systems, the power exponent of cot Oy is closer to 1.75 than 2 [46].

3.3.2 Magneto-resistance and the Koheler’s rule

According to Boltzmann transport theory (see Appendix A), the orbital transverse
magneto-resistance of a metal Ap /p is proportional to the cyclotron frequency @. =
eB/m* and to the quasi-particles life-time 7, namely

— pXX(T’B) _pXX(T’ O)
AP =" )

If the only effect of a change in temperature or of a change in the purity of
the metal is to alter 7(k) to At(k) where A is not a function of the momentum
k, then Ap/p is unchanged if the magnetic field B is changed to B/A. Thus the
product App (= Ap/pp2,) is independent of T and a plot of Ap /p versus (B/p)?>
is expected to fall on a straight line with a slope that is independent of T (provided
the carrier concentration remains constant).

This relation, known as Kohler’s rule, is obeyed in a large number of standard
metals, including those with two types of carriers, provided that changes in tem-
perature or purity simply alter 7 by the same factor. In HTC however, conventional
Kohler’s rule is strongly violated; instead of the data collapsing onto a single curve,
there is a marked increase in the slope with decreasing temperature, as illustrated in
the left panel of Figure 3.8 for YBa;Cu3zOg.6 [47].

Some progresses in the understanding of this violation were made in [47], where
the authors studied the temperature behaviour for the Hall angle cot6y and the
orbital magneto-resistance Ap/p for YBCO and LSCO at different doping lev-
els. Specifically, they found the following temperature behaviour for the magneto-
resistance:

o< (0.T) o< (B7)? | (3.5)

Ap B? Ap B?
P vpco T*’ P rsco (A+CT?)?’

where A and C are constants.
Moreover, for the Hall angle they found:

(3.6)
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Fig. 3.8 a): Kohler plot for under-doped YBa2Cu306.6 at intermediate (main) and high (in-
set) temperatures . b) Temperature dependence of the orbital part of the magneto-resistance in
YBa,;Cu3Og ¢, optimally doped YBa;CuzO7 and La; gsSrp 15CuOy4. The inset shows the inverse
Hall angle cot 8y vs T2 in optimally doped LSCO. Figures from [47].

cotOy ypco =< T, cot Oy rsco < D+ET? (3.7)

where D and E are also constants. These behaviours allow them to introduce the
following phenomenological modified Koheler’s rule:

A
2P a6y (3.8)

which seems to be satisfied (at least in the under-doped and optimally doped re-
gion of the phase diagram) as as one can see in Figure 3.8. Intriguingly, only in
over-doped non-superconducting LSCO is conventional Kohler’s scaling seemingly
recovered [48].

As a final remark, we want to stress that in analysing the normal state orbital
magneto-resistance, one must not overlook contributions to the orbital magneto-
resistance from para-conductivity terms which can influence the in-plane magneto-
transport over a wide temperature range in HTC due to their small superconducting
coherence length and strong two-dimensionality (see e.g. [49] for a comprehensive
review on the topic).

3.3.3 Thermal transport

The thermal transport properties, namely the thermo-electric (Seebeck) coefficient S
and of the thermal conductivity matrix K has been less studied than the electric trans-
port properties previously described. This is firstly due to the difficulty of perform-
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ing accurate measurements, and secondly, the problem of interpreting the ensuing
results. Their interpretation is compounded of course by the additional contribution
to K from heat carrying phonons and the effect of the phonon drag mechanism on
S (See also Appendix A). However, in recent time the developments of techniques
for measurements at high magnetic field allowed the study of the Hall thermal prop-
erties. The latter are not substantially affected by phonons effects and can be used
to get insight the electronic structure of the strange metals. In this brief Section we
will review some of these results.

3.3.3.1 Seebeck coefficient

According to the simple Boltzmann picture (see Appendix A), the Seebeck coeffi-
cient S is governed both by the transport scattering rate (via its energy dependence)
and the thermodynamic mass. Separating the effects of these two contributions can
prove difficult and it is common practice to apply certain simplifying assumptions
that may obscure some of the intrinsic physics especially in relation to the pseudo-
gap. Whilst the interpretation of S may be difficult, its systematic behaviour in the
strange metals has been well documented. In particular, a remarkable universal cor-
relation was found early on between the room temperature value of S and the doping
level [50]. This has been used subsequently to determine the doping concentration
in a wide range of materials where determination of the hole concentration is am-
biguous. Whilst this relation is not found to hold in Bi, Sr_, La, CuOg s [51], its
applicability to other HTC appears robust.

In under-doped cuprates, S has a large positive value and traces out a broad maxi-
mum whose peak temperature decreases with increasing doping. At optimal doping,
S(T) remains positive but has a negative linear slope, i.e.,

Sop(T) =B —aT . (3.9)

As doping increases further, § continues to decrease whilst & remains relatively
doping independent. Thus in the most over-doped samples, S(T') is negative at all
T>T..

3.3.3.2 Thermal conductivity and Lorentz ratio

The normal state in-plane thermal conductivity X, of high-T; superconductors is
dominated by the phonon contribution. Typical estimates of the electronic contribu-
tion are of order 10-20 % of the total near T = T,. Due to a lack of a solid theoretical
model to compare it is almost impossible to subtract the phonon contribution and to
analyse the pure electronic part; then the study of this quantity is not very helpful in
understanding the electronic properties of the strange metals.

A more interesting quantity is the thermal Hall conductivity &y, which measure
the transverse response to an applied longitudinal thermal gradient when the system
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is immersed in an external magnetic field perpendicular to the plane. As all the
transverse contribution, Ky, is almost unaffected by phonons and allows to deduce
some feature of the electronic structure of the strange metals.

The thermal Hall conductivity k, was studied for the optimally doped YBCO in
[52, 58]. In both the papers the authors found the following temperature dependence:

Kyy o< — (3.10)

and the two measurements agree also in the order of magnitude.
The two papers however disagree in the prediction of the Hall Lorentz ratio L,, =

%. This is an extremely interesting quantity since it has to be of the same order of
Xy

magnitude of the Lorentz ration L = % and consequently it can provide an indirect
measurement of the Wiedemann-Franz law which is an indicator of how much the
system deviates from the Fermi liquid behaviour.

In [52] the authors found an Hall Lorentz ratio which varies approximatively lin-
ear in temperature and passes through several order of magnitude between 100 K
and 300 K. On the over hand, the authors of [58] found a Hall Lorentz ratio ap-
proximatively constant in temperature and higher than the Fermi liquid prediction
Ly = % The discrepancy between the two results is not yet fully understood but
it could be due to the fact that the authors of [52] measured the Hall conductivity
0,y and the Hall thermal conductivity ki, in a different samples, while in [58] both
0,y and K, were measured in the same sample. However both the papers agrees in
saying that the Wiedemann-Franz law seems to be strongly violated in these mate-

rials.






Chapter 4
Theoretical attempts

The experimental scenario described in the previous sections strongly suggest that
the standard Fermi liquid paradigm is not valid for hight-T, superconductors. Sev-
eral attempts to explain the experimental observations within some modified Fermi
liquid framework had always provided unsatisfactory results (see [17] for a detailed
review on the topic).

Given this reliance on detail, other more exotic models, based on non-Fermi lig-
uid physics, have gained prominence within the community; in this review we will
concentrate on two model which provide inspiration also for the holographic treat-
ment of Part 3. These are the two-lifetime picture of Anderson [61] and the Marginal
Fermi liquid phenomenology of Varma and co-workers [62].

4.1 Anderson’s model

In the two-lifetime approach, scattering processes involving momentum transfer
perpendicular and parallel to the Fermi surface are governed by independent trans-
port and Hall scattering rates 1/7;, (o< T) and 1/ (o< T?). In the usual Fermi liquid
T, = Ty. To achieve different behaviours of the two scattering time, an effective
Landau interaction between up and down spins is introduced (see [61] for more
details). The effect of this interaction is not innocuous, and leads to separate Fermi
velocities for charge- and spin-waves which, as a consequence, generate the unusual
independence between T7;, and Ty .
Allowing 7y to be independent of 7;,, the inverse Hall angle can now be written
as O
cotly = —oc 1/ . 4.1)
Oyy
Thus the different behaviour of p,(T) and cot Oy (T') reflects the different T depen-
dencies of 1/1;, and 1/7y.
Whilst the two lifetime model of Anderson has been successful in reproducing
the experimental situation in optimally doped cuprates, it does not appear to be

25
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consistent with ARPES results and is does not explain the evolution of the transport
phenomena across the full cuprates phase diagram.

4.2 Phenomenological marginal Fermi liquid

The phenomenological marginal Fermi liquid developed by Varma and co-workers
has acquired great relevance with mounting evidence for a Fermi surface accumu-
lating from photoemission experiments.

In particular, we have learned in the previous sections that the correct theory
has to keep into account for the existence of a Fermi surface but with no sharp
defined quasi-particles. This gave support to the idea of a “marginal” Fermi liquid.
Essentially, this is a theory that yields a Fermi surface in the weakest possible sense
of the definition but otherwise does not make the same predictions as Fermi liquid
theory.

To underline the differences between Fermi liquid theory and the marginal Fermi
liquid let us recall briefly what we have outlined in Chapter 2 for the Fermi liquid.

In the presence of interactions the quasi-particles propagator acquires corrections
due to the self-energy X (@, k), namely:

1

Glo,k) = o0—g—X(wk)’

4.2)
where & is the quasi-particle energy. The Fermi surface is defined as the locus in
momentum space where G~ (0,kr) vanishes (kr is called the Fermi momentum).
In the vicinity of the Fermi surface one can safely expand in series the denominator,
obtaining:

ORX

—1 ~ _
G (w,k)_w<1 Py

) — e + RE(w,k)] —iSZ(w,k) . (4.3)

w=0

The quantity zk’l (w)=1- % is called the quasi-particle residue and measure the

amplitude of the jump in the quasi-particle distribution at the Fermi surface k = kr,
while 3X takes measures the decay rate of quasi-particles. In the standard Fermi
liquid theory one finds:

R, 3r <o’ . (4.4)

Then, in the Fermi liquid theory the quasi-particle residue, which for free fermions
is exactly equal to 1, assumes the following form

1

#(@=0)= T+

<1, (4.5)

where A measure the strength of the interactions. As we have proven in Appendix
A, for d > 2 spatial dimensions, the quasi-particle residue does not vanish indepen-
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dently of the strength of the interactions. This implies that the Fermi surface is well
defined.

As we have previously said, we want to modify the Fermi liquid theory in order
to still have a Fermi surface, but defined in a very weak sense. In order to do this,
we phenomenologically modify the real part of the self-energy X as follow:

RE(w, k) o< wlog

(4.6)

C

where @, is a high energy cut-off. Consequently, the quasi-particle residue is given
by:
1
7(0) = —— . 4.7
log | x

Now, in order to compute the quasi-particle residue on the Fermi surface we need
to send @ to zero. In this limit we obtain z; — 0. Hence, the jump in the quasi-
particle distribution tends to zero, but in a very weak way (i.e. logarithmically), and
thus a Fermi surface just barely remains in the weakest sense. However, from the
self-energy (4.6), all the other properties of the theory have a non-Fermi liquid like
behaviour. This is one way to define the marginal Fermi liquid.

In order to completely characterize the phenomenology of the marginal Fermi
liquid one has to find a consistent behaviour also for 3X. To take into account the
experimentally measured 7'-linear and -linear scattering rate Ty, one has to guess:

1
T Y <x, (4.8)
where x = max{T,|®|}. Using the Drude result to roughly estimate the resistivity,
namely Py = (a)prk)’1 (where @, is the plasma frequency), the linear in tempera-
ture behaviour of the resistivity is recovered.
Having defined the basic ideas which yield the correct phenomenology we need
to incorporate them in a consistent theory. Even though the attempt to construct a
consistent microscopic theory with the marginal Fermi liquid phenomenology were
numerous (see [68] for further details), a complete consistent way to microscopi-
cally reproduce the marginal Fermi liquid has not yet been discovered.
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Fig. 4.1 Relevant diagrams for the self-energy computation in marginal Fermi liquid. After [68].
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Rather to take the microscopic approach, another possibility is to assume a phe-
nomenological model and should it work, then one would search for a microscopic
description of the phenomenology after the fact. This was the approach followed by
the authors of [62], where it was postulated that in the copper-oxide system there are
charge and spin density fluctuations of the electrons which lead to a polarizability of
the electron medium that would renormalize the electron propagator trough the self-
energy. Such a polarizability is drawn in terms of the Feynmann diagrams in Figure
4.1. This is simply analogous to the electron-phonon interaction with the phonon
line being replaced by the polarizability. Their proposal for the polarizability is as
follows:

-N(0)%, forlo| <T,

4.9
—N(0)signw for|ow| >T, (49)

3P(w,k) = {
where N(0) is the single particle density of states at the Fermi energy. The form of
this polarizability is postulated to come from the vertex correction in the particle-
hole susceptibility shown in Figure 4.1.
The self-energy that arises from applying the Feynmann rules to the diagrams in
Figure 4.1 is given by:

2(@,k) ~ g2N*(0) (wlogx - i”x) : 4.10)
w, 2
which is consistent with that discussed previously and gives the correct phenomenol-
ogy for the Fermi surface, the DC resistivity and also for the spectral conductivity
(see [62] for further details on this quantity).

The basic marginal Fermi liquid assumption does not provide the correct be-
haviour for the magneto-transport. To get the correct prediction for the Hall an-
gle and the magneto-resistance, the authors of [63] introduced anisotropy into their
marginal Fermi liquid phenomenology via the elastic (impurity) scattering rate by
assuming small angle scattering off impurities located away from the CuO; plane.

In other words, they phenomenologically modify the imaginary part of the self

energy X as follows:
SE(T,k)=To(k)+AT . 4.11)

The anisotropic elastic part Iy(k) has been ascribed to small-angle scattering from
dopant impurities lying between the CuO; planes, an assumption supported by
ARPES measurements [69]. Referring for the technical details to [63], with the phe-
nomenological assumption (4.11) it is possible to reproduce the correct temperature
behaviour for the Hall angle and the magneto-resistance.

Whilst this hypothesis seems consistent with certain ARPES measurements [64]
and transport measurements [99], the legitimacy of the expansion in small scatter-
ing angle used in [65] has been subsequently challenged [66, 67]. In particular, it
has been argued that the conditions that lead to a separation in lifetimes do not re-
produce the violation of Kohlers rule [67]. Moreover, although the predictions of
marginal Fermi liquid theory appear compatible with the empirical situation in op-
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timally doped cuprates, their applicability to the rest of the cuprate phase diagram
is less evident.

4.3 Quantum Criticality

Although a tremendous effort has been made to understand the strange metal better
and beyond the phenomenology of the marginal Fermi liquid, only in one qualita-
tive aspect has progress been made. In particular, in recent times the idea that the
phenomenon of Quantum Criticality could be the responsible of the Fermi liquid
break down in the strange metals has assumed growing importance. This is the crit-
ical universal behaviour that occurs in the vicinity of a Quantum Phase transition
(see [71] for a review), which is a second order quantum phase transition. By defini-
tion, a quantum phase transition is a transition which occurs at zero temperature, as
a result of varying some non-thermal control parameter, such as applied magnetic
field or pressure. Since classically the entropy at zero temperature has to vanish, a
quantum phase transition can not be caused by the competition between energy and
entropy, like its finite-temperature counterpart. Rather, it is a result of competition
between different terms in the Hamiltonian describing the system.

- Anti-ferromagnetic phase

classical

critical _.“:
quantum critical| -~ Strange Metal
0//
y Disordered Pseudo-gap

Ordered / state Fermi Liquid
(symmet ;

br0ken) ," / QCP Superconductor

J
°
p QcpP Doping

Fig. 4.2 Left: schematic typical phase diagram in the vicinity of a Quantum Critical point as a
function of the temperature 7 and a generic tunable parameter p. Right: approximative phase
diagram of the cuprates as a function of the temperature 7" and the doping.

Now, the relevant aspect is that, if this phase transition is second order, the ab-
sence of a scale at the critical point (due to the diverging correlation length) means
that the quantum field theory describing this point must be a conformal field the-
ory (See Part 2 for more details). The special aspect of a quantum critical theory
compared to a classical critical theory is that one now raises the temperature in the
conformal field theory, the conformal constraints resonate through in the finite tem-
perature physics. A CFT at finite 7T is still very special in that all its dynamics are
still controlled by the T = 0 conformal symmetry and in general the only aspect
that changes is that all dimension-full quantities are now given in terms of the only
present scale T. To get non-conformal (generic) behaviour one needs at least two
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scales. This means that the phase diagram near a quantum critical point looks as in
the left panel of Figure 4.3.

As one can see from the Figure, a common type of phase diagrams with a Quan-
tum Ceritical point has a line of finite-temperature critical points where the transition
temperature is depressed to zero by varying a coupling constant. Around this finite-
temperature critical line, the system can be described by a classical field theory, even
though the transition temperature may be very low. This is due to the fact that close
to a critical point, the length scale above which the behaviour changes qualitatively
is very large. Around any non-zero temperature critical point, therefore, one has
kpT > @ where @ is some typical energy scale above which the behaviour of the
system changes (for example an energy gap). This reasoning clearly breaks down
for a quantum phase transition, where the temperature is strictly zero. The behaviour
at a Quantum Critical point is expected to be characterized by competition between
low-lying states. This quantum critical behaviour is different from typical low en-
ergy behaviour, which can be understood in terms of quasi-particles on a ground
state. This competition effect tends to break down away from the Quantum Critical
point on the zero temperature line, as an energy gap forms and the system chooses
a ground state. However, if the temperature is increased such that this gap may be
overcome the interplay between the different energy levels again becomes the dom-
inant behaviour. The finite temperature region of the phase diagram in which this
quantum critical behaviour is important is called the quantum critical regime.

Comparing the typical Quantum Critical point phase diagram with those of the
cuprates (right panel of Figure 4.3), it is very tempting to assume that the optimal
doping region at 7 = 0 is associated with a quantum phase transition. Although
the idea that the physics underlying the strange metal is a finite T conformal field
theory, in detail it is not so simple. In particular scale-invariance is only observed in
terms of energy-temperature scaling. In spatial directions one still notes a distinct
Fermi surface with ARPES data and we have learned in the previous Section that the
idea of the marginal Fermi liquid naturally takes into account this fact. This curious
combination, scale-less in the “time-direction”, but a distinct Fermi momentum in
the spatial directions has been coined local quantum criticality.

It is important to note that the concept of local quantum criticality is naturally im-
plemented in the marginal Fermi liquid picture. In fact, as it is evident from the Self
energy (4.10) and from the polarizability (4.9), the spatial part of the susceptibil-
ity exhibits ordinary mean-field behaviour and the self-energy depends only on the
frequency and exhibits non-trivial /T scaling. As we have previously explained,
these are exactly the two basic ingredients to get local quantum criticality. For this
reason the idea that the non-Fermi liquid behaviour of the strange metals is due to
the influence of a quantum critical point is now predominant in the community.

However, at present, the existence of a Quantum Critical point in the phase dia-
gram of the cuprates is still debated (see [70] for a review on the topic) and there
are no measurements which strongly corroborate or confute this idea. This is, above
all, due to the difficulty in performing measurements at very low temperature due to
the presence of the superconducting dome.
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Appendix A
Basics of Fermi liquid theory

A.1 Quasi-particles and interactions

The basics assumptions, outlined in Chapter 2, above which the Fermi liquid theory
is constructed, are equivalent to assume that there is a one-to-one correspondence
between the state of the free Fermi gas and those of the interacting quasi-particles
system, namely, if one takes a non interacting Fermi gas in a particular state and
adiabatically turns on the interactions between particles, one obtains a state of the
interacting system. Consequently, state in the interacting system may be classified
by the distribution of particles Ny, (p is momentum and o is spin), in the corre-
sponding state of Free Fermi gas. N, is referred as the quasi-particle distribution
function and quasi-particles obey the exclusion principle.

The distribution function N, of a general energy eigenstate is a highly discon-
tinuous function of p. However, to describe the microscopic properties of the Fermi
liquid is sufficient to consider the mean quasi-particle distribution ne, that is the
average of Ny over a group of neighbouring single-particle states. In the micro-
scopic state 71, is a smooth function of p.

The energy of each state may be regarded as a functional E{N,y¢} of the distri-
bution function. If we add a quasi-particle to an unoccupied state {p, 5}, then the
total energy of the system will increase by an amount €, called the quasi-particle
energy which is itself a functional of the distribution function. Without loss of gen-
erality, it is possible to assume that €,¢ is a smooth function of p and consequently
the energy E{n,s} is a functional of the mean quasi-particle distribution function
npo. Then, the quasi-particle energy is defined as the variation of the total energy
per unit volume V with respect to 7,¢:

SE = lZspc,(sn,,(, : (A1)
Vi

The mean quasi-particle distribution 1,5 can be determined via thermodynamic
arguments. In fact, a macroscopic thermal state at equilibrium and at temperature T
has to satisfy the relation:

33
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OE =Tés+udn (A.2)

where & is the variation of the entropy density, 8z is the variation of the particle
density, T is the temperature and u is the chemical potential. Since quasi-particles
are in one-to-one correspondence with the free Fermi gas, the entropy must have the
same form, namely:

k
s=—-2 [MpoInnps + (1 —npe)In(1 —nys)] , (A.3)
|-

where kp is the Boltzmann’s constant. Moreover, since the total number of particles
is conserved, the density n is given by:

1
n=y Y nps (A.4)
po

Now, substituting the variation of E (A.1), n and s with respect to 7,

kB Ny o 1
§s=——Y 6nygln —22— dn=—=Y 6n,s, (A.5)
% ; Pe —npe 1% ; b
in (A.2), and imposing that the relation have to be satisfied for every 5np6, we

obtain:
1

el&po—t)/ksT 4 1~ (A.6)

Npe =
Namely, the quasi-particles obey the usual Fermi-Dirac distribution'.

At T =0 (A.6) takes the familiar form 6(€,5 — i) of a Fermi sea occupied up to
a given momentum pr, the Fermi momentum.

For small perturbation around the 7 = 0 equilibrium state, the quasi-particles
distribution function varies only in the neighbourhood of the Fermi surface. Then,
considering a state produced by adding a quasi-particle to the ground state, its en-
ergy measured relative to the ground state is given by:

€he = Epo (o}, (A7)

where the superscript O denote the ground state. The velocity of the quasi-particle
at the Fermi surface (the Fermi velocity) is given by:

9e)s
VE = . (A.8)
dp
P=DF

The quasi-particle effective mass m* is consequently defined by the relation:

1 Note however that also €pc is a functional of n,s. Then the equation (A.6) is actually a quite
complicated implicit functional equation for 7.
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vp = 2F (A.9)

Note that m™* is in general different from the bare mass of an electron m.
In the neighbourhood of the Fermi surface the quasi-particle energy takes the
form

&) =u+ve(p—pr) . (A.10)

It is useful also to define the quasi-particles density at the Fermi surface, namely:

_ 1 0 no, _ Qam’py P!
PO =y e A

where the last equivalence is obtained replacing the sum over p by an integral and
taking €,¢ as the variable of integration and £2; is the solid angle in d spatial di-
mensions 2.

By now we have not considered the possibility of interactions between quasi-
particles. Switching on interactions, the interaction energy of two quasi-particle is
defined as the amount f,; 5/ /V that the energy of one (po) changes due to the
presence of the other (p’6’). Then, a variation of the distribution function produces
a variation of €,5 given by

88y = — Z FoopoOnye - (A.12)
[7/(7/
In other words, f is the second order variation of the energy E (A.1) with respect to

Npg.
po
Consequently, in presence of interactions the variation of the energy due to a
variation 8n,s from its ground state can be written as:

Zspgén,,g+ 2V Y, fropoOnpsdngg (A.13)
po.p'c’!
and the corresponding quasi-particle energy is:
Epo = Epg + — pr(,p(,,snp ol - (A.14)
p/o-/

As it is evident, the presence of interactions between quasi-particles affects both the
static properties of the Fermi liquid, like the effective mass m™*, both the transport
properties, as we will discuss better in the following Sections.

2 Remember that we are dealing with a d + 1-dimensional Fermi liquid.
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A.2 Thermodynamic properties

In this section we will review the low-temperature behaviour of the basic thermo-
dynamical quantity of a Fermi liquid, namely the specific heat, the entropy and the
chemical potential.

Quite generally, the low temperature behaviour of the specific heat of a Fermi
liquid is linear in temperature, with a coefficient given in terms of the effective mass
of the quasi-particles at the Fermi surface.

To see this, we calculate the variation of the quasi-particle entropy with respect to
a variation of the temperature §T. Keeping into account (A.5) and (A.6), we obtain

1
8s= ﬁ;(spc—u)(snm. (A.15)

Moreover, from (A.5) we obtain also the following relation:

_Imps [ Epo — W
5npa_a£p6 — LT 8T - epe — S| (A.16)

It is not difficult to prove that the leading low-T contribution to the previous formula
is provided by the first term. Then, as long as we concern with the low-T" behaviour,
we can safely neglect €, — O in (A.16). Finally, the variation of the entropy is:

8s = é,,zc@”" —u)’ g’;]’j: ‘;—f (A.17)
Replacing the sum by an integral other the energies we have:
85 = X0 | V' e ds el | (F4)°8T (a9
= —k3N(0) /=, dx (1) 22T . (A.19)
Finally, we obtain the following expression for the entropy at low-T':
2
s = ?N(O)kéT . (A.20)

Consequently, the specific heat at constant volume is:

Jds
Cy=T <8T>V — (A21)

Considering the free energy F = E — T's, the first temperature variation (at constant
volume) is —s8T, so that at low temperature

2
F—FE,— %N(O)k}‘;ﬂ , (A22)
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where Ej is the ground state energy density.
Finally, we calculate the first correction to the chemical potential by using the
thermodynamic relation g = —(dF /dn)r, obtaining:

* 2
1 n&m)T (A23)

7.[2

where Ty = p%/(2m*kg) is the Fermi temperature.

A.3 Quasi-particle life-time: the Fermi liquid stability

Until now we have assumed that, even in the case where interactions between quasi-
particles are switched on, there is a region of the phase space sufficiently near to the
Fermi surface in which the Fermi liquid is stable, namely, the quasi-particles have a
sufficiently long life-time in order for the particle description to be consistent.

In this Section we will analyse this aspect in a more quantitative way, computing
explicitly the quasi-particle life-time when interactions between quasi-particles are
considered. To do this, we find quite instructive to take a different approach to what
we have considered in the previous Sections, namely the renormalization group ap-
proach. We will do all the computations at 7 = 0; the T # 0 case is more technically
involved but nothing changes in principle.

A.3.0.3 The renormalization group approach
In order to apply the renormalization group to the Fermi liquid we have to con-
struct a low-energy effective theory for the quasi-particles and, once the low energy

Lagrangian is defined, to determine a momentum cut-off and an associated scal-
ing limit for the physical quantities of the theory. We know that quasi-particles are

Fig. A.1 Arch of the Fermi surface near the point k.

gap-less fermionic excitations of the Fermi liquid around the Fermi surface. Then,
in order to obtain a low energy effective field theory, we consider an arch in the
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vicinity of an arbitrarily point ko on the Fermi surface * (see Figure A.1). We also
consider d-dimensional fermionic fields W (ky,k,), where o is the spin, ky is the
one-dimensional momentum orthogonal to the Fermi surface and &, is the d — 1-
dimensional momentum orthogonal to k,. The low energy effective field theory in
the vicinity of kg is then given by a free fermion Lagrangian

Sp = /dr/dkx/d"*lkyw; (;T +8(kx,ky)) Vo (A.24)

where &(ky, ky) is the quasi-particle dispersion near ko. Expanding this function for
small k, and k, we obtain

Sp = / dt / dky / A ke yrd (;T +vpk+ ’;k§> Vo,  (A29)

where K is the curvature of the Fermi surface in kg. In this light, the Fermi surface
in the vicinity of kg is defined as the locus of points where the quasi-particles have
zero energy, namely

K
vrket Sk =0 (A.26)

The corrections due to the local curvature of the Fermi surface, as we will see ex-
plicitly in what follows, have relevant effects on the quasi-particle life-time.

The quantity vpk, + gkyz in (A.25) defines a natural momentum space cut-off,
and associated scaling limit. Note that the momentum in the x direction scale as the
square of the momentum in the y direction, and so we can choose the cut-off A so
that v%k,% + sz;‘ < A* As we reduce A, the theory scales toward the single point
ko on the Fermi surface, as we required above.

The renormalization group analysis can now be easily applied. Keeping the quan-
tities vr and x fixed, the action (A.25) is invariant under the following rescaling of
space-time:

K=k, K, =ke !, T =t1e (A.27)

where we have chosen the direction parallel to the Fermi surface as the ones defining
the primary length-scale. The scalings above imply that the fermionic field has to
scale in the following way:
(d+1)1

v=ye 2 . (A.28)
Having determined the low energy theory and the fundamental scalings, we can
now analyse the role of the interactions. The simplest contact interactions between
quasi-particles has the form:

S; = up / dt / dk, / 4 Wi Yo vo (A.29)

Applying the renormalization group scaling (A.28) we obtain:

3 It is possible to prove that the results is independent on the choice of kg
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ulhy = uge =" (A.30)

Namely, the interaction between the quasi-particle ug is irrelevant if d > 1. This
strongly suggest that the Fermi liquid picture of non-interacting fermions is indeed
renormalization group stable.

A.3.0.4 The quasi-particle life-time

To be more quantitative, let us compute the loop corrections to the free propagator,

1
o — €(ky, ky) 4+ 07’

G w,k) = (A31)

which occur due to the presence of the interaction (A.29). In this case, the propagator
(A.31) is modified in the following way:

VA
® — &(ky,ky) + Z(@,k)’

Gr(®,k) = (A.32)

and, in order to compute the quasi-particle life-time, we are interested in comput-
ing the imaginary part of the fermion self-energy X(w, k). To first order in ug, the

Fig. A.2 Relevant diagram for the u3 correction to the free energy Z.

fermion self energy is real, and only the quasi-particle residue Z is modified. In
order to look at the possible instabilities of the quasi-particles, we have compute
corrections at order u(z). The Feynman diagram contributing to the quasi-particle de-
cay at order u% is indicated in Figure A.2, and it gives the following contribution to
the self energy:

d4 do
S(e,h) = i / (Zn‘)fd / C2Gh(e+ 0.k +)TT(q,0), (A.33)
where y
d% [ de
(g, ) :/W 2—piG,%(e+m,k+q)G§§(s,k) (A.34)

is the polarizability. Let us first compute explicitly this last quantity. We are only
interested in terms that are singular in @ and ¢, and we can drop contribution from
region of high momentum and frequency. In this case, it is legitimate to invert the
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conventional order of integration and to first integrate over k,. This procedure yields
straightforwardly:

1 [d" % d ' —si
(o,q) = — / e signle +.w)2 sign(e) (A.35)
vrJ (2m) 2 @ +ivEqy +iKqy /24 iKqy ky
'k 1

_ o - , , , (A.36)

2nve ) (27m)07 @ +ivegy+ikg: /2 +iKgy - ky
d?=?k,

S / — (A.37)
ZHVFK‘qy’ (2m)

_ ol a2, (A.38)
27erK“qy|

Now, inserting the last result in (A.35) in (A.33) and evaluating the integrals we
obtain:

.. 2 a9 q,
X(w,k) = isign(®)w? 47ruv%1< I ﬁﬁ (A.39)
2
= isign(w)w{m%/xdfz , ford>?2. (A.40)

In the important case of d = 2, there is an infrared divergences in the integral for
gy in (A.39) which has to be regularized, yielding to a logarithmic correction to the
result for d > 2:

3L ~ uiw’log (A) , ford=2. (A.41)

uo | 0|

Summarizing, up to logarithmic corrections, 3% ~ u(z)co2 for d > 2. Thus the quasi-
particle width vanishes as the square of the distance from the Fermi surface. Asymp-
totically close to the Fermi surface, the quasi-particle width is much smaller than the
quasi-particle energy: this is sufficient to regard the quasi-particle as a sharp excita-
tion, and confirm the validity of the basic Fermi liquid assumptions.

A.4 Thermo-electric transport

Having analysed the basic equilibrium properties of the Fermi Liquid, let us now
focus on its response to small perturbations, such as an electric fields or a thermal
gradient.

In the linear response framework, namely when the perturbations from the equi-
librium are small, the thermo-electric transport properties in an isotropic system are
controlled by three coefficients: the electric conductivity o, the thermal conductivity
(computed at null electric current) k and the thermo-electric conductivity «. They
relates the electric current j and the heat current g to the external electric field E and
thermal gradient VT in the following way:
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J=0CE—oVT, (A.42)

Ta?
qg=0aTE—(x+ T)VT’ (A.43)

where the quantity (k + TT"‘Z) is usually called & and is the thermal conductivity
computed at null electric field.

In the next sections we will consider the Fermi liquid in non-equilibrium and
inhomogeneous situations that differ little from the equilibrium state of the equilib-
rium state of the homogeneous liquid. In what follows, we will use a semi-classical
description, specifying the quasi-particles distribution as a function of position and
time, 7,5 (¢,r). The limit in this description resides in the uncertainty principle,
which constraints to what extent the quasi-particles are localized in the position
and momentum space.

More precisely, if the spatial inhomogeneity of the system occurs over a char-
acteristic length A, then the particles are localized in space only other a distance
A. At temperature T the distribution function varies in momentum space over a
characteristic momentum kg7 /vg. Then, the use of the distribution function does
not require any localization of the quasi-particles in momentum space to less than
Ap=kgT /vp. Thus, as long as A > fivg kT, the Heisemberg uncertainty principle
causes no trouble. In what follow we will consider only this case.

A.4.1 The kinetic equation

With the assumptions outlined so far, the space and time dependence of the distribu-
tion function n,4(,r) is determined by the kinetic equation, which, in the absence
of quasi-particle collisions, takes the form of the continuity equation for the distri-
bution function in p and r space. Consequently, neglecting forces that rotate spin,
the changes in the distribution function obey:

W +V, po (nt)npe(t,r)] +Vp [foo(rt)nye(t,r)] =1 [nplcl] . (A44)

In the previous formula v, is the quasi-particle velocity (dr/dt), f,c is the time
rate of change of the quasi-particle momentum (dp/dt) and I [n p/o-/] is the collision
integral, which takes into account the possible presence of quasi-particle collisions,
whose form we will discuss later.

The basic assumption of the quasi-particle kinetic theory is that the quasi-particle
energy €, (r,1) takes the role of the Hamiltonian, namely

Vvpo (1) = Vyp€pe(nt) (A.45)
fPG(rvt) = _vrgpc(r;t) . (A.46)

Substituting (A.45) in (A.44), we obtain the kinetic equation in its full glory:
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Inpes(t,r)

3 + V€56 (1t)Vinpe(t,r) =V, €56 (1) Vpnpe (t,r) =1 I:nplcl] . (A4T)

It is important to note that the Landau kinetic equation (A.47) is considerably
richer than the usual Boltzmann equation used to describe weakly interacting gases.
Specifically, there are two additional features included here. First, the quasi-particle
velocity can depend on position and time, and this effect only arises in non-linear de-
viation from homogeneous equilibrium. Second, the force term V,.€,5(r,) includes
effective field contributions due to the possibility interactions between quasi-particle
which is hidden in &, (7,7).

In all the cases we will discuss later, the distribution function differs by only a
very small amount 87, from its value in uniform equilibrium ”207 namely:

n(r,p) = n27 o(&ps) +0np 5, (A.48)
where we have defined 07, & such that the equilibrium distribution function n’is a
function of the actual quasi-particle energy €, and not of the equilibrium energy
0
E -
po
Then we will consider only the kinetic equation (A.47) linearised in Onpg,
namely:

d0 on’
PO eV pe — Voo ViEpe =L = 1[Snps] | (A.49)
ot &)

where v, = V€, is the quasi-particle velocity and I[0n,] is the linearised form
of the collision integral, which we will discuss later.

The quantity V€, takes into account the effect of the external forces F applied
to the system. For example, in presence of an external electric field £ and a magnetic
field B we will replace this quantity with:

—V,gp5 =F = —e(E+vps AB) . (A.50)

Finally, Fourier transforming (A.49) in space and time, we obtain:

0
o

on
(@—¢q-vps)Onys(q, w)+F(q, ®) -vpg—a Po — il[0nps] . (A.51)
ng'

A.4.2 Electric conductivity in a Galilean invariant Fermi liquid

In this Section we will compute the conductivity of a Galilean invariant Fermi liquid
at zero temperature, namely we will consider a Fermi liquid in presence of an ex-
ternal electric field £ and we will consider only the presence of collisions between
quasi-particles which conserve the total momentum (we do not consider external
collisions, I[8n,5| = 0). Our main goal is to prove that this kind of interactions do
not contribute to the resistivity of a Fermi liquid.
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To see this, let us consider the linearised kinetic equation (A.51) in presence of
an external magnetic field, with /[0n,s] = 0 and at zero momentum g = 0, namely:

0Onps(q,®) —ieE -vpc8 (U —€ps) =0, (A.52)
0
where we have used the relation gz;z =—6(U—¢€ps)at T =0.

Solving for 0nps in (A.52) we obtain:

ieE - vps 6 (U — €pg)
® :

Onps(q, ) = (A.53)
Now, in a Fermi liquid the total current density J may be expanded as a function of
the deviation of the quasi-particle density from the equilibrium &n,¢ in the follow-
ing way:
eJ=e) 8npojpo ; (A.54)
po

where j,q is the current density of a quasi-particle ((p, 0).

In a Galilean invariant system, as a direct consequence of Galilean invariance,
Jjp = p/m, where m is the bare mass of the electron. Substituting this expression for
Jpo in (A.54) and replacing the sum over p by an integral, it is easy to obtain:

; 2
c(0,0) = IN,;? ; (A.55)

or, using the Kramers-Kronig relations:

Ro(0,0) = 2 §(w) . (A.56)

As it is evident, if we consider only interactions between quasi-particles which con-
serve the total momentum, the Drude weight (the coefficient in front of the delta-
function in (A.56)) depends only in the bare mass of the electron. In other worlds,
this kind of interactions does not contribute to the resistivity.

In most of the qualitative arguments of the temperature scaling of the resistivity
in a Fermi liquid, it is argued that the famous 72 scaling is due to the scattering
between quasi-particles. Actually this kind of interaction, as we have just proven,
does not contribute by itself to the resistivity, and it is more precise to say that it
is the combined action of the quasi-particle scattering and the Umklapp scattering
which generates the T2 scaling of the resistivity. This is not the case for the thermal
conductivity, which is finite even if Umklapp scattering is not taken into account.
We will clarify this aspect better in the following Sections.
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A.4.3 Scattering mechanism in a metal

In the previous section we have considered the kinetic equations in the case that only
interactions between quasi-particles are allowed. To be more realistic it is necessary
to take into account the fact that in a metal several scattering mechanisms occur
which dissipate momentum. In particular the most relevant interactions in a metal
are those produced by interactions of quasi-particles with impurities and phonons.
In this section we will analyze this kinds of scattering processes carefully using the
kinetic equation (A.47).

In particular the linearised kinetic equation (A.49) in presence of an external
static electric field £ and a thermal gradient VT can be written as:

0

dn
—eE - v,,grpa +Vvpo - Vrn?,(, =1[6n,s) . (A.57)
gpg

In principle all the computation has to be done at fixed total number of quasi-
particles (N = const). However, as we have computed in (A.23), the relative change
in the chemical potential is actually very small, (7' /u)?. Thus, at the leading order in
T/ u, all the physical effects can be calculated at it = const instead that N = const.
Consequently:

0
0 _ Eo— 1INy
Vinpe = — T 9% v,T, (A.58)
and the kinetic equation (A.57) may be written as:
€5 — ond
NeE+ TR T) 1,6 T2~ [[5n,0] (A.59)
T €5

where the collision integral /[0n,s] has to be evaluated depending on the specific
scattering mechanism.

Finally, the electric current j and the heat current g appearing in (A.54) assumes
the following form:

. e 1
J= =< Y e, a= < Y (€ — 1)vpodipo - (A.60)
4 po 14 po

A.4.3.1 Elastic scattering: impurities and the Wiedemann-Franz law

In a metal, the dominant scattering mechanism at low temperature is the scattering
of quasi-particles by fixed impurities. One of the characteristic of this mechanism is
that it is elastic. Because the atoms have large mass and are bounded in the lattice,
the quasi-particle energy may be regarded as unchanged in the collision.

In this Section we first prove that the basic assumption of elastic scattering is by
itself sufficient to give a simple relation between the electric and thermal conductiv-
ity in a Fermi liquid, the so called Wiedemann-Franz law. Secondly we will analyze
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the temperature dependence of the transport coefficients due to the scattering of
quasi-particles by impurities.

In order to derive the Wiedemann-Franz law, we first note that he elastic collision
operator does not affect the dependence of the function 6, on the energy €,¢. This
means that any factor 6n,s, which depends only on the energy, can be taken outside
the collision integral /. Consequently, under this assumption, the linearised collision
integral I[8n,¢| can be written as:

Onps
t(p,T)’

where 7(p,T) is a function those specific form has to be computed by explicitly
evaluate the collision integral. Substituting (A.61) in (A.59), we obtain:

1[8n,] = (A61)

0
—u In)ys
V. T | - Vvpo=—". A.62
) va' aepo_ ( 6 )

E
onpe = —1(p,T) (eE—|— P

Finally, substituting (A.62) in (A.60), and transforming the sum other p into an
integral, the electric current j assumes the following form:

ond
2/ <eE Vpo + ”"T “V,T.vm,) v,,c,?"". (A.63)

po

Comparing the previous equation with (A.42), the electric conductivity tensor is:

44 and
22 / p T)pouVpon 32 - (A.64)

po

In case of isotropic system o,y = 08,y, we can mediate other the space directions,
obtaining

an 00
3 Z/ 27h)d v’z"’ E)sp (A.65)

The integral above can be simplified keeping into account the fact that, to the linear

orderin 7/, a - - —08(&p6 — 1). Eventually, we obtain
~ €*N(0)
=39, ——=J(pr) , where J(p Z/d-QdT p,Q,T)v (A.66)

As regards the thermo-electric conductivity ¢, comparing the second term in
(A.63) with (A.60) we obtain:

and,
3 Yo | i (Epo — 1) TP, T)Vro goe (A.67)

5% [dnJ(p)n 8",7 : (A.68)
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where 1) = (€,6 — i) and we have mediated other the spatial directions. To evaluate

. . . ond .
the integral in (A.67) we note that the function g;’f goes to zero exponentially as

1 — oo, and consequently we can safely extend the integration interval to (—oe, o).
Moreover the function J is significantly different from zero only near the Fermi
surface and then we can expand it as follows:

dJ
J(p.T) ~J(pr)+1 —d(p ) . (A.69)
o p=pr
Stated this, we obtain:
a:4edf<p)‘ [ e g _2ep dJ(p) (AT0)
3T dp |y, Jo 7 91 9 du .

From the previous result we can derive the Mott low, which describes the behaviour
of the Seebeck coefficient s = 6/ in a Fermi liquid where only elastic scattering
phenomena are considered:

_2Q, _ dlogJ(p)
3N(0)e du

(A.71)

S =

P=PF

As regards the thermal conductivity, setting £ = 0 and repeating the procedure out-
lined above for the heat current, we obtain:

7> N(0)

= = (pp)V,T . AT2
q 5 (pr) (A.72)

Finally, comparing (A.42) and (A.66) with (A.60) we obtain:

Ta? n’cT
K+—=——— (A.73)
c 3¢2

Actually, as we can argue from (A.70), the second term in the Lh.s. of (A.73) is

of order 7T'/u and consequently we can neglect this term with respect to the r.h.s..

Considering (A.73) and (A.65), we eventually find this simple relation for the ratio
K .

oT"

K T2

oT 3¢’
The previous formula is the celebrated Wiedemann-Franz law and is valid under the
unique assumptions that all the scattering processes are elastic.

In order to determine the dependence on the temperature for the transport coef-
ficients o, o and x in presence of scattering of quasi-particles by impurities sepa-
rately, we have to analyze the specific form of the collision integral I[n,q] for the
case at hand. It assumes the following form:

(A.74)
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I[nps] =

ddp/
Nimp Z /WW(%P/) (np',O"(l —”pc) —”p,c(l _np/G/)) 5(3170 - EP/G’) ’
oo

(A.75)

where Njy, is the density of impurities in the metal 4 and W(p, p') is the scatter-
ing amplitude. The factors (1 —n,4/) and (1 —n,s) take into account of the Pauli
exclusion principle, namely a transition can take place only to an unoccupied state,
while the factors n,s and n, s signify that the scattering can occur only from an

occupied state. Linearising the collision integral in 6n,; we obtain:

dd /
I[Snpo'] = ]V,'mp Z /ﬁW(}?,pl) (5]’1,,/70./ — 5}’1,,_’(;) 5(8]76 — 8[)'(7/) . (A76)

co

Moreover, due to the elastic hypothesis (A.76) becomes:

d )/
118m0) = 8,00y X | oW (0o0) 1(0) = 0) 8(epo— )

ool
(A.77)
where [(p) is a quantity which does not depend on the temperature. Consequently,
since Njpp is temperature independent, the integral in (A.77) is independent on the
temperature as the quantity 7(p) in the formula above.

Finally, we have found that, considering scattering of quasi-particles by fixed im-
purities, which are the dominant scattering phenomena in a metal at low tempera-
ture, the electric conductivity o is constant in temperature, while the thermo-electric
conductivity & and the thermal conductivity k are both linear in 7.

A.4.3.2 Electron-phonon scattering

In the previous Section we have derived the behaviour of the transport coefficients
considering scattering mechanism due to the presence of a dilute density of impuri-
ties. Here we want to keep into account the effect of the presence of the lattice.

In real metal in fact, we can not assume the lattice to be perfect and the con-
tributions due to lattice vibrations are in general relevant. As known (see [1] for
more details), the lattice vibrations can be considered as fictitious spin-less particles,
called phonons, obeying the Bose statistic. In formula, the equilibrium density of
phonons N,(,) is given by:

1
Ny = = (A.78)
efsT —1

4 We have assumed that the impurity atoms are randomly distributed and that the mean distance
between them is much greater than the scattering amplitude, so that every event can be assumed as
independent.
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where @, is the phonons dispersion relations. At low momentum p, this is described
by sound waves, namely
Wp = Ugp (A.79)

where u; is the sound velocity of phonos. The maximum physical significant value of
p is associated to the boundary of the Broullion zone, which is roughly expressed in
term of the lattice spacing a as kp ~ 7/a. The the maximum meaningful frequency
for phonons, called the Debye frequency, is given by:

Ut (A.80)

p ~
Since we are dealing with another type of particle involved in the transport mech-
anisms, one has to keep into account, in addition to the Boltzmann equation for
quasi-particles (A.47), also the analogous equation for phonons:

oN
TtP +u - VN = ph,ph [Nk] JrIph,e [Nk] ) (A.81)

where u; = %. Note that it is necessary to add to the collision integral also the
contribution due to the phonon-phonon interaction. This is because phonons do not
conserve the total number of particle. Then the phonon-phonon interactions are not
elastic and contribute to the collision integral /.

Stated this, let us now analyze how the interactions between phonons and quasi-
particles affect the collision integral appearing in the quasi-particle kinetic equation
(A47) I, pp[np), and that due to the phonons contribution in (A.81), I . [n,).

Regarding I, ,;[n,], this is given by:

Ie,ph [np} =

dk ,
/ Ty ® (& =& = @) wp ks p) [y (1 =y )N = (1 =y ) (1+ Ni)]

dk ,
+/ (275)[16 (811 — &y +60k) w(p';p,k) [np/(l —np)(1+Ni) —np(1 —np,)Nk] ,
(A.82)

where we have omitted the spin index since the interaction does not depend on the
spin and we have performed the trivial summation over the two possible polarization
state of the quasi-particle. The first term corresponds to processes with emission of
a phonon having momentum k and by an electron having momentum p, and the re-
verse processes with absorption of a phonon k by an electron p’ with return to p.
The second term corresponds to processes with absorption of a phonon by an elec-
tron p and the reverse process of its emission by en electron p’. The delta function
in the two integral ensures that the process conserves the total energy even though
the energy of the quasi-particle is not conserved. Then, in general, this mechanism
can not be considered as elastic with respect to the quasi-particles. Of course the
collision integral vanishes identically if we replace both the quasi-particle density
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np and the phonons density N; with their equilibrium values ng and N,?. The two
terms w(p', k; p) and w(p’; p, k) are the probability weight corresponding to the two
processes.

On the other hand, I,,;, .[n,] appearing in the kinetic equation for phonons (A.81)
is the difference between the number of phonons k emitted by quasi-particles with
any momenta p and the number absorbed by quasi-particles with any p’:

d
Lo [N = z/ (;’T’)’ds (&) — &+ o) [mp(1 — ) (1+Ng) — (1~ mp)Ne]
(A.83)
where the factor 2 is due to the summation other the spin indices.
In order to solve the two coupled kinetic equations we need to linearise both the
collision integrals (A.82) and (A.83) with respect to the fluctuations 5np and 0N,
defined as:

n,= ng(s) +0n, , (A.84)
Ny =N (@) + SNy, (A.85)

where, as above, ng(e) and N (o) are functions of the effective quasi-particle en-
ergy €pc and phonons energy @y respectively. Keeping in mind the form of the
equilibrium distribution functions (A.6) and (A.78) we obtain:

ond n(1-n9)
6”[):77;¢:%¢ ) (A.86)
0 0 0
SN = — ey — MU (A.87)

where ¢ and y are unknown functions which measure the deviation from the equilib-
rium distributions. With this conventions the linearisation of the collision integrals
(A.82) and (A.83) yields:

Lpnl, x] =
— I D, — ) (8 — 9y + )8 e — & — )
—(0y —p— 1) +(gp — gy + 1)) , (A.88)
ONO 1 adp

Iph,e[%7¢] = % (ZT)dW(ng/ 7”?7) [(¢p’ - ¢]I +Xk)6(£l7 - 8]7’ - wk)] . (A.89)

Unfortunately the previous integrals can not be treated analytically and the best one
can do is to estimate their temperature behaviour. To proceed with a quantitative es-
timate, we need to evaluate the order of magnitude of the transition weight w. To do
this, we note that the order of magnitude of the parameters of the electron spectrum
in a metal can be expressed in terms of the lattice spacing a and the effective mass
of the electrons m* only; for example, the Fermi momentum pg ~ fi/a, the speed
v ~ pr/(m*d) and the energy Ep ~ vppp ~ h?/(m*d”). The parameters of the
phonons spectrum contain also the mass of the atoms of the lattice M. The density
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of the substance p; ~ M and the speed of sound u; ~ p, 2 om0, Consequently,

we obtain for the speed of sound
m*
Ug ~ VF\/ M’ (A90)

and the Debye temperature Tp associated to the Debye frequency @p is given by:

Fiutg ;
]bNMmN{?NEm/%n (A.91)

As regards the transition probability w, as known (for more details see [1]), it propor-
tional to the square of the electron-phonon scattering potential which is proportional
to M~'/4. Then making the dimensions right, we obtain:

w~ Tpvra® . (A.92)

The previous estimation is correct in case of optical phonons which has a disper-
sion relation which tends to a constant at low momentum. In case of emission or
absorption of acoustic phonons we have to keep into account that the the dispersion
relation is @ ~ ugk. Then the we need to add an extra factor k/kp to the previous
estimation, namely:

w~ Tyvpka® (A.93)

for acoustic phonons.

High-T behaviour (7 > Tp)

At high temperatures, (T >> Tp), phonons with all possible momenta are exited
in the crystal, up to the maximum value which has the same order of the electron
Fermi momentum: ky,qx ~ pr ~ 1/a. By definition of the Debye temperature, the
maximum phonon energy ®,,,. ~ Tp, and consequently @ < T for all phonons.
This allow us to treat the emission ad absorption of a phonon as an elastic scattering
of a an electron and consequently, due to the discussion of the previous Section,
to consider the Wiedemann-Franz law to hold. The scattering angle are not small,
since the electrons and phonons momenta under these conditions are the same.

At high temperatures, when the phonon state occupation numbers are large, the
establishment of equilibrium in each volume element of the phonon gas takes place
very quickly. We can therefore regard the phonon distribution to be the equilibrium
one when considering the electrical and thermal conductivity. This corresponds to
take the function } in (A.86) to be zero and to solve only the electron kinetic equa-
tion (A.47). As we will see, this approximation will be not valid in analysing the
Seebeck coefficient where we need to take into account the effect of the phonon
drag.
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In order to analyze the temperature scalings of ¢ and k, let us now analyze the
temperature dependence of the collision integral I, ,;. Because the phonon energy

@y, is small, we can expand the difference ng, — n?, in powers of wy:

on’
0 0 P
n,—n, ~ Q= . (A.94)
P €,
We can than put y = 0 in the argument of the delta function, obtaining:
d?k  INp on)
Lepn(¢) = 2/ WWT@(T%&%’ — &)@y — )@ - (A.95)

When w; < T the equilibrium phonon distribution function can be written as N,? ~

ond . . .
T / @ Moreover we have also % ~ —1/T. Substituting these expressions in (A.95)
P
and considering that the integral takes the major contribution from the region k ~

kmax Wwhere @y ~ Tp, we obtain:

T kdfl @

max
W— .
TD vdF_2 T

Ie,ph ~ = (A.96)

Then considering the estimation for the scattering rate (A.92) and (A.93) and deriv-
ing the function ¢, from (A.86) at high temperatures, we obtain:

Lopp~ =, ~—T&n,, . (A.97)

Putting this expression in the kinetic equation (A.47) and repeating the same steps
of the previous Section for impurity scattering (remember that in this approximation
the electron-phonon interaction is elastic as the scattering from fixed impurities) we
finally obtain:
N(0)e*h
o~ L , (A.98)

m*T

and applying the Wiedemann-Franz law:

(A.99)

regarding the Seebeck coefficient ¢, as we have anticipated, the situation is more
complicated. In fact, applying the Mott law (A.70), which is valid in general for
elastic scattering mechanism, and considering the expression for the collision inte-

gral (A.97) we obtain:
T
o ~—. (A.100)
eEF
This contribution is extremely small due to the Er factor at the denominator which
comes from the logarithmic derivative in (A.70). This property may have the result
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that a comparatively small addition to ¢, due to the non-equilibrium of the phonons
yields a contribution to & which is comparable with (A.100).

In order to take into account the possible effect of the non-equilibrium of phonons
let us suppose that the electron transport equation (A.47) in presence of an external
thermal gradient can be expressed in the following form:

on° | .
vy VT =1, (0p) +170,(95) (A.101)

aT
and @, can be expressed as the sum of two contributions, ¢, = ¢, + ¢ where ¢/ is
the solution of (A.101) without 137 ph((]),,) and ¢11]I is the solution of the equilibrium
equation for phonons

1«5,113/1(%) +1£,2p)h(¢p) =0. (A.102)

repeating the previous steps for I(Ezlzh(q)p) we find that this quantity is proportional to
x and then from (A.102) we obtain:

" x Tp

o ~ o ~ <1, (A.103)
namely ¢/ is the major part of ¢. However, unlike ¢/, ¢’/ is not zero when ¢, =
u. Consequently, in the calculation the corresponding contribution to the current
density is not cancelled, and the result is small only in the sense that ¢/ is relatively
small. This means that the additional contribution to the Seebeck coefficient due to
the presence of ¢’/ is

u_gErlo To

T T T

The Seebeck coefficient is composed of two additive parts. These may be of the
same order of magnitude but vary differently in temperature. The contribution o/
is commonly called phonon drag contribution and is due to the fact that the heat
transfer in the crystal causes a flux of phonons which carries the electron with it.

(A.104)

Low-T behaviour (T < Tp)

At low temperature, 7 < Tp, the phonons distribution can not be regarded as the
equilibrium one. Consequently, the electron-phonon interaction is not elastic in this
case and one has to solve in a self consistent way both the kinetic equations for
phonons and electrons.

In this spirit, it is important to note that, in this range of temperatures, the re-
laxation in the phonon system takes place mainly by phonon-electron and not by
phonon-phonon collisions. To prove this statement let us first note that, at low 7', and
in the vicinity of the Fermi surface, @ ~ T, €,6 — it ~ T and therefore Ny ~ ng ~ 1
and dNy/d® ~ 1/T. Moreover, the integration other dp can be safely taken other
a volume of a layer with thickness ~ T /vp along the Fermi surface. Since k/p is
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small, the argument of the delta function can be expressed as:
epc—s(p,k)a:k~VpepG—a)va-k—a). (A.105)

The delta function is removed by integration over the direction of p for a given &,
adding a factor 1/vpk to the integrand. Finally, estimating the scattering weight w
by means of (A.93), we obtain:

m*
]ph,e[énpg] ~—=T4/ ﬁénpc = VPh’eai’lpg , (A.106)

where v, . is the phonon-electron collision frequency. It is known (see e.g. [2]) that
the phonon-phonon collision frequency Vv, ,;, is given by:

[m* (T \*
\% =T\/— 1| —=— - A.107
ph,ph M <TD> ( )

4
Then, due to the factor (%) we have V,;, ,;, < Vph, e which proves the statement.

With the help of the observation above the behaviour of the relevant collision
integrals which appear in the kinetic equation for phonons and electrons can be esti-
mated using techniques similar to those illustrated in the previous Section. Referring
to [1] for the technical details, we obtain the following temperature behaviours for
the transport coefficients:

G ~ Cpp . T4 (A.108)
S ~ DT +EppaT?, (A.109)
K~ Fpp 70 (A.110)

where the coefficients in front of the temperature are model dependent constants.
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Chapter 5
The gauge gravity duality

5.1 Review: Conformal Field Theory

In this Section we briefly review the basic concepts of Conformal Field Theories
(CFTs) which are necessary to understand the AdS/CFT correspondence. This re-
view is based on [17, 18]

5.1.1 The Conformal Group

A conformal transformation of the space-time coordinates is an invertible mapping
x — x' which leaves the metric invariant up to a scaling factor:

Suv(¥) = A(x)guv(x). (5.1)

The set of conformal transformations forms a group, which has the Poincaré group
as a subgroup, (we obtain Poincaré transformations for the special case A (x) = 1).
The conformal transformations do not affect angles between arbitrary curves cross-
ing each over at some point, and map circle in circle.

Let us now analyse infinitesimal conformal transformations. Under an infinitesi-
mal coordinates transformation x;L = xyu + € (x) the metric becomes:

Suv = &uv — (Juéy + dvey). (5.2)

As it is evident from (5.1), in order for the previous transformation to be conformal
€, has to satisfy the following condition:

aﬂgv‘i_avs'u :f(x)g#v, (5.3)

where f(x) is a generic function whose specific form has to be determined. Consid-
ering the transformation as an infinitesimal deformation of the Minkowski metric

61
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Nuv = diag(—1,1,1...,1) in a d-dimensional space-time and by applying an extra
derivative dp to (5.3), permuting the indices and making a linear combination, we
obtain:

20u0vEp = NupOvf +Nvpduf —Nuvp f- (5.4)
It is not difficult to prove that (5.4) leads to the following equation for the function

f(x):
(d—1)d*f(x) =0. (5.5)

If d = 1 the previous equation is meaningless as it is evident from the fact that in one
space-time dimension conformal transformations make not sense. The case d = 2
requires a more careful treatment and we shall briefly consider it at the end of the
chapter.

Let us now restrict the attention to d > 3. In such a situation the solution of (5.5) is:

f(x) =A+BuxH, with A, By constants. (5.6)
Substituting (5.6) in (5.4), we find that the general expression for g, is:
8” :au +buv.xv+c'uvva.xp, with C”Vp :C”pv. (5.7)

Since the equations (5.3) and (5.4) hold for every x, we may treat each power of x
separately. It turns out that the constant term a, is unconstrained and corresponds
to an infinitesimal translation. On the over hand, substituting the linear term in (5.4)
we find the following constraint for byy:

2
buv +byu = Zb% v, (5.8)
which implies that by is a sum of an antisymmetric part and a pure trace:
buy = aNpy +myy, withmyy = —myy,. 5.9

The pure trace term represents an infinitesimal scale transformation, while the anti-
symmetric part is an infinitesimal rotation.
In a similar way, substituting the quadratic term of (5.7) in (5.4), we obtain:

1
Cuvp = Nupbv +Nuvbp — Nypby, where by = Ec%“' (5.10)

The infinitesimal transformation corresponding to the previous constraint is called
the special conformal transformation (SCT),

x;l =Xy + 2xyb"xy — bu)c2 . (5.11)

The corresponding finite transformations are:
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translation x;L =xy+ay (5.12)
dilatation ;1 = oxy (5.13)
rigid rotation x;L M“l,xv (5.14)
—byx?
T et o — 5.15
S¢ BT T byt + 6242 619
The generators of the transformations (5.12) are:
translation Py = —idy (5.16)
dilatation D = —ix"d, (5.17)
rigid rotation Lyy = i(xydy — xy0y) (5.18)
SCT Ky = —i(2xyx"dy —x*dy). (5.19)
They satisfy the following algebra:
[D,P,] = (5.20)
[D,K,| = —1Ku (5.21)
[KusPy] = 2i (v D — Lyy) (5.22)
(Ko Luv] = i (NpuKy — NpvKy) (5.23)
[Po,Luv] = i (MpuPy = MpvPu) (5.24)
[LuvsLps] = i (NvpLuo +MuoLvp = MupLve —NvoLyup) - (5.25)
We can reorganise all generators in the following matrix:
Ky—Py  Ky+P,
Lyy uz u o Kut+Pu
Juy = | KB D withM, N =1,....,d +2, (5.26)
wh p o

and check that the antisymmetric matrix Jyy is a rotation in a d + 2-dimensional
space-time with signature (2,d):

[Umn,Jrs] = i (MnrIus + NusIng — MurIns — MnsJur) - (5.27)

This prove the isomorphism between the conformal group in d dimensions (for d >
3) and the group SO(2,d), with 3 (d +2)(d + 1) generators.

Let us now briefly consider the case d = 2. In this case there are more solution
than that listed above. In order to prove this statement, it is useful to introduce the
complex variable

Z=x1+ixy, Z=2x1 —ix, ds* = dzdz. (5.28)

It is easy to see that the transformation z — f(z), Z — f(Z), with f an analytic
function, corresponds to a conformal rescaling of the metric: giw =|f (z)|2g,w.
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Consequently, in addition to the solutions (5.12) we find also solutions correspond-
ing to the infinitesimal transformations &z ~ 7", n > 2, which are new conformal
transformations existing only in two space-time dimensions. This implies that the
conformal “group” is the infinite dimensional group of all the analytic functions. It
is due to the infinite dimensionality of this group that CFTs in two dimensions are
more constrained that CFTs in higher dimensions.

However there is a subtlety in the previous argument. We have proven in the first
part of the chapter that the conformal group in d > 3 is finite dimensional while the
previous reasoning tells us that in two dimensions the same “group” is infinite di-
mensional. Actually we have put the word group between “...” since our argument is
purely local and we have not used yet the fact that conformal transformations must
be defined everywhere and invertible. In d > 3 these requirements are automatically
satisfied. In d = 2 we have to distinguish between global conformal transformation
which satisfy this request and local conformal transformation which are not every-
where well defined. The set of global conformal transformations form the so called
proper conformal group. It turns out that the complete set of such mappings is

_az+b

fz) 7 withad —dc =1, (5.29)

which is the SL(2,C) group. It is known that this group is isomorphic to SO(3,1).
Thus, as far as the proper conformal group is considered, there are no differences
between d =2 and d > 2.

5.1.2 Field Theory and Conformal Invariance

Having explained what a conformal transformation is, let us now discuss the impli-
cations of conformal invariance on a quantum field theory.

At the classical level, a field theory is conformal invariant if its action is invari-

ant under conformal transformations. On the hover hand, it is important to observe
that conformal invariance at the classical level generally does not imply conformal
invariance at the quantum level. A quantum field theory necessitates of a regular-
ization prescription in order to make sense, and this introduces a scale in the theory
which, in general, breaks conformal invariance except in the fixed point of the renor-
malization group.
In fact, quantum field theory is, in most general terms, the study of the Renormal-
ization Group (RG) flows, i.e. how the theory evolves from the ultraviolet (UV) to
the infra-red (IR) regimes. One can ask which IR phases are possible. In principle,
there are three possibilities:

e A theory with a mass gap, as the non-abelian Yang-Mills theory in d = 4 space-
time dimensions.
e A theory with massless particles in the IR, as the QED.
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e A scale invariant (SI) theory with a continuous spectrum, as the A ¢* scalar the-
ory.

It is the last class of theories which is commonly called Conformal Field Theory
(CFT).

5.1.2.1 Conformal invariance at the classical level

Let us first analyse the consequences of conformal invariance in a field theory at the
classical level.

The first thing to clarify is how classical fields transform under conformal transfor-
mation. Let 7, be a matrix representation of a conformal transformation parametrized
by w, such that the multicomponent field ®(x) transforms as

@' (X) = (1 — 0, T,)P(x). (5.30)

The generator T, must be added to the space-time part of the transformation (5.20)
in order to obtain the full generator of the symmetry. Then, to obtain the full form of
these generators, we use a standard trick in field theory, i.e. we establish the action
of these generators at the origin x = 0 and we subsequently translate the generator
at an arbitrary point in space time using the well known Hausdorf formula. As an
example, in order to applying this method to the angular momentum, we introduce
the spin matrix representation Sy to define the action of the angular momentum on
the field &(0):

Lyy®(0) = Suy@(0). (5.31)

Then we apply the Hausdorf formula to translate the previous expression to a non-
Zero x: _ _
o Lyye ™ = Sy —x, Py +xy Py (5.32)

This allow us to write the action of the generators on the fields as follows:

Py ®(x) = —idy (x) (5.33)
Ly ®@(x) = i(xu 0y — xy 9 ) P(x) + Sy P (x). (5.34)

We can extend the previous argument to the full conformal group. The subgroup that
leaves the origin x = 0 is generated by rotations, dilatations and special conformal
transformations. Consequently, defining Sy, A and Ky as the eigenvalues of the
generators Lyy, D and K, at the origin respectively, the conformal algebra (5.20)
implies that these generators must satisfy the following commutation relations:
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[A,Suv] =0 (5.35)
(A, K] = —iKy (5.36)
[Ku kv] =0 (5.37)
[Kp s Suv] = i (Mpukv — Mpv k) (5.38)
[S/,LVaSpG] =i (nvauO' + nuGSvp - nupSvo - nvcsup) . (5.39)

The previous algebra allow us to use the Hausdorf formula in the same way as we
have just done for the angular momentum and to determine the full action of the
generators K, and D on the field @ (x):

D®(x) = (—ix"dy +A) ®(x) (5.40)
Ky @(x) = (Ky +2xu A —x¥Syy — 2ixxV y +ix?dy, ) P(x). (5.41)

If we demand that &(x) belongs from an irreducible representation of the Lorentz
group, then, by Shur’s lemma, any matrix that commutes with all generators Syy
must be a multiple of the identity. Consequently, the matrix A is a multiple of the
identity and the algebra (5.35) forces all the matrices kj, to vanish. A is then a simple
number, manifestly equal to —iA, where A is the scaling dimension of the field &.
In principle we are now able to find the finite conformal transformation for the field
®(x). In the case of a scalar field ¢ (Syy = 0) the result is:

0'() = A0 9(), (5.42)

where A (x) is the conformal scaling factor defined in (5.1). A field which transforms
as in (5.42) is called a primary field. ! If the field ®(x) belongs from an irreducible
representation R of the Lorentz group with non-zero spin, its transformation rule
should depend on the rotation matrix MY defined in (5.12). Consequently, its trans-
formation is: R

@' (x) =A(x)2R [MY] D(x), (5.43)

where R [M‘é] is a representation matrix acting on the indices of ®(x).
The stress-energy Tensor and conformal invariance

It is a well know theorem by Polyakov [20] that, at the classical level, a field theory
which is local, invariant under rotations a translations and posses the scale transfor-
mation symmetry is invariant under the whole conformal group.

The proof runs as follows: locality implies that, under an infinitesimal transforma-

tion x), = xy, + €, (x) the action S of the theory changes as follows:

! Note that the requirement that ¢ belongs from an irreducible representation of the Lorentz group
is necessary for the definition of primary field.
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55 = / ATV 9 ey, (5.44)

where T,y is the stress-energy tensor of the theory. In other words, locality implies
the existence of a privileged tensor 7;;,, which is the conjugate variables of the metric
uv-

Invariance under rotations implies that 7}, is a symmetric tensor while translational
invariance means that d, TH" = 0.

Finally, invariance under scale transformations implies that 7}, is traceless: TH =0.
Stated this, if the infinitesimal transformation under consideration is a conformal
transformation, it is evident from the definition (5.3) that:

1
58 = v / d/xT}dpeP =0, (5.45)

which prove the statement.

The converse is in general not true, i.e. conformal invariance does not implies in
general the tracelessness of 7,y since dp € is not an arbitrary function.

However, it is possible to prove, (for more details see [17]), that under very general
conditions also the converse is true. Then, in the large majority of field theory at
the classical level, conformal invariance is a consequence of scale invariance and
Poincaré invariance.

5.1.2.2 Conformal invariance at the quantum level

Let us now analyse the consequence of conformal invariance at the quantum level

(i. e. on a regularized theory at the fixed point of the RG flow) on the two and

three-point functions. At first we restrict our analysis on primary scalar fields.
Consider the two-point function

(@1(x1)P2(x2)) = %/DCD‘PI (x1) 92 (x2) e SIP), (5.46)

where ¢; and ¢, are two primary scalar fields not necessarily distinct, @ denotes the
set of all functionally independent field of the theory and S[®] is the conformally
invariant action.

The assumed conformal invariance of the action and of the functional integration
measure leads to the following transformation of the correlation function, according
to (5.42):

(01 (x1)02(x2)) = A () T A(2) T {01 ()2 (x2) (5.47)
If we consider only scale transformation x — Ax, the previous equation becomes:
(01 (x1)2(x2)) = 442 (1 (Ax1) $2 (Ax2)). (5.48)

Rotational and translational invariance requires that
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(01(x1)2(x2)) = £ (Ix1 —x2), (5.49)
where f(x) is a scale invariant function by virtue of (5.48). Consequently

Ci2

— (5.50)

(91 (x1)92(x2)) =

lx1 —x2

where Ci; is a constant coefficient. Finally if we impose the invariance under SCT
(A(x) = (1 —2byxH + b?x?) =), we obtain the following constraint:

A +4y

Ci2 _ Cn (np)” (5.51)

|xl *X2|A1+A2 ,ylAl,Jéz ‘-xl 7)C2‘A1+A2 5

with 7 = (1 — 2b,x! + b%x?). This constraint is identically satisfied if A; = A,.
Finally, we find that the two primary fields are correlated only if they have the same
scaling dimension:

(01 (1)) = { s T A= 552
¢1(x1)¢2(x2)) = 0 AL £ Ay :

A similar analysis, performed on the three-points function of scalar primary fields,

yields:
(01(61) 92 3203 x3) = i (5:53)
O1(x1)02(x2)93(X3)) = 354 2, A 54, -4 Avid 4y :
12 23 13

where x;; = |x; —x;| and C23 is an undetermined constant.

As regards the n-points Green’s functions with n > 4 conformal invariance does not
determines the form of the correlators as in the case n < 3. This is due to the fact
that with four (or more) point it is possible to construct conformal invariants, the so
called anharmonic ratios. The n-points functions may have an arbitrary dependence
on these ratios.

Conformal invariance constrains also the form of two and three-points correlators
of higher spin primary fields. For details on this topic see [18, 19].

Conformal Ward Identities

In this section we will analyse the Ward Identities associated to conformal symme-
try.
Let us consider the following infinitesimal symmetry transformation on the field:

SD(X) = —iw, T, (x), (5.54)
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where T, are the infinitesimal generators of the transformation and @, are the in-
finitesimal parameter associated to the symmetry. Let jj; be the conserved current
associated to the symmetry (5.54). The Ward identity corresponding to the transfor-
mation (5.54) is:

A (JH (x)P(x1)...P(x,)) = —ii5(x—x,-)<d5(x[)...TaQJ(x,-)...QJ(x,,)>. (5.55)

As regards translational invariance, the generator associated to this symmetry is
P, = —id,. Consequently, the associated Ward Identity is:

W (TV'X) = 25 x—x;)0} (X), (5.56)

where, from now on X stands for the collection of fields @ (x;)...P(x,).
Let us now consider the Lorentz transformation. The associated current has the fol-
lowing form:

JHVP = THV P _THPxV, (5.57)

The infinitesimal generator of the symmetry is given by (5.20), namely
T, = —i(xydp —xpdy) +Svp - (5.58)

Substituting these quantities in (5.55), and considering the Ward Identity (5.56), we

obtain
(T = T*H)x) =~ (=)t (X) (5:59)

which is the Ward identity associated to Lorentz symmetry.

Equation (5.59) means that the energy-momentum tensor is symmetric in the
Green’s function except correction given by contact points in the correlators.
Finally, as regard dilatation invariance, the associated current may be written as

jp=T"x,, (5.60)

while the infinitesimal generator is given by (5.20), D = —ix¥dy, — iA, for a field of
scaling dimension A. Consequently the Ward Identity associated to this symmetry
is

(ThX) = 25 x —x;)Ai{ (5.61)

where we have used (5.56).
Equations (5.56), (5.59) and (5.61) are the Ward Identities associated with confor-
mal invariance.
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5.1.3 Unitarity bounds

To conclude this brief review on CFTs we observe how the unitarity constraint im-
poses bounds on the scaling dimensions of the primary fields (for more details see
Appendix C).

As we have outlined in the previous Sections, each representation of the con-
formal group contains several fields with different scaling dimensions. However, as
known, a general field theory should not admit states with negative norm, i.e. the
theory should be unitary. A conformal field theory satisfies this request only under
particular conditions depending on the fields and the space-time dimensions d. In
particular for primary fields of integer angular momentum [ it is possible to find:

Amin(1) =1+d -2, for 1 =1,2,3... (5.62)
Amin(1=0) =4 — (5.63)

The previous relations are commonly known as unitarity bounds. Similar bounds
can be derived for antisymmetric tensor and fermionic representation of the Lorentz

group.

5.2 Review: anti-de Sitter spaces

In this Section we shall review the basic aspects of the anti-de Sitter (AdS) space-
time. The the review is based on [1, 2, 3, 4].

5.2.1 AdS as a maximally symmetric solution of Einstein’s
equations

AdS 4 is the maximally symmetric metric space in d + 1 dimension with positive
curvature, where maximally symmetric means that it admits the maximum number
of independent killing vectors, namely w.

It is possible to prove that a maximally symmetric d + 1-dimensional metric
space is homogeneous and isotropic and that the curvature tensor can be expressed

as a function of the metric as follows:

X
Rkpcv = m(gvpg/lc _gpcglv)v (5.64)

where Z is the Ricci scalar. Moreover, due to the homogeneity and isotropy of the
space, at every point X, the Bianchi identity assumes the following form:
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1 1
(451-3) w2 =0 (5.65)

which means that for d > 1 the Ricci scalar & is constant, namely
X =const =d(d+ 1)K , (5.66)

where K is called the curvature constant. Consequently, taking into account (8.32),
the Ricci tensor and the curvature tensor may be written in the following form:

Ruyv =dKguy (5.67)
R}chv = K(gcpglv *gvpg;w) (5.68)

A metric space in which the Ricci tensor and the curvature tensor can be expressed
in the form (8.34) is called space of constant curvature.

It is possible to prove that, given the curvature constant K, the dimensionality
d+1 of the space and the number of positive and negative eigenvalues of the metric
tensor, there exists an unique non-equivalent maximally symmetric metric space.

Since now, we have described only geometric properties of maximally symmetric
metric space. Let us now analyse under which conditions these particular metric
spaces are solutions of the Einstein’s equations. A maximally symmetric space-
time is a solution of the Einstein’s equation in d + 1 dimension with cosmological

constant A: A
8
Ruv 52 = Ly, (5.69)

Taking the trace of the previous equation and keeping in mind that # = d(d + 1)K,
we obtain:

d+1
R = d—JrlA = —d(d+ 1)K, (5.70)
which implies that
A
R)Lpo‘v = _m(gcpglv_gvpgla)- (5.71)

The A = 0 solution is the Minkowsky space-time 2, for A > 0 the solution is called
de Sitter (dS;+1) space-time, while, for A < 0 we have the AdS;, | space-time.

Eventually, AdS, is the unique maximally symmetric solution of the Einstein’s
equation in d 4+ 1 dimensions with negative cosmological constant A.

2 In particular every flat solution of the Einstein’s equation is maximally symmetric.
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5.2.2 Hyper-surface embedding and geometric properties

The geometrical properties of AdS;;; are better understood by embedding it in a
higher dimensional flat space-time with line element

ds* = —dxg —dxg, | +dxi + ... +dx;. (5.72)

The AdS, space can be represented as an hyperboloid in this flat d 4+ 2-dimensional
space-time, described by the equation

g - X =1, (5.73)

where L is a constant parameter called the AdS radius. From (5.73), it is evident that
AdS, 1 has the topology of S' x R,
Equation (5.73) can be solved by introducing the parametrisation

xo=Ly/1+ 5cost, (5.74)
Xav1 = Ly/1+ Gsinr, (5.75)

x; = sinh r6;, Ye,0?=1. (5.76)

where p € (0,00] and 7 € (0,27] 3. Substituting (5.74) in (5.72) we find that the
induced metric on the hyperboloid (5.73) is:

2 d2
ds? = 12 —<l+r2>d12+r
v ()

12

where dQ(zd_U is the line element on a d — 1-dimensional sphere. The curvature
tensor associated with the metric (5.77) is:

+ pde(zdf]) , (5.77)

1
Rkpcv = E(gvpg/la - gpcglv)v (5.78)

which coincides with the AdS,;; one if

1 A

Moreover the group of isometries of the metric (5.77) is the same group under which
the hyperboloid (5.73) is invariant, namely SO(2,d) which has wz(dﬂ) genera-

tors, which is exactly the maximum number of linearly independent Killing vectors
admissible in a d 4 1-dimensional space.

3 Note that the time is 27-periodic. As we will see in the next section this fact implies that geodesic
are also 27-periodic.
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The parametrisation (5.74) is called the global parametrisation of AdS;; and it
covers the hyperboloid (5.73) exactly once. Another parametrization which shall be
useful is the so called Poincaré parametrization:

xo= A (14+u? (L2 -2 +xla?)), (5.80)
x; = Lux;, i,1,....,d—1, (5.81)
Xg= o (L= (P =12+ Y4 22)), (5.82)
Xg+1 = Lut, u € (0,00) (5.83)
which yields
2 2( 2. uv du?
ds* = L7 (W dxpdey + 5 ). (5.84)

where "V is the diagonal flat metric with Minkoskian signature (1,d — 1). This
parametrization cover only half of the hyperboloid and has a Killing horizon at u =0
where g, = 0. In this parametrization the subgroup (of SO(2,d)) ISO(1,d — 2),
which represents the Poincaré invariance on the hyperplane (7, x;), and SO(1,1),
which represents the scale transformation under which the AdS metric is invariant

(t, x;, u) — (at, ax;, a 'u), a>0, (5.85)

are manifest.
Another useful parametrization is obtained by the previous with the change of coor-
1

dinates z = 0 which yields

L2
ds? = = (d2 + "V dxudxy) . (5.86)

5.2.3 Geodesic motion in AdS,;.

We have seen in the previous Section that in the global parametrization (5.77) the
time coordinate 7 is periodic. This fact has consequences on causality in the motion
of massive particles in AdS which has to be analysed carefully.

Because of the negative (attractive) cosmological constant A, the motion of mas-
sive particles in AdS;4 is in a certain sense confined. In order to clarify this point
and to better understand the conformal structure of the space (as we will see in the
next section) it is useful to analyse the geodesic equation:

d*x* u dx” dx*

— ——=0 5.87

dt2  Vidr dt (5:87)
where 7 is the proper time of the particle. To simplify the computation, we will study

only the radial motion of a massive and massless particle in the global coordinate
system (5.77). In this case the quadri-velocity has only two components:
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=i(1), (5.88)
#(7), (5.89)

ul
M}"

where the dot stands for the total derivative with respect to the proper time 7. Sub-
stituting these two components of u in the geodesic equation (5.87) we obtain two
ordinary differential equation for ¢ and r:
i+ MM#LZ =0 (5.90)
. 2 .

which are valid both for massive and for massless particles.
Massive particles

In the case of massive particles we can normalize the velocity u as follows:
ugu® = —1. (5.92)

The condition (5.92) allow us to simplify the equations (5.90) and (5.91). In partic-
ular, it permits to derive a differential equation for () alone:

F+— =0. (5.93)

Consequently, the general solution of the differential equations (5.90) and (5.91) is:

r(t) = rocos (52), (5.94)

t(t) = o+ Larctan Jli% tan (£2), (5.95)
1+
12

where r( ant 7y are arbitrary parameters to be determined by the initial conditions.
First of all, we note that the motion is periodic and bounded in . This implies that
no massive particles can escape to infinity.

The problem of the periodicity of massive geodesic could appear as a problem of
causality of the space but in reality, it has a simple solution. In fact, one has to keep in
mind that, as the global parametrisation (5.77) shows, AdS is not simply connected,
but has the topology of S x R¢. Consequently, we can unwrap the circle S (to obtain
its covering R') obtaining the universal covering of Anti-de Sitter space, which does
not contain any closed time-like lines. This space has the topology of R+

We shall in future mean by Anti-de Sitter space this universal covering space.
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Massless particles

For massless particles the velocity # must be normalized as follows:
uqu® =0. (5.96)
As a consequence, the equation for r(7) (5.90) becomes:
#=0. (5.97)
The general solution of the differential equations (5.90) and (5.91) is:

(1) =a(t— 1), (5.98)
t(7) = fo + Larctan (@) , (5.99)

where a and £ are arbitrary parameters to be determined by the initial conditions.
We see that null geodesic can reach r — oo at finite proper time T — o which how-

ever corresponds to finite coordinate time interval, t —ty = ”TL

5.2.4 Carter-Penrose diagram and conformal boundary

In the previous Section we have seen that light-like geodesic can reach r = oo in finite
coordinate time ¢ < oo. The hyper-surface r = o is called the conformal boundary
of AdS. In order to understand the property of the boundary, let us try to sketch
the Carter-Penrose diagram for AdS space-time. The basic philosophy of the Carter-
Penrose diagram is to map a non-compact metric space in a compact one which is
related to the previous by a Weyl rescaling. The basic idea of this procedure is that
if two metrics differ by a Weyl rescaling, the null geodesic trace the same space-
time points. For AdS,; space-time in global coordinates (5.77), we can make the
following change of coordinates:

r=Ltan#, (5.100)
t=Lr, (5.101)
T € (—o0,0), 6€[0,%), (5.102)

which maps the coordinate r in a finite interval. With the parametrization (5.100),
the metric becomes:

2

L
ds* = —p [—dt? +d6* +sin* 0dQ]_,]. (5.103)

cos? 0

77— We obtain the metric

Making a Weyl rescaling with factor
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Fig. 5.1 Carter-Penrose diagram of the AdS;| space-time.

ds* = —dt* 4+ d6* +sin* 0dQ3 |, (5.104)

which describe half of the Einstein static cylinder *. The conformal boundary of
AdSg 1 is defined to be the hyper-surface 6 = 7. It has the topology of R x sa-1,
On the other hand, it is not possible to find a transformation which map the proper
time 7 into a finite interval.> Consequently the time-like infinity points i* and i~
can not be smoothly included in the Carter-Penrose diagram (see Figure 5.1). As a
consequence, there exist no Couchy surface whatever in the space. While one can
find families of space-like surfaces (such as the surfaces ¢ = const) which cover
the space completely, each surface being a complete cross-section of the space-
time, one can find null geodesics which never intersect any given surface in the
family. This is due to the fact that, as illustrated in the previous Section, only null
geodesic can reach the conformal boundary. This means that AdS is not globally
hyperbolic: Cauchy data on arbitrary space-like surface X, determines the evolution
of the system only in a region bounded by a null hyper-surface (called a Cauchy
horizon). Physics on AdS depends also on the boundary conditions imposed at the
boundary.

4 This implies that AdS, 1 is conformally flat. Remember that for conformally flat metric spaces
the Weyl tensor defined as

1
Cabed = Ravea = (afeRap = aicFia) + 3R 8aic8apy (5.105)

identically vanishes.
3 By the way, I did not find a formal proof of this statement, even though this assertion is present
in almost every gravity textbook.
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5.3 Motivating the duality

Having reviewed the basics aspect of both the Conformal Field Theories and the
anti-de Sitter spaces we are now ready to understand the basic statement of the
duality. In this Section we try to motivate the gauge/gravity correspondence using
simple intuitive idea referring to [11] for the original string framework in which
Maldacena firstly obtains the conjecture [11].

It is common folklore to intuitive express the duality using the following phrase:

d + 1-dimensional classical gravity theories on AdS,| vacuum are equivalent to
the large N (degrees of freedom per site) limit of strongly coupled d-dimensional
CFTs in flat space.

There are three issues which we have to clarify in order to understand the previ-
ous statement, namely:

e Why conformal field theories?

e How can we match the degrees of freedom of a d 4 1-dimensional theory with
that of a d-dimensional one?

e Why the dual CFTs are strongly coupled and in the large N limit?

The answer to the first question is very simple if one has in mind the basic properties
of CFTs and AdS spaces. In fact, we have explained in the previous Section that the
isometry group SO(2,d) of AdS, is exactly the symmetry group of a d dimen-
sional CFT. Then, if there is some region of AdS in which a quantum field theory
lives it is natural to assume that it has to be invariant under the same symmetry of
AdSyq1.

To get intuition on the second issue we need the help of the holographic principle
[12]. This principle states that a theory of gravity in d + 1 space time dimensions, in
a local region of space has a number of degrees of freedom which scales like that of
a quantum field theory in the boundary of that region.

To understand this basic principle we need to use the celebrated Bekenstain-
Hawking area law [13, 14] for the entropy of a black hole. According to [13, 14], in
fact, black holes are thermodynamical object and have an entropy which is propor-
tional to the area A of their horizon, namely (see also Appendix B):

A

2 (5.106)
4Gy

SpH =

where G4 is the Newton’s constant in Planck units. Now, since we are considering
a black hole, its entropy has to be the maximal entropy of anything else in the same
volume. Consequently, every region of space has a maximum entropy scaling with
the area of the boundary and not with the enclosed volume, as one may think. This
is much smaller than the entropy of a local quantum field theory in the same space,
which would have a number of states N ~ ¢" , and the maximum entropy S ~ logN
would have been proportional to the volume V . The maximum entropy in a region
of space can instead be related to the number of degrees of freedom N, of a local
quantum field theory living in fewer dimensions
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A
S =
4Gy

=N,. (5.107)

The AdS/CFT correspondence is a particular realization of this principle where
the gravity theory lives in an AdS;4 vacuum, and its degrees of freedom are en-
coded on the conformal boundary, which contains all the space. ¢ To clarify this
point, let us compute the area of the conformal boundary of AdS, . Using the met-
ric (5.86) embedded in a hyper-surface of constant radius z and time ¢ we obtain:

Ld71
— d—1 _ d—1
A= Z*)()d X\/8d—1 = /z‘*}()d dej y (5108)

where g4_1 is the determinant of the embedded metric, and we have taken the limit
z — 0 since this is the locus where the conformal boundary is located, as we have
explained in the previous Section.

The integral (5.108) suffers from divergences coming both from the z — 0 limit
and from the d“~x integration, and need to be regularized. In order to do this, we
will perform the integral (5.108) up to a small value z = R and we enclose the space
in a closed space volume V,;_|, namely:

Ld71

A = WVd,] . (5109)

Finally, in accordance to (5.107) the maximum entropy in the bulk of AdS, is

A L v
4Gay1  RITV4Ggy

(5.110)

The dual quantum field theory in d dimensions is also UV and IR divergent and
needs to be regularized in the same way, by introducing a box of volume V;_; ,
and a short distance cut-off a. To get intuition on what a should be on the gravity
side, we note that from, the Quantum field theory point of view, a is an arbitrary
small UV cut-off. We need to construct, on the gravity side, a quantity with the
dimension of a length which has to be arbitrary small. But, in the previous steps we
have set a small cut-off R to the radial AdS coordinate z which has the dimension
of an energy. Consequently, a natural candidate is @ ~ RL>. 7 The total number of
degrees of freedom N; of a quantum field theory in d dimensions is given by the
number of spatial cells V;_1 /a?~! ~ V;; /(L??2R?~") times the number of degrees
of freedom per lattice site N. As an example, a quantum field theory with matrix
fields ¢, in the adjoint representation of the symmetry group U(N) has a number
of degrees of freedom per point equal to N2. Thus

6 It is worth noting that, even though the common language could generate misunderstandings, the
dual field theory is not living on the conformal boundary of AdS.

7 This identification will be made clear when we will solve the third issue, identifying the radial
coordinate z with the renormalization group scale.
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2
Ny~ % . (5.111)
Finally, we have estimated the relation between the bulk gravitational degrees
of freedom and whose of the dual CFT and, using the holographic principle we
have understood why the CFT live in one less dimension. However, the estimation
(5.111) allow us also to understand the first part of the third issue, namely why
the number of degrees of freedom per site in the dual CFT has to be large. This is
related to the fact that we are considering classical gravity. In order to do this it is
necessary that the typical excitation length of the gravity theory is much larger than
the Planck’s length /,,. Considering AdS, its typical length scale is given by its radius
L, then, keeping in mind that the gravitational Newton’s constant is proportional to
the Planck’s length, G4 ~ l;,”l, and using the relations (5.107) and (5.108), we
obtain:

Ld—l Ld—l )
Gd+l ldi—l NN >> 1 B (5112)
P

which proves the assertion.

We need now only to understand the last part of the third issue, namely why the
CFT is strongly coupled. This is related to the problem of giving physical interpre-
tation of the extra radial gravitational coordinate z at the dual level. In the previous
paragraphs of this Section we have identified the cut-off R of this coordinates with
the UV cut-off of the dual quantum field theory. Then we can already argue that the
radial coordinate has to be related to the renormalization group flow in some way.

To understand better this point, let us come back to a d-dimensional quantum
field theory. A possible way to describe such a theory is to organize the physics in
terms of lengths or energy scales. If one is interested in the properties of the theory
at a large length scale r >> a, where a is the spacing of the lattice degrees of free-
dom or a possible cut-off of the theory, instead of using the bare theory defined at
a microscopic scale a, it is more convenient to integrate-out short distance degrees
of freedom and obtain an effective field theory at a scale r. One can proceed further
and define an effective field theory at a scale ' > r. This procedure defines a renor-
malization group flow and gives rise to a continuous family of effective theories in
d-dimensional Minkowski space-time labelled by the RG scale r. A remarkable fact
is that the RG equations are local in u = 1/r interpreted as an energy scale. This
means that we dont need to know the behaviour of the physics deeply in the UV or
in the IR to understand how things are changing in u. At this point we can visualize
this continuous family of effective theories as a single theory in d + 1-dimensions
with the RG scale r becoming a spatial coordinate.

It is tempting to identify this extra scale dimension with the radial dimension on
the gravity side. In order to understand how this is possible, let us recall that the
AdS;+1 metric can be cast in the following form:

r2 L2

ds* = ﬁn“vdx“dx" + r—zdﬁ , (5.113)
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where the conformal boundary is now located at r — oo. This parametrization makes
clear that the AdS;;| geometry can be viewed as a family of copies of Minkowski
spaces parametrized by the radial coordinate r, whose size is seen to shrink when

(ex) (h
.‘ T
/" |Minkowski _~

~_ boundary
L ‘

y a—

oAt 7

e

IR—

Fig. 5.2 Connection between the radial coordinates in AdS and the renormalization group flow in
the dual quantum field theory. Figure from [21].

r decreases from the conformal boundary r — o to the AdS horizon at r — 0. This
clarify the UV/IR connection between gravity and the dual field theory and explain
why the field theory living on the boundary is strongly coupled. In fact, from the
view point of the gravity theory, physics near the conformal boundary » — oo is the
large volume physics, i.e. IR physics. Near the horizon r = 0 is instead the short
distance UV physics. In contrast, from the view point of the quantum field theory,
physics at large r corresponds to short distance UV physics and vice versa (see
Figure 5.2).

5.4 The GKPW rule and its consequences

In the previous Section we have given arguments to justify, at least at the conceptual
level, the duality between a strongly coupled conformal field theory in the large N
limit and a classical gravitational theory in one more space-time dimension. Since
the gravitational theory is classical in principle, using the duality we can compute
easily observables in the strongly coupled CFT.

To do this, however, we need a prescription to relate observables in the gravita-
tional theory to observables in the dual strongly coupled field theory. In particular,
we have learned in Section 5.1 that the fundamental objects of CFTs are the primary
fields. Then in order to compute observables in the CFT we need a prescription to
relate the fields in the gravity sector to the primary fields of the CFT.

Let us consider a conformal field theory Lagrangian .Z¢rr. It can be perturbed
by adding arbitrary functions, namely sources /% (x) of local operators €4 (x):



5.4 The GKPW rule and its consequences 81

Lerr = ZLerr + Y W (x)Oa(x) | (5.114)
A

This is a UV perturbation because it is a perturbation of the bare Lagrangian by local
operators. According to the general connection between the radial AdS coordinate
and the renormalization group it corresponds to a perturbation near the boundary
r — oo in AdS space. Thus the perturbation by a source A(x) of the CFT will be
encoded in the boundary condition on the bulk fields.

Take now the source and extend it to the bulk side & (x) — h(xy,r) with the extra
coordinate r being the radial dimension of AdS; ;| (see the metric (5.113)). Fields in
the boundary will be denoted with coordinates x, and bulk fields will be dependent
on the coordinates (x,r). Suppose A(xy,r) to be the solution of the equations of
motion in the bulk with boundary condition

rli_}ngoh(x”,r) = h(x), (5.115)
and another suitable boundary condition at the horizon to fix & (xy, ) uniquely 8. As
aresult we have a one to one map between bulk fields and boundary fields [22, 23].
In fact, to each local operator &'(x) corresponds a source i(x), which is the boundary
value in AdS of a bulk field h(xy,z) °.

In order to deduce which field should be related to a given operator, symmetries
come in help, because there is no completely general recipe. As a rule of the thumb,
since internal symmetry of field in the gravitational sector are preserved in the dual
field theory, in general, we can say that the spin of the bulk fields correspond to the
spin of the dual operators in the boundary field theory.

To make a quantitative example, let us analyse how a very fundamental quan-
tity of a quantum field theory, the stress-energy tensor 7}y, is encoded in the dual
gravitational sector using the previous prescription. In particular, the source of 7,y
should be a tensor gyy. To have a gauge invariant coupling

/ dxTyy (x)g"" (x) (5.116)

guv(x) should be the boundary value of a gauge field corresponding to the local
translational invariance. The field we are talking about is of course the metric tensor
8ab(xy,7) with boundary value

lim 8ab(Xu,7)|,_p = guv(x) - (5.117)

The right-hand side of the previous equation is to be intended as the embedding of
the bulk metric on the hyper-surface r = const.

The previous example allow us to make an important observation. In fact, we
have just explained that the metric tensor g, which encodes local diffeomorphisms

8 As noted in Section 5.2 AdS,.; is not globally hyperbolic and one has to provide boundary
conditions both at the horizon and at the boundary to find a solution.

9 This statement will be clarified better when we will take as an example the scalar field i AdS.
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invariance in the gravitational bulk, sources the stress-energy tensor Ty, of the dual
field theory, which is a global conserved current (d, T*" = 0) due to the global trans-
lational and rotational invariance of the dual field theory. In this sense we can affirm
that, on the gravity side, the global symmetries arise as large gauge transformations,
namely there is a correspondence between global symmetries in the gauge theory
and gauge symmetries in the dual gravity theory. This correspondence will become
more clear when we will treat the Maxwell field in AdS in Section 5.6.2

This connection between field and operators allow us to express the duality as an
equality between partition function.

Namely, the proposal of Gubser, Klebanov, Polyakov and witten (GKPW) [22,
23], which, as everything in this framework is still a conjecture, affirms that the
partition function of the CFT Zcpr[{h(x)}] is equal to the partition function of the
dual gravitational theory Zaas[{h(xy,2)}]:

Zerr [{h(x)}] = Zaas[{h(xu,1)}] , (5.118)

where {h(x)} is the collection of all the sources associated to each local operator
in the field theory side, and {h(xy,r)} is the collection of the bulk fields. However,
as we have outlined in the previous Section, we do not have a very useful idea of
what is the right hand side of this equation, except in the large N limits where this
gravity theory becomes classical. In these limits we can do the path integral by a
saddle point approximation, and the statement of the duality (5.118) becomes

ZCFT[{h(X)}] — eiSU,,,she”[{h(xu,r)}] , (5.119)

where S, sheir[{h(xy,r)}] is the classical gravitational action computed on-shell.
Finally, we are able to formulate the first operative rule of the AdS/CFT corre-
spondence, namely:

Rule 1: The gauge/gravity duality is a duality between partition functions which
relate the partition function of a CFT in d dimension to the on-shell action of a
gravitational theory in AdSy 1, namely:

ZCFT [{h(x)}] AN eisonfshell[{h(xﬂvr)}] .
The operators of the CFT are related to the fields in the bulk according to the fol-
lowing prescription:

field in AdS,. < local operators of CFT,
spin of the gravitational fields < spin of the local CFT operators.

The sources for the operators are encoded in the boundary behaviour of the fields
in the gravitational side.
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5.4.1 Holographic renormalization and the prescription for the
correlators

In the previous Section we have expressed the AdS/CFT conjecture as an correspon-
dence between partition functions (5.119), according to the proposal of [22, 23].
However, the equality (5.119) is not well defined since both the r.h.s. and the L.h.s
suffer from divergences and need to be carefully renormalized.

In this Section we will outline the steps necessary to define a proper renormal-
ized on-shell gravitational action ngf)sh 11> Which is necessary to consider the cor-
respondence (5.119) as a computational device to compute correlators in the dual
field theory. The renormalization procedure is known with the name of holographic
renormalization (for a review see [24]). Here we want only to outline the basic steps
of the procedure and discuss its physical relevance without entering in technicalities
which will be carefully treated in the next Section where we will apply the prescrip-
tion of the gauge/gravity duality to compute the correlators dual to a massive scalar
field in AdS.

Schematically, the holographic renormalization procedure consists in the follow-
1ng steps:

1. Fix the boundary conditions and find a solution of the equations of motion:
the first step needed is to provide suitable boundary condition both for the horizon
and the boundary and to solve the gravitational equation of motion. The boundary
condition has to be chosen carefully both at the horizon and at the conformal
boundary since they determines the physical relevance of the solution. We will
be more clear about these issues when we will describe the holographic scalar
field in the next Section.

2. Compute the on-shell action and isolate the divergent part: the on-shell action
in AdS,4 typically suffers of divergences due to the divergence of the boundary
volume (limit at infinity of the radial coordinates r). In order to compute the on-
shell action and isolate the divergent part we need to put an UV cut-off at r = R
and compute the action using the solution of the equations of motion previously
obtained. Typically, the action computed in this way splits into two parts:

Son—shett (9, R) = SU) (¢, R) 4+ S (¢, R) (5.120)

where ¢; is the collection of fields involved in the gravitational theory, S8 is
part of the on-shell action regular in the R — oo limit while § (@) jg the divergent
one.

3. Find appropriate counterterms: once the divergent terms have been recog-
nized the last step is to find the proper counterterms S¢*)(¢;(x,R);R) which
cancel the divergences. In order for the gravitational theory to be consistent
S©*)(¢;(x,R);R) has to respect the following properties:

e It has to be a local function of the fields of the gravitational theory evaluated
at r = R and of the induced metric ¥;; on the manifold r = R.
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o It has to preserve the boundary value problem previously defined, namely it
must not modify the boundary condition at the conformal boundary previously
setted (this point will become more clear in the next Section, when we will
discuss the scalar field as an example).

Having done the previous steps, the renormalized on-shell action is defined as
follows:

Sf;':f?yhe[[ = I%E};lo (Sanfshell(d)hR) + S(c.ll) ((]),'(X,R);R)) . (5.121)
At this point, keeping in mind the field operator correspondence outlined in the
previous section, we can give the prescription to compute the correlators of the

dual CFT from the renormalized on-shell gravitational action.

Rule 2: Once one has obtained the on-shell renormalized action SU" as a func-
tion of the boundary value of the gravitational fields ¢;(x), (which act as sources
for local operators in the dual field theory), the correlators of the boundary CFT
are given by the following relation:

s
<ﬁi(xl)ﬁj(xZ)...ﬁl(xn)> - 6¢,(X1)6¢](x2)6¢l(x") .

5.5 An example: scalar field in AdS,;

Having established the basic rules of the AdS/CFT correspondence, let us now anal-
yse deep further how it works.

As outlined in the previous sections, we will deal with a dual theory in the large
N limit, since only in this limit we can consider a classical gravitational theory in
the bulk. The main goal of this Section is to prove that the two point correlation
function of a scalar operator computed from a gravity theory using the GKPW rule
matches the Conformal Field theory result obtained in Section 5.1.

Our starting point is to consider the action of a scalar massive field ¢ of mass m
in a fixed AdS,; background. For simplicity, we will work in the probe limit, i.e.
we will assume that the scalar field does not back-react on the space-time, which is
considered as non-dynamical. The corresponding action is:

So= =5 [ VTRl (¢ 020 +0?) (5.122)
2Kd+l

where K is the gravitational constant in d + 1 dimensions and we consider the
AdS; 1 metric gy in the the Poincare form as in (5.86), namely:
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L2
ds® = = (dz2 +n"Vdxydxy) . (5.123)

The metric (5.123) is expressed in terms of the AdS radius L, and the conformal
boundary is located at z = 0. Regarding the metric 1),y this is the flat metric in d
dimensions, but we take for the moment the freedom of not specifying the signature.
This is due to the fact that the appropriate choice of the boundary conditions depends
on the signature of 1,y (Euclidean or Minkowski). Specifically, in the Euclidean
case the interior of AdS z — o is the center point of the space and requiring the
regularity of the solution is enough to specify the solution of the equations of motion
in the whole space. On the other hand, in the case of Minkowski signature, z — oo
is actually a killing horizon and suitable boundary conditions for the scalar field
have to be chosen in order to ensure the causality of the solution. This point will be
clarified in what follows.

Having defined the gravitational model at hand, in order to compute the on-shell
action we need to find a suitable solution for the scalar field ¢. The equation of
motion associated to the action (5.122) is:

1 1
9, <zd‘181¢> +79%19, (Zd_ln‘”avq)) =m*L?¢ (5.124)

As it is evident from the metric (5.123), the space is homogeneous in the x;, = (z,x)
hyper-plane, then it is convenient to Fourier transform ¢ in this plane, namely:

do d4 'k

—_inkv v
EW@ n hx ¢(Z,w,ku), (5125)

(b (Z7xll) =
where k;, = (o,k).
Considering the previous mode decomposition, the equation (5.124) becomes:

19, <Zdllaz‘5> +22K2¢ —m*L*¢ =0. (5.126)

In order to find a solution of the previous differential equation we need to specify
appropriate boundary conditions for the scalar field ¢. Since, as we have explained
in Section 5.2, AdS is not globally hyperbolic, we need to specify boundary condi-
tions both at the conformal boundary z = 0 and in the interior of AdS z — c. As we
have anticipated the boundary conditions at z — oo depend on the signature of the
metric M),y and they will be discussed in detail later in the text.

At first, let us concentrate on the condition at the conformal boundary which is,
in both case, a regular point of the space. The equation (5.126) is a second order
differential equation of the Fuchsian type [25], which has z = 0 has a singular point.
Then, the Frobenius method [25] can be applied to find the two independent solu-
tions near the point z = 0. This basically consist in expanding the field ¢ near z =0
and solve the equation term by term in the series expansion. The condition due to
the leading term in the expansion is called the indicial equation and provides the
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two independent solutions for ¢ near z = 0. Then, substituting the ansatz ¢ ~ z% in
(5.126) and solving the equation at the leading order we find the following indicial
equation for o:

a(o—d)=m’L?, (5.127)

which has two solutions of the following type:

d /d
=—44/- 212 . 12
oL > 4+m (5.128)

Note that oy respects the identity o + @— = d, then, Fourier transforming back to
real space, the solution for ¢ near z = 0 can be expressed as:

¢ ~ Cy (x)z% +Ca(xy)z? % . (5.129)

At this point some comments are in order. At first, note that o are real numbers
provided that m>L? > — %. This is the so called Breitenlohner-Freedman (BF) bound
[26]; it was prove in [26] that once the mass of the scalar m violates this bound, the
solution becomes unstable. This tells us that also negative values of the mass squared
are allowed provided that they are not “too negative”.

Secondly, we need to keep into account that, since we are dealing with a field
theory on a curved space time, in order for the solution to be regularly quantized it
has to be normalizable with respect to the inner product defined as follows [30]:

(01,02) = i/ (¢2*3J¢1) ntdx (5.130)

where dX is a volume element in a given space-like hyper-surface and ny, is the
unit time-like vector normal to this hyper-surface. It can be proven that this inner
product is independent on the choice of n,; which consequently can be safely taken
to be proportional to d;. Then, considering the theory enclosed in a finite space
volume V, and keeping ¢ ~ C(t,x)z* we find that the condition

a>@

(5.131)

ensures the normalizability of the solution.
Stated this, there are three possibilities:

o when m?*L? > —4% 41 the first term in (5.129) is always non-normalizable and
encodes the leading behaviour of the solution as z — 0.

e in the finite interval —% <m?l? < —% + 1 both of the terms in (5.129) are nor-
malizable.

e if m? saturates the BF bound, namely m? = —%, there are still two normalizable
solutions but, since the indicial equation (5.127) has two coincident solutions,
according to the Frobenius theorem the asymptotic behaviour of ¢ has to be
modified as follows:
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[SEY

0~ Cy(x,)2? Inz+ Co(xy )27 . (5.132)

At this point we have not jet specified the boundary conditions for the scalar field.
According to the basic GKPW rule, the asymptotic behaviour of the field at the
conformal boundary z = O coincides with the source for the field in the dual field
theory. Then, it is tempting to fix the leading term in the asymptotic expansion
(5.129) to be the source Jy in the dual conformal field theory. Actually, as we will see
in what follow, the allowed boundary conditions do not reduce only to this simple
case, and they depend on the value of the m? [27, 28].
As we have noted previously, there are three different cases:

Lom2?>—4+1.
In this case, since the leading behaviour of the expansion (5.129) is non-normalizable,
we need to fix Cj(xy) to be non-dynamical in order for the theory to be consis-
tent. Namely it is necessary to set Cj (xy ) as the source for the scalar operator in
the dual field theory:

Ci(x) =Jg" (xu) - (5.133)

Consequently, the coefficient C>(x,) has to be determined from the equation of
motion (5.124) and the initial condition in the interior of AdS z — oo which, for
the moment, we take to be given by specifying fixed values for ¢:

lim (z.5) = - (xu) (5.134)

A valid action has to be stationary on the solution and, in order to apply the
GKPW rule to compute correlators, has also to be finite. The action (5.122) does
not meet any of these requirements. It is fact simple to verify that the the action
(5.122), considering the asymptotic behaviour near z = 0 (5.129) and the bound-
ary conditions (5.133) and (5.134), diverges on-shell. Moreover, considering the
variation of (5.122) we obtain:

85, = [a*x/lg] (V29— mP129) 80 — [ a/il——0.930

z= V1g"|
(5.135)

where A,y is the induced metric on the manifold z = €. The first term vanishes
on-shell due to the equation of motion (5.124). On the other hand, keeping into
account the asymptotic expansion (5.129), the second term becomes:

1
dx\/|h|——03.905¢ =
| bl .050

— /ddx (z“—_"‘+ o _C16C +a_C18C, + a+C26C1) +0(g), (5.136)

where we have neglected terms which vanish in the € — 0 limit.
Due to the boundary condition (5.133), the terms proportional to 6C; vanish
on-shell since C is non-dynamical. However this is not the case for the terms
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proportional to §Cs. Then, the action is not stationary on-shell and we are dealing
with an ill defined variational problem. In order to solve both these issues, it is
necessary to add to the action (5.122) the following boundary term:

s& :/ sddx«/|h|¢2 . (5.137)
-

It is easy to verify that S,Celn = S5+ S.;. is finite once compute on-shell, while its
variations yields:

ren

Sl = §S,+ 65C1 = /dd+1x 18] (V20 — m’129) 60
+ (o — a_)/ dxC,5C,, (5.138)
=€
which vanishes on-shell due to the boundary condition (5.133).

Now, having a well defined on-shell action, we can apply the GKPW prescription
to compute the expectation value (ﬁg' ), namely:

= (o —a)C(x). (5.139)

Regarding the two point function, we need the second order variation of the
renormalized action, namely:

Clx Cy _ 6S§eln o _ 5C2(.X)
OO = |~ e G

Jp=0

Now, since the equations of motion are linear in the field ¢, C, can be only a
linear function of the source C;. Eventually, exploiting linearity, we obtain:

(x)
Ci(0)

Q

(051 ()65 (0)) = (o, )

(5.141)

. f% <m’L* < f%Jrl.

As we have previously explained, in this case both the terms in (5.129) are nor-
malizable. It is of course possible to take C; as the source for the dual operator
and to obtain the same result of the previous case, but there is also the possibility
of choosing C; as the source, namely:

C(x) =J (x) . (5.142)

This is commonly referred to choose a different quantization for the theory [28].
In this case, in order to have a finite stationary on-shell action we need to add a
different set of boundary terms:
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1 1
2 — - d d -
S =S+ So /z:ed x\/|h|+/Z:8d x\/|h| |g”|az¢¢ . (5.143)

Evaluating the previous action on the asymptotic expansion (5.129), we obtain
5% =S~ (@~ o) [ dhaiC, (5.144)
z=E€

namely, the two quantizations are related by a Legendre transformation [27].
Varying 52, we obtain:

5sfgn:/dd+1x €] (V2¢—m2L2¢)6¢—/ dxC\8C,,  (5.145)
=€

which vanishes on-shell if one consider the boundary condition (5.142). Then,
repeating the same steps of point 1, we obtain:

sz o 6S$;Zn
<ﬁ¢()>—6jc

- *((X+ 7a*)cl(‘x) )

¢2(x) ngzo
55 o (5.146)
C, " C, _ ren - o 1 .
RGO = e, =5
o=

As a final comment we note that, as illustrated in [28] more general boundary
condition, where the source is a ultralocal function of C; or C, (depending on
the quantization), can be considered. Since this issue is beyond the scope of this
review, we refer to [28] for further details.
3. m? = —%.

In this case there are still two normalizable solutions and booth the quantization
can be defined repeating the steps of point 1 and 2. However, due to the logarith-
mic term which appears in (5.132) it is necessary to add the proper counterterms
in order to have a finite on-shell action. Since this is only a technical issue and
does not introduce any conceptual novelty, we refer to [28] for further details.

At this point we have provided a prescription to compute the expectation value and
the two point functions of the operator dual to the scalar field in a fixed AdS back-
ground, once one has chosen a quantization for the theory, namely once one has
decided how to define the sources which couples to the dual scalar operator. In or-
der to be more quantitative and to compare the holographic result with the CFT
result of Section 5.1 we need to solve the differential equation (5.124), providing a
form for C; and C,. In solving the equation one has to face the problem of fixing
the boundary condition in the interior of AdS, which, as anticipated, depends on
the signature of the metric 1y,,,. We will discuss separately the Euclidean signature
case, which corresponds to compute the correlators in the imaginary time, and the
Minkowski case, which correspond to compute the correlator in the real time. In
what follows we will consider only the quantization in which Cj is identified as the
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source, which is valid for every value of the mass m. As we will see later, the alter-
native quantization modifies only the scaling dimension of the dual scalar operator
but does not introduce any conceptual novelty.

Euclidean signature: correlators in the imaginary time

In the Euclidean signature case, namely when =w0>+k>0in (5.124), the
equation (5.124) has the following solution:

8(zk) =ax (L2 ) Ky (k3 ) +ar (LT )1 (k35 ) -

= (5.147)
V= \/ Z +m2L2 5

where a; and g; are undetermined constants, k = v @2 + k2 and I, and K, are the
Bessel functions of the second kind.

Since in this case the interior of AdS z — o is a regular point, we need to impose
the regularity of the solution at this point. The asymptotic behaviour of the Bessel
functions at z — oo is:

lim Iy (z) = e,

llm Kv(Z) - O .

Z—ro0

(5.148)

Then in order for the solution to be regular we need to impose a; = 0. Eventually,
the solution is uniquely determined except a normalization constant ax which is
irrelevant in the computation of the correlators since they are given by ratio of the
leading and the subleading term of @, as evident in (5.140).

Having a solution for the scalar field, we can apply the prescription (5.141) to
compute the two point function. In the momentum space this reads:

(051 (k) O3 (K)) = (2m) 89 (k+K') (ot — &) = (5.149)

where C; 22 are the Fourier transform of Ci ».

The expansion near z = 0 of the Bessel function K (kﬁ) is:

2\ (ke "I(v) kz \' T'(—v)
Kv(kLZ><2Lz> 2+<2L2) e (5.150)

From the previous expression, and considering the explicit form of v , the correlator
is easily obtained:

—20_
(65 (1) 65 (K)) = (2n)d5d(k+k’)zvrr((_vv)) (’;) . (5.151)
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Then coming back to real time (@ — i®) and Fourier transforming, we obtain:

C2vr(A) 1

Coair(v) P

(05 (x)041(0)) (5.152)

Comparing the holographic result with the standard conformal field theory result of
Section 5.1 we see that, except an unconventional normalization '°, they agree if we
identify or, with the scaling dimension of the operator ¢!, namely:

A=a, . (5.153)

Note that the normalizability condition (5.131) on the behaviour of ¢ automatically
implies that:
d—2
2 ?
which is exactly the unitarity bound for the scalar operator discussed in Section 5.1.
As a final comment, note that if we had considered the alternative quantization,
the scaling dimension of the dual scalar operator would be a_ which is always
above the unitarity bound in the region where the solution is stable.
We are now ready to introduce the third computational rule of the AdS/CFT cor-
respondence:

A> (5.154)

Rule 3: The scaling dimension of the operator in the dual field theory is setted
by the mass of the field in the gravitational bulk.
Regarding the the scalar field, which is dual to a scalar operator, we have:

d /d
Ay = —+4/— 212, 1
== 5 4+m (5.155)

Considering a generic massive p-form of mass m in the bulk, we can find a similar
relation:

1
A =3 (di V& —4dp+ 4L —|—4p2> . (5.156)

In the massless case and for p = 1, the positive root is d — 1 which is the usual
dimension of a conserved current.

10 The normalization of this propagator is unconventional but is natural in AdS/CFT. For two point
correlation functions it plays no further role, but dealing with multi-point correlation functions,
the normalisation relative to lower-point ones does matter. This normalisation depends sensitively
on the regularisation procedure. For the choice which is natural in the bulk (placing the bound-
ary at z = € first, taking the limit € — O at the very end) are one is guaranteed that all relative
normalisation factors are correct
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Minkowski signature: correlators in real time

Let us now analyze the Minkowski signature case [29]. As previously anticipated,
in this case the interior of AdS is a killing horizon. Moreover, in this case K=
—? +k? is not positive definite and we have to distinguish between the time-like
and the space-like case. In the space-like case k> > 0, and nothing changes with
respect to the Euclidean case. On the other hand, in the time-like case < 0, and
the solution of the equation (5.124) is expressed in terms of the Henkel functions:

d 2_ 12 d 212
: Z\2 (1) - —kz 2\2 (2 0* —k*z

Expanding the previous solution in the interior of AdS, we obtain:

- _Vol-i?z 02 —k2;
O0~aie 2 4ae 2 atz—oo. (5.158)

Unlike the previous case, we can not impose a regularity condition. Instead we are
dealing with truly fluctuating fields. We have two choices: the first one is to impose
in-falling boundary conditions with a4 = 0. Note that combined with the standard
¢/® this describes a wave-front moving to the interior at large z for positive @. The
other choice is to impose out-going boundary conditions with a_ = 0 for positive
. Let us analyze which are the consequences of both these choices on the corre-
lators. At the computational level, they can be computed in the same way as in the
Euclidean signature expanding the Henkel functions near z = 0, obtaining:

Ir'(— —20_
2v Ig(v‘;) (%) k2 >0
(61 (k) 641 (k) = { 2velmsen@) B (K20 2 <0 in - (5.159)

_oye—invsgn(e >F1"((v‘;) (jk) —2o- <0, out

Then Fourier transforming, we obtain:

vIa) L k>0
T2 (v) e
2vI(A .
(69 ()6 (0)) = { 10(0) 2] F((J) A k<0, in (5.160)
—i6(—xo) ZY,F(A) 1 k<0, out
T2l (v) e 7

Then, as it is evident from the previous expression, the ingoing wave boundary con-
dition corresponds to compute the retarded correlators, while the outgoing wave
boundary condition corresponds to compute the advanced correlator. This is actu-
ally a general rule in AdS/CFT [29].

Rule 4: Considering Minkowski signature, it is important to keep into account the
causal structure of the correlators. Specifically imposing ingoing wave boundary
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conditions for the field at the horizon corresponds to compute the retarded corre-
lators in the dual field theory, while imposing out-going wave boundary condition
corresponds to compute the advanced correlators in the dual field theory.

Finally we note that also the holographic three point function agrees with the CFT
result but in order to compute this correlator we have to use the Witten diagrams
technique [27]. Since this is beyond the scope of this review we refer to [27] for
further details.

5.6 Thermal AdS/CFT

In the previous chapters we have discussed the properties of zero temperature CFTs
and we have outlined how they are related to the gravitational field theory in asymp-
totically AdS space via the gauge/gravity correspondence. Having in mind the pos-
sible application of the holographic technique to the study of strongly correlated
condensed matter systems it is a necessary step to understand how the temperature
can be introduced in the holographic approach.

In order to do this, let us first analyze how the temperature is commonly intro-
duced in standard quantum field theory (for a review on the topic see for exam-
ple [32]). In order to understand the fundamental properties of a finite temperature
quantum field theory we will analyze the system in the canonical ensemble. Gen-
eralization of the following statements to the grand canonical ensemble are only a
matter of technicality.

Consider now a dynamical system characterized by a Hamiltonian H. The equi-
librium state of the system of volume V is described by the canonical density oper-
ator

p=eP", (5.161)

where § = kBLT. Recall that in the zero temperature quantum field theory, the expec-
tation value of a given operator A is

(AYo =Y (nlAn), (5.162)

n

where |n) is a complete set of orthonormal states. However, in a heat bath, the op-
erator expectation value should be calculated as the ensemble average with a Boltz-
mann weight factor, namely:

1
_Trpn

_TripA)

Aln)e PH
(n|A|n)e Trp

(A)p (5.163)

Let us now consider the two point correlation function of a generic operator ¢ im-
mersed in the heat-bath. Using the previous relation we find:
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(O0(0)5 =717 [ P00.)0(0.)
:TlTpTr 01,0 BH P9 0,y)e P
:TITpTr 9(t,x)e PHACBI g (0, y)emil-B] - G164
s Tr e POy (1.0

:<¢(_iﬁ7y)¢(t’x)>ﬁ .

We see that imaginary temperature plays the role as a time variable. If we define the
imaginary time variable T = if, then the relation above can be rewritten as

(0(7,%)0(0,y))p = (¢(B,y)¢(7,%))p - (5.165)

This is called the Kubo-Martin-Schwinger relation. It basically means that studying
a quantum field theory at finite temperature is equivalent to the study of the same
field theory in the imaginary time where, for the time component we need to take
periodic (or anti-periodic) boundary condition,

0(0,x) =+0(B,x), (5.166)

depending on whatever the fields under consideration are bosonic or fermionic, re-
spectively.

Since holography is an equivalence between partition function it is convenient for
our purposes to rephrase the previous statement in the partition function language.
By noting that

e PH — iy Pt _ = [ HT (5.167)

we may think at e A7 ad an evolution operator in the imaginary time. Then, by re-
peating the usual steps which lead to the path integral partition function, we obtain:

z= [ 29(01eP19) = [ Dpe B 750 (5.168)

where . is the Lagrangian density of the theory under consideration and the paths
¢ (7,x) have to satisfy the periodic (or anti-periodic) boundary conditions (5.166).

As a final comment about standard finite temperature quantum field theory, let us
recall some basic properties of the Euclidean and Minkowski correlators which will
be useful in what follows. In the Euclidean formalism, due to the periodicity in the
imaginary time, it is convenient to express the field as a Fourier series:

¢(7,x) =Y ¢(@n,x)e' ", (5.169)

where the frequencies ), are called Matsubara frequencies [33], and assume the
following form:
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2
w, = % for bosonic fields ,
(5.170)
2 1
w, = 7t(73+) for fermionc fields ,

for n integer. Then, the Euclidean propagator Gg in momentum space is defined
only for integer values of the frequency @ which corresponds to the Matsubara
frequencies previously defined and it assumes the following form:

Ge (@, k) = / dtd?xe' X (T 0(1,x)0(0)) (5.171)

where O is a generic operator of the field theory and Tg is the Euclidean time or-
dering operator. On the other hand, in the real time case, due to the causal structure
of Minkowski space-time, one has to deal with different propagators, namely the
advanced propagator G, the retarded propagator GX, and the Feynmann propagator
G* defined as:

Gk, =i / dhxe 1% §(—1)(0(x,)0(0))
GR(ky = —i / dhxe " (1) (6(x,) 6(0)) | (5.172)
G" (ky) = —i / d*xe " (T 6 (x,)6(0)) .

They are, of course, defined for continuous values of @ and k and, at finite temper-
ature T, they are related as follows:

G” (ky) = RG” (k) + icoth %SGR(kﬂ) . (5.173)

The Euclidean and Minkowski propagators are closely related. The retarded propa-
gator GR (ky), as a function of @, can be analytically continued to the whole upper
half plane and, moreover, at complex values of @ equal to i®,, reduces to the Eu-
clidean propagator, while the advanced propagator, analytically continued to the
lower half plane, is equal to the Matsubara propagator at the points @ = —iw,
namely:

GR(iw,, k) = —GE(w,,k),  GA(—iw,, k) = GE(—ay, k) . (5.174)

5.6.1 Introducing temperature in holography

We have now to face the problem of how we can introduce the concept of tempera-
ture in the holographic framework previously discussed. Specifically we need a way
to introduce the concept of temperature in gravity.
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As a first comment, it is important to note that in the situations discussed in
the previous chapters we were dealing with exact scale invariance, since we were
analysing conformal field theory at zero temperature. One has to expect that the
introduction of a finite temperature adds a scale in the system and consequently
breaks scale invariance. Since scale invariance is recovered at energies well above
the characteristic scale of the deformation, we expect that the gravitational space-
time should also recover scaling invariance as we go to the conformal boundary,
which, as we have explained, corresponds to the UV sector of the dual field theory.
In other words we need a gravitational space-time which takes into account the no-
tion of temperature but recover scale invariance in the conformal boundary, namely
we need a space-time which has to be asymptotically AdS.

In this light, the fact illustrated in the previous Section that black holes are ac-
tually thermal states comes in help. Let us then analyze the most simple asymptot-
ically AdS black hole solution known, the AdS-Shrwarzshild black hole, in order
to understand in which sense the temperature of the black hole is related with the
notion of temperature in the dual field theory. In this Section we want to discuss
this black hole solution in the framework of the holographic techniques discussed
in the previous chapters, mainly focussing on the properties of the dual field theory
described by this gravitational state. The construction of the solution and its stability
is discussed in Appendix B, to which we refer for more details.

Let us then consider the Einstein- Hilbert action (in Minkowski signature):

PR /dd“x\/fg(Rde(d;l))Jr : /aMd"xM(zKJrz(d;l)).

- 2K71 L 2K L
(5.175)
In the previous expression, the specific value of the cosmological constant A =

d%;l) is required to have an asymptotically AdS solution. We have also added two
boundary terms on the manifold dM = {z = 0}, expressed in terms of the induced
metric on this manifold ¥y, and the trace of the extrinsic curvature K = y‘“’Vﬂnv,
where n* is an outward pointing normal vector to the boundary z = 0. These bound-
ary terms are necessary in order to have a well defined variational problem and a
finite on-shell action in the same spirit as what has been explained in details for the
scalar field in the previous Section (see, for example, Appendix E of [31] for more
details).

There is a very simple black hole solution associated to the previous action,
namely:

a2

(@)

At z = z3, gy vanishes, and it can be proven that this is a real horizon (see Appendix
B). In order to make contact with the notion of temperature in the dual field theory,
let us analyze the previous metric in the imaginary time coordinate, T = it. Since
the properties of the black hole are encoded in the near horizon geometry, let us also
expand the metric near z = z;:

L2

ds* = 2 ( f(z)de* + +dx,-dxf> . fl)= 1? (5.176)
h
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d 2 LZ )
S+ Sdudd (5.177)
3 (z—zn) %

2
dsg ~ ——(z—z3)d7* —
%

It is now convenient to perform the following re-parametrization:

11%d
, tE=5—571, (5.178)
2 z,
under which the metric (5.177) becomes:
1? :
ds* ~ p?di +dp* + = dxdx’ . (5.179)
Zh

The important region to analyse is the plane spanned by p and the imaginary time
te. This is just the metric of a plane in polar coordinates with 7 acting as the compact
angular direction. Upon approaching the horizon p — 0 one sees that the pre-factor
of dt% is vanishing: this means that the Euclidean time direction shrinks to a point.
However, since the horizon is not a special point, we should not allow this point to
be singular. Smoothness at the horizon can be achieved by insisting that p = 0 is the
center of a Euclidean polar coordinates system, and this implies that tg is periodic
with period

/
4
B —ax, Sl _ 47 (5.180)

8t t (Zh ) d
But we have learned in the previous Section that, at the level of the dual field theory,
studying the theory in the imaginary time with a periodic time coordinate of period
B is equivalent to study the field theory at finite temperature 7 = % Since the grav-
itational time coordinate is inherited by the dual field theory we can affirm that that
B in expression (5.180) is exactly the inverse of the temperature in the dual field
theory.

We care then ready to list the fifth computational holographic rule: Rule 5:
Strongly coupled quantum field theories at finite temperature are dual to black hole
solutions on the gravitational side. The temperature of the black hole is exactly the
temperature of the dual field theory.

5.6.1.1 Thermodynamics

Having understood how to introduce thermal states in holography we want to make
some comments on the thermodynamics of the simple thermal state illustrated in the
previous Section, namely the dual of the AdS-Shwarzshild black hole.

In order to obtain the thermodynamics of the dual system we need the partition
function and consequently the on-shell action. In the previous Section we have out-
lined that the action (5.175) has the correct counterterms which ensure its finiteness
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once computed on the solution (5.176) (once rotated to imaginary time). Then to
compute the on-shell action is only a matter of computation. We recall, however,
that the correct procedure to obtain a finite on-shell action is to evaluate the action
(5.175) on the solution (5.176) but limiting the radial coordinate z to the interval
[€,2) and to perform the € — O limit only at the end of the computation. Moreover
we recall that the on-shell action is also divergent due to integration over the space
coordinates and we need to enclose the system in a finite volume V in order to ob-
tain a finite result. Keeping this in mind, the Euclidean on-shell action Sg and the
partition function Z are given by:

V(4 de,1
Sp— VORL pay s (5.181)
212, a4
Kd+l

where we have used the relation (5.180) to express T as a function of z;,. The relevant
thermodynamical quantities are now easily achieved. The pressure p is given by:

dlogZ (4m)L!
pordloeZ _GnTL g o (5.182)
vV 2, dd

where F is the free energy. The entropy s is given by:

dlogZ V(4m)4L4'(d—1
gordloeZ  VEm)LT(d=1) 14y (5.183)
aT 2Kj+1d"

It is easy to prove that the previous result is consistent with the area law (see Ap-
pendix B) which relates the entropy of the black hole with the area of the horizon
A(zy,) as follows:

27A(z;) V(@R d 1), 4,

Sph = = T . 5.184
" Kii1 27,44 ( :
Finally the energy € can be derived from the thermodynamic relation € = —p + T's,
obtaining:
41 de,1
e:(d—l)(lidTﬁ (5.185)
265414

which is exactly the energy of the AdS-Shwarzshild black hole derived in Appendix
B.

In conclusion, the dual field theory inherit the thermodynamics from the black
hole state in the gravity side.
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5.6.2 Holography at finite charge density

A common additional structure that arises in condensed matter systems is a U(1)
symmetry. This could be, for instance, the electromagnetic U (1) symmetry. In this
section we will consider the gravitational dual of theories with a global U(1) sym-
metry. The electromagnetic U(1) symmetry in nature is of course gauged (local).
However, there are at least two reasons why photons can be correctly neglected in
many condensed matter processes. Firstly the electromagnetic coupling is observed
to be small. Secondly, the electromagnetic interaction is screened in a charged
medium. This come in help in the holographic framework where typically the gauge
field is non dynamical at the boundary [34].

So what is the dual to a global U(1) symmetry in field theory? We can take our
cue from the symmetries that we have already discussed in previous sections. An-
other global symmetry that the field theory possesses (in a fixed Minkowski back-
ground metric, say) is SO(d — 1) rotational invariance. In the bulk this symmetry
symmetry also appears, but it is gauged. Namely, it is part of the diffeomorphism
invariance of general relativity: we can act on our AdS space-time with a local
SO(d — 1) rotation and we simply obtain AdS again in a different coordinate system.
This observation suggests the general correspondence:

Rule 6: Gauged symmetries in the gravitational theory corresponds to global sym-
metries in the dual field theory.

To describe the physics of the global U(1) symmetry we should therefore add
a Maxwell field to our bulk space-time. The minimal bulk action is thus Einstein-
Maxwell theory:

1 d(d—1)
SE-mM = /d‘”lx\/—g (%’—I— )
2K7,, L?
1 1 20d—1)
S S O ) o 7/ dxy=7 (2K . (5.186
4612/ A AL +Zrcjﬂ " VY Tt ( )

where F = 8[aAb] is the field strength of the gauge field A, g is a coupling constant
which takes into account the strength of the back-reaction of the gauge field on the
gravity sector, and we have added, as in the previous Section, the boundary terms
necessary to have a finite on-shell action and a well defined variational problem.
Actually these boundary terms are the correct ones only for d > 2. For d = 2 the
asymptotically AdS solution of the Einstein Maxwell theory has some technical
peculiarities and requires a separate treatment. We do not discuss this case in this
review.
The Einstein’s equation of motion is:

1 d(d—1) K7,
Rup — =8 — ———— 8o = —— LT, 5.187
b 2g b 212 8ag 26]2 b ( )
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where Ty, is the stress-energy tensor

1
T = ZgachdF“’ — FuFyf. (5.188)

The equations of motion for F, are:
vV F% =0, (5.189)

where V,, is the usual covariant derivative.

Before finding a particular solution of the previous set of equations, let us clarify
what we need to obtain in the holographic framework. Our main purpose is to study
a strongly coupled field theory at finite density and finite temperature. Regarding the
finite temperature we have learned in the previous Section that this is achieved by
studying a black hole solution of the gravitational theory. Concerning the finite den-
sity issue, we have just learned that the gauge field in the gravitational side sources
a current density J, in the dual field theory. If we want a finite density p we need
to switch on the gauge field in the bulk so that the time component of J,, (J;) = p,
has a non-zero expectation value. But, according to the standard holographic dictio-
nary, the value of the field at the conformal boundary acts as the sources for the dual
operator. Putting all together, and keeping in mind that at the dual level the source
of the charge density p is the chemical potential u, in order to find the gravitational
dual of a finite charge density system we need to impose: !

limA; = . (5.190)
z—0
This is the first basic condition. The second one is that we want to recover scale
invariance at energy scales much greater than the chemical potential y, namely we
want the space-time to be asymptotically AdS.

We are now ready to find the gravity dual of a field theory at finite density and
temperature. We consider the following ansatz for the metric g, and the gauge field
Ag:

A =A(z)dr, (5.191)

i = (2)dt* + hi; (x))dx'dx? + dz’ (5.192)

s°=— |—glz j(x)dx'dx) + —| .
28 Eh 8(2)

where A is the horizon metricand i = 1,...,d — 1.

The solution of the equations (5.187) and (5.189) with the ansatz (5.191) and

(5.192), imposing the flatness of the horizon, the asymptotically AdS-ness and the

boundary condition (5.190), is the following

11 To work instead in the canonical ensemble, fixed charge density p, we should add a bound-
ary term to the Euclidean action so that ASg = qiz Jom ddxﬂ#szAb. This term changes the
g

1t
variational problem so that one must keep the field strength F,; fixed at the boundary rather than
the potential A,. It can be seen to imply the standard thermodynamic relation F' = @ + uQ. Here
Q = pV is the total charge.
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A,:,u(l—(zi)d

Kd+1

) , (5.194)

where z;, is an outer planar horizon and ¥y = . It is important to note that in
order to completely determine the profile of the gauge field we need to provide
also a condition at the horizon which, in this case, is that it should be vanishing,
A;(z;) = 0. It can be retained by requiring the norm of the vector field g /—gA,A,
to be finite at the horizon.

Actually, in the case at hand, where the gauge field is not coupled to matter, the
constant in (5.194) can be rescaled by means of a gauge transformation. Imposing
that A;(z;) = 0 is then a gauge choice. According to the holographic dictionary, it is
only in this gauge that ¢t in (5.194) plays actually the role of the chemical potential
[16].

Moreover we note that we have indicated with z;, the outer horizon, but this
solution presents also an inner horizon hidden by z;,. The two horizons coincide in
the limit of zero temperature. In this case the black hole is said to be extremal.

The derivation of the thermodynamical quantities associated to this black hole
solution proceeds analogously as what has been done for the zero density case in
the previous section. In particular, the black hole temperature is given by:

g) 1 <d (d—2)2Z/21M27> '

T =— =
4 47'Czh (d — ])L2

(5.195)

Since we are working in the grand canonical ensemble (1 fixed) the referring
potential is the Landau potential £2 which can be derived from the partition function
Z = e~ SE-u as follows:

Ld71V ( )ZZ'LLZ,)—/Q T
Q=-TlogZ=——+— [ 1+— 2= 1 ) = — T¢ 1
oz = (1+ ) = () e

d+1%h
where the function .# is easily obtained by solving (5.195) for zj. This func-
tion is a non-trivial output from AdS/CFT. At low temperatures we have Q ~
ap® + bud='T + cu?=2T? + ... . In particular, the leading non-trivial temperature
dependence of the thermodynamic potential is linear, as is the leading low tem-
perature dependence of the heat capacity ¢ = Tg—i. At high temperatures one finds
Q ~ p2ld=1) a2
The transport properties and their relations with thermodynamics for these solu-
tion will be treated carefully in Part 3.
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5.7 Summa: the Holographic Dictionary

In the previous Sections we have illustrated the basic technical tools necessary to
implement the AdS/CFT correspondence at the computational level. All the pre-
scriptions outlined above can be collected in a table which constitutes an a sort of
dictionary with all the basic ingredients necessary to use the gauge/gravity duality.
This goes under the name of holographic dictionary.
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Boundary: field theory

103

Bulk: gravity

partition function
scalar operator/order parameter 0},

source of the operator

VEYV of the operator

conformal dimension of the operator
spin/charge of the operator

energy momentum tensor 7
global internal symmetry current J¢
Fermionic operator Oy

two-point correlation function

higher-point correlation functions
RG flow

global space-time symmetry
internal global symmetry

finite temperature

chemical potential/charge density
free energy
entropy

phase transition

partition function
scalar field ¢

boundary value of the field (leading coefficient of
the non-normalizable solution)

boundary value of radial momentum of the field
(leading coefficient of the normalizable solution;
subleading to the non-normalizable solution)
mass of the field

spin/charge of the field

metric field g,

Maxwell field A,

Dirac field y

ratio of non-normalizable to normalizable solution
evaluated at the boundary

Witten diagram computation
evolution in the radial AdS direction
local isometry

local gauge symmetry

black hole Hawking temperature or radius of com-
pact Euclidean time circle

boundary value of the electrostatic potential A,
on-shell value of the action
area of the black hole horizon

instability of black holes
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Appendix B
Asymptotically AdS space-time: AdS black holes

In this Appendix we will describe the main properties of the black holes whose
metric are asymptotically Anti-de Sitter. In particular we will focus our attention
on the Schwarzshild-Anti-de Sitter black hole and its charged version, the Reissner-
Nordstrom-Anti-de Sitter black hole. These two kind of asymptotically Anti-de Sit-
ter black holes will be extremely important in the formulation of thermal AdS/CFT
correspondence, as outlined in the main text.

The main properties of these space-times is that they should look like Anti-de
Sitter space-time “far-away” from any mass concentration or black hole that may be
present.

Before analysing in detail the main features of these black holes, let us define the
asymptotically AdS space time.

Definition: a d-dimensional metric space (.#,g,,) is said to be asymptotically
Anti-de Sitter if there exist a manifold .# with boundary .#, equipped with a metric
Za» and a diffeomorphism from . onto .# — .% of ./ and the interior of .# such
that:

e there exists a function 2 on .# for which g, = Q%g. on A

e .7 has the topology of S9~2, Q vanishes on .# but V,Q normal vector on .# is
nowhere vanishing in .#

e on ./, g satisfies the Einstein’s equation

e the Weyl tensor of g, is such that Q474Cypeq is smooth on .# and vanishes on

.

The first condition ensures that the new metric g, is conformally related to the
physical metric g,; the second instead requires that the topology of the boundary is
the one suggested by the geometry of anti-de Sitter space-time, and that the bound-
ary itself is attached at infinity with respect to the physical metric. The requirement
on the normal of .# implies that £2 is a good radial coordinate in a neighbourhood
of .# in the barred space-time. Third condition is a restriction to the asymptotic
behaviour of matter fields which ensures that the fluxes of some conserved quanti-
ties across . are well-defined. We also expect that the limit of 24~¢Cp,.s on the
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conformal boundary vanishes since as a property of the Weyl tensor, Cypeq = 0 in
Anti-de Sitter space-time.

B.1 AdS-Schwarzshild black hole

We now attempt to construct a static d + 1-dimensional solution of the Einstein’s
equation with negative cosmological constant A which admits a black hole inter-
pretation.

Let us start with the most general ansatz for a static, isotropic and spherically sym-
metric metric:

ds® = —f(r)dt* + £~ (r)dr* + rzh,-j(x)dxidxj, (B.1)

where the coordinates are labelled as x, = (,r,x;), (i,1,...,d — 1). The metric h;; is
a function of the coordinates x; only, and is the horizon metric.! The non-vanishing
component of the Ricci tensor associated with the metric B.1 are:

Ru=3ff+L(d-1Dff, (B.2)
Ry=—3L—L@-1L, (B.3)
Rij = Rij(h) — hij[(d = 3)f+rf'], (B.4)

where R;j(h) is the Ricci tensor derived from the horizon metric & only, and the
primes denote the derivative with respect to the radial coordinate r. Let us now take
the following ansatz for f:

M r?

where k and M are two yet undetermined parameter and L is an arbitrary parameter
with dimension of a length?. With this form for f, one can easily see that the space-
time is an Einstein space with negative cosmological constant, namely

d
Ryy = _ﬁguv (B.6)
provided the horizon is an Einstein space-time of the form:
Rij(/’l) = (d — 2) K’h,’j. B.7)

It is important to observe here that we have obtained a solution to Einstein’s equation
with a negative cosmological constant for any value of x, provided the horizon is

! We will explain later, when we outline the black hole interpretation of the solution, why this is
actually the horizon metric.

2 This is related to the AdS radius previously defined, as we will see.
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itself Einstein. However, the horizon may be an Einstein space with positive, zero,
or negative curvature. This opens up the possibility to construct black hole solutions
in which the topology of the horizon is non-spherical.

We have now to prove that the solution we have found is actually asymptotically
Anti-de Sitter in the sense we have explained in the previous section. In order to do
this, let us analyse the non vanishing components of the curvature tensor:

Ripr = 31", Riitj = 5 ff hij, Rirj = *%hij (B.8)
Rijiu = r*Rijua(h) — r* f [hichji — hyhy] (B.9)

where R;ji;(h) is the curvature tensor constructed from the horizon metric A;;. It
is apparent from the previous equations that the M = 0 solution is locally iso-
metric to Anti-de Sitter (Ryvps = fLiz (gﬂpgvc — gu(,gvp)), provided that the
horizon is itself a constant curvature space with curvature constant K, (Ruvps =
K (8upgvc - 8uagvp>)'

Thus, imposing the extra requirement that the M = 0 solution be a constant curva-
ture space-time, forces the horizon to be a constant curvature space, and not simply
Einstein. However, once again there is no restriction on the sign of k. Although the
M = 0 space-time is locally isometric to Anti-de Sitter space, its topology depends
on the value of k, and hence on the topology of the horizon. In particular, we have
the three possibilities, namely elliptic horizons (k = 1), flat horizons (k = 0), and
hyperbolic horizons (k = —1). We note from B.5 that the dominant behaviour of the
metric at infinity is determined by the cosmological constant term, for any value of
M. Since the M = 0 solution is locally isometric to anti-de Sitter space, we have a
class of black hole solutions which are asymptotically locally Anti-de Sitter, for all
values of M.

Black hole interpretation

We have constructed a solution of the Einstein’s equation which is asymptotically
Anti-de Sitter. We have now to prove that the horizon of this solution, namely the
surface f(r) = 0, is actually a black hole horizon. In order to do this we have to
prove that f(r) has a simple positive root ry, such that f(r) > 0 for all r > ry.
Under these conditions, in fact, the surface » = r has an horizon interpretation.

To see this, consider a particle with four momentum P = (—E, p). A static observer
ku

-2’

E=—guU'P' =

at infinity has four velocity U = where k = —0;. The energy measured by the

local observer is E

v 8 .
So E is red-shifted by a factor \/—g;; from E... Consequently, from the point of view
of an observer at infinity (whose proper time corresponds to the coordinate ¢), due

to the positivity of f(r) for r > r and the fact that f(r; ) = 0, the surface r = r, is
a surface of infinite red-shift.

(B.10)
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For k¥ = £1 it is not a simple task to prove that there exists a positive root r of f(r)
that satisfies the conditions illustrated above for arbitrary dimension d, and we refer
to [3, 5, 6, 9] for more detail.

On the other hand, for k¥ = 0, which is the most relevant case in AdS/CFT corre-
spondence, it is apparent that f(r) has a positive solution for

r = (ML?)a, (B.11)

and f(r) is positive for r > r. Thus, for ¥ = 0 we have black hole solution with
toroidal topology.

B.1.1 Thermodynamical quantities

We want now to calculate the thermodynamical quantities associated with our black
hole solution. The arguments illustrated below are valid for every black hole solution
which has an acceptable horizon located at .. The parameter M is specified in terms
of r as follows: ,

M =42 <;<+ 2;) (B.12)
Before calculating the thermodynamical quantities associated with the black hole
solution, we have to show how a black hole is a thermal state. In other words we
have to compute the partition function 2 associated to the black hole.
In quantum field theory, the amplitude for a field to propagate from an initial field
configuration to a final field configuration is given by the weighed sum over all
field configurations, where the weights are determined by the action of the field:
% = [D¢ S 9], One needs to be careful about the convergence associated with the
oscillatory integral. To circumvent this issue, it is useful to perform a Wick rotation
t — it, thereby rotating the contour of integration of time by 7 counter-clockwise.
The Wick rotated path integral becomes 2% = [ 2¢ eS¢ 9], which converges. If
one wants to define a thermal state of the quantum field theory, it is necessary to
restrict the imaginary time 7 to a finite interval and to impose periodic boundary
condition. The period of the imaginary time is identified with the inverse of the tem-
perature 3 = %
In curved space-time, the path integral is generalized to sum over variations in
geometry as well as fields. If we consider only variation of the metric, the Eu-
clidean partition function is 2% = [ Zge '£l8l, where I [g] is the usual Wick rotated
Einstein-Hilbert action with cosmological constant A:

1 d
Ig=——— + —2A). B.1
E 1671'Gd+1 /d VEE (% ) ( 3)

Because we are dealing with manifolds with boundary, we also need to consider the
Hawking-Gibbons boundary term, though, as we will see, it is not relevant for our
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discussion.

In the case of the black hole, the requirement for the Euclidean metric to have no
conical singularity at the horizon r = r, fixes the period of the imaginary time T
and consequently the temperature 7 which must be identified with the temperature
of the black hole. In this sense the black holes have to be considered as thermal
states.

Let us consider the AdS-Shwarzshild solution we have constructed in the previous
section. The euclidean metric gg is:

dst = f(r)dt* + 1 (r)dr* + r*hij(x;)dxPdx?, (B.14)
where we recall that f(r) = (K‘— % + Z—i) and f(r4) = 0. The near horizon be-
haviour of gg is:

dr?

- 20 (. 24
Frtr=rey TS B

(ds%)m” = f(ry)(r—ry)de* +

Defining new coordinates

_ 1 ,
p=2 e =l el (B.16)

we finally find the near horizon geometry
(dsg) .y, = PPdtE +dp® + 13 hij(x;)dx’dx’. (B.17)

This metric has the topology of the horizon described by the metric i times an
euclidean plane in polar coordinates (p, ¢z). There is a deficit angle which leads to
a conical singularity in p = 0 unless #g is 27-periodic. The corresponding period in
the euclidean time coordinate 7 is:
4r
p=——. (B.18)
f'(re)

As we have outlined above, this period has to be identified with the inverse of the
black hole temperature 7. Consequently, remembering the expression of the param-
eter M in terms of the horizon radius 4 B.12, we find:

1 AmLl?r,

B:?:dri—i-(d—Z)KLf

(B.19)

It is worth highlighting some of the features of these black holes which depend on
the value of x 3. For k = 1, it has been shown in [6] that the inverse temperature B.19

3 These properties are extremely important in the computation of the thermodynamical quantities,
as we will see in what follows
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has a maximum value. Hence, the black hole solutions only exist for temperatures
greater than a certain minimum value. On the other hand, for the case of k¥ = 0 and
k = —1, it is easy to check from B.19 that there is no such minimum temperature;
hence, the ¥ = 0 and k¥ = —1 black holes exist for all temperatures. However, one
does notice that for k = —1, the requirement of positivity of temperature enforces
an inequality on the value of r , namely that . > 7. , Where

1
d—2\?2
Ferit = <d> L, (B.20)
which corresponds to a critical mass
2/d-2\"
Meric = = (d ) L2 (B.21)

The next step toward the computation of the thermodynamical quantities is the cal-
culation of the on-shell action associated to the black hole. The Euclidean action
B.13 is proportional to the space-time volume, namely

d
Ig=——— [ d"'x\/gE B.22
e = ere 2 ] 4 Ve (B.22)
where we have substituted the value of the cosmological constant A = f%.

Since the integral B.22 diverges we have to regularise it in order to compute the
action. The standard way to regularize gravitational actions is to compare them with
a convenient background, which is, in a sense, the thermal background of our black
hole solution [10]. The choice of a suitable background depends on the particular
value of k. For k¥ = —1, since, as we have said, the black hole solution exist only
for temperature greater than a certain minimum value, the background solution can
be taken to be Anti-de Sitter space with arbitrary Euclidean time period. For k¥ = 0,
since the black hole solution exists for every temperature, a suitable background so-
lution is the space B.1 with M = 0. Finally for k = —1 due to the positivity condition
on the temperature, the background metric is the metric B.1 with M = M, given by
B.21. As regards the Gibbons-Hawking boundary term, we can forget about it since
it cancels in the subtraction of the background action from the black hole one.

We have now to evaluate the difference between the on-shell action of the black
hole and of the background. Since the two integrals diverge by themselves, we put
a cut-off at r = K and we evaluate the difference in the limit K — oo:

Il = lim L (/ﬁdt/Krdldr/ \/;l—/ﬁodt /.Krdfldr/. \/il)
E ™ k50 878Gy L2 \ o - Ju, o Jo Im, '
(B.23)
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where M), is the manifold with metric &, B is given by B.19, By is the period of the
background metric 4. The condition that the black hole metric and the background
metric must match at r = K allow to express 3y in terms of . In particular, in order
for the two metric to match, the Euclidean period at r = K must be the same, namely

M. K2 M K2
ﬁo\/K_Kd2+U:ﬁ\/K_W+L2' (B24)

Evaluating the integral B.23 with the condition B.24 yields:

f VOl(Mh)

d 2.d-2 2
E™ 161Gy, L2 [_r++’<L ry " = LM | - (B.25)

The thermodynamical quantities are now easily computed. The energy and the en-
tropy per unite volume are given by:

Fo = vt 9 = Torim; (M — Mest) (B.26)
Vol(My) — Vol(My) 9B — T6mGgay crit ) .

S _ 1 AN 1 a1
Vol(M,) — Vol(My) (:BE—IE) = TGy, '+ - (B.27)

Finally we note that the specific heat of the kK = 0 and k¥ = 1 solutions is positive.
For x = 0, we find:

C 1 JE 1 (d—1)
pu— —_— B.28
Vol(My) — Vol(My) 9T _ 4nGaey' & (B.28)
while for Kk = —1, we have
1 1 [drt —(d=2)I?
¢ _ 4D r;(—) . (B.29)
Vol(My) 447Gy dr’ +(d—2)L?

In the latter case, we see that the specific heat is positive provided ri > rqj. We
contrast this with the case k¥ = 1, where for temperatures greater than a minimum
value there are two black holes, the smaller of which has negative specific heat, the
larger having positive specific heat [6].

4 Note that in the background action the integration in the radial coordinate stars from r = 0 also for
the space-time with M = M, since this space-time has no black hole interpretation. Consequently
the period Py of the background space-time is arbitrary regardless the sign of k.






Appendix C
Radial quantization and unitarity bounds

In this brief Appendix we shall illustrate the radial quantization and how, with this
tool, it is possible to impose constraints on the conformal dimension of the fields in
a unitary theory, the so called unitarity bounds.

C.1 The radial quantization

In quantum field theory, in order to construct an Hilbert space we have to chose a
foliation of space-time. Each leaf of the foliation becomes endowed with its own
Hilbert space.

We create in and out states |;,) and (,,| by inserting operator respectively in the
past or in the future of a given surface. The overlap of in and out states living on the
same surface is equal to the correlation function (W, |Win). On the other hand, if
the two states belong to different foliation there must be a unitary operator U which
connect the two states, and the same correlation function is equal to (W, |U|Win)-
Usually, in order to chose a proper foliation, it is convenient to look at the symmetry
of the theory. For example, in a Poincaré invariant theory it is convenient to foliate
the space by surface of constant time.

On the other hand, in a CFT it is convenient to chose foliations by S¢~! spheres of
various radii: this is called the radial quantization. We will assume that the spheres
are centred in x = 0, even though quantizing with respect to any other point should
give the same correlators.

The evolution generator, in this case, is given by the dilatation operator D, and it
shall play the role of the Hamiltonian:

U =¢P", (C.1)

where T = logr.The states living on a sphere are classified by their scaling dimen-
sion A and by their SO(d) spin /
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D|A, 1) =iA|A, D) (C2)
LNV|A’ la= SZva‘Av Db, (C.3)

since, as it is evident from the conformal algebra 5.20, the only generator which
commutes with D is the angular momentum L. The spin matrix S is different from
zero only in the case of non-zero spin operators.

State-operator correspondence

In radial quantization we create states on the sphere by insert operator inside the
sphere. Consequently, the vacuum state |0) corresponds to inserting nothing. The
dilatation eigenvalue, which corresponds to the energy of this state, is zero.

If we insert an operator with scaling dimension A at the origin &4 (x = 0), the cor-
responding state |A) = 04 (x = 0)|0) has energy equal to A. In fact,

DIA) = DO (x = 0)[0) = [D, 64 (x = 0)]]0) = iA[A), €4

where we have used the commutation relation 5.20.
Finally the state generated by the insertion of an operator at non-zero x, & (x), is
not an eigenstate of D. This fact is evident:

1¥) = 04 (x)|0) = ePx 04 (0)ePX|0) (C.5)
= eiPr|A) = ¥ (P 4) (C.6)

n!

Moreover it is easy to see that the operator P, and Kj, acts as the creation and
annihilation operators in radial quantization. This is evident from the fact that, as we
have said in the previous section, they satisfy the following commutation relations:

[D,Py] =iPy (C.7)
[D,Ky] = —iKj,. (C.8)

In other words, each time the momentum operator P, acts on |A) a state with energy
A +1is generated, while the operator K, lowers the dimension by 1.

This algebraic construction of state with definite energy allow us to make clearer
the definition of local primary operator. In fact if we did not have a primary, then
we could keep lowering dimensions. Assuming that dimensions are bounded from
below (as they are in unitary theories, see below), eventually we must hit zero, and
this will give us a primary.

Let us go back to the states generated by inserting a primary operator at the origin.
We saw that these states have scaling dimension A and are annihilated by K. We
can go backwards as well: given a state such that its scaling dimension is A which is
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annihilated by K}, , we can construct a local primary operators. !'Indeed, to construct
an operator we must define its correlation functions with other operators. And it is
easy to see that a good definition could be:

(@1 (x1)92(x2)...04(0)) = (0]1 (x1)P2(x2)...|A). (C.9)

The last thing we have to do is to define the conjugation operator in radial quanti-
zation. A hint in this direction is given by the fact that the operator K, and P, are
conjugate by applying the inversion operator % twice

Ky =P . (C.10)

Since we have previously identified these operators as the creation and annihilation
operators of the radial quantized theory, it is natural to try to define the conjugation
operator as the inversion, so that

K, =P} (C.11)
Consequently, given a state |y) = ¢(x)|0), we define its conjugate (| by:
(wl=(0llo)]", with [¢(x)]" = r >4 ¢ (%x) = Z[9(x)]. (C.12)

This definition has the property that, as we will see, in a unitary theory the correla-
tion function are Z-reflection positive.

Two point functions in radial quantization

Let us now outline how to compute correlation functions in radial quantization. For
simplicity, we shall restrict our analysis to the scalar-scalar two point function.
Since ¢(x1)|0) = ¢"1|Ay) and keeping into account our definition of the conjugate
state in radial quantization C.12, we obtain:

(019 (x1)9(x2)[0) = r; > (Agle K2 ePx1| A,). (C.13)

L . L —24
Expanding in series both the exponential inside the mean value and r, ¢ and mul-

tiplying and dividing by rlA¢ we obtain the following expansion for the two point
function:

1 "l Ap+n
e M ] o O

)
rn

! This is called state-operator correspondence: states are in one-to-one correspondence with local
operators.
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where [N,n;) = 5 (Pun*)V|A¢), and we have taken into account the fact that the
expectation value of product of operator involving different power of K, and P,
vanishes since states with different energies are orthogonal to each over.

Then, the coefficients of the expansion of the correlator in radial quantization are
certain matrix elements which could be computed using only the conformal algebra.
It is possible to see that the expansion agrees with the series expansion of the exact
two-point function in radial coordinates.

C.2 Unitarity bounds

Finally, we are now able outline how to obtain unitarity bounds for the scaling di-
mensions of primary operators with the help of radial quantization.

By unitarity bounds we mean that the dimension of a symmetric traceless primary
field must be above a certain minimal value which depends on the spin / of such
field:

Amin(l) =14+d —2, for1 =1,2,3... (C.15)
Amin(1=0) = 4 - (C.16)

Similar bounds can be derived for antisymmetric tensor and fermionic representa-
tion of the Lorentz group.
In order to prove the bounds 9.16, let us consider the matrix element

(A, 1Ky Py|A, D). (C.17)

This value has only positive eigenvalue in a unitary theory. In fact, suppose than
there is a negative eigenvalue A < 0 with &, the corresponding eigenvector. Then
consider the state |y) = &, P,|l). With A < 0 this state has negative norm and con-
sequently violates the unitarity of the theory:

(yly) = ETAE = AETE <. (C.18)

Now, using the fact that [K,;, Py] ~ i(D&,y — Myy), we obtain that the eigenvalue
of A get two contribution: one is proportional to A, while the second will be the
eigenstates of the hermitian matrix

By sy inp = ({sHiMuvl{1}), (C.19)

where {s} and {¢} are the spin index.
The condition that A4 > 0 is equivalent to:

A > Anax(B), (C.20)
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where Amax (B) is the maximum eigenvalue of B. It turns out (form more details see
[18]) that
Amax(B) =D —2+1, for [ > 1, (€21

and this prove the first of the unitarity bound 9.16.
In principle we can consider matrix element involving more Ks and Ps and get
stronger bounds. This is indeed the case for / = 0 at level 2, where, imposing the
positivity of

Apv, po = (A|KuKy Py Ps|A), (C.22)

we obtain A(l =0) > % — 1 which is the second of the bounds 9.16.

However, it is possible to prove that the constraints we have shown above are nec-
essary and sufficient to have unitarity at all level. In other words higher levels than
1 are not needed for [ > 1, and higher levels than 2 are not needed for / = 0.
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Chapter 6
Preamble: linear response theory

In this preamble we want to review some standard concepts of linear response theory
which will be useful in what follows. In particular we want to relate the thermo-
electric transport coefficients to the correlations function of the associated conserved
currents. The formula we will derive are commonly known under the name of Kubo
formule.

The master formula for the whole of linear response theory comes from first-
order time-dependent perturbation theory in quantum mechanics. For a system
with a time-independent Hamiltonian H and a collection of operator A,(7,x) in the
Heisemberg picture defined with respect to the Hamiltonian H, we imagine to add
a time-dependent contribution 0H (¢) to the Hamiltonian. Then the change in the
expectation values for A,(¢,x) are:

S{A,(t,x)) = —i/t dr'([Al,x),8H(1")]) , 6.1)

—oo

to first order in 6H. Usually the time-dependent part of the Hamiltonian 6H is
constructed by switching on an external sources A, (z,x) for each operator A,(z,x),
namely:

SH(1) = — / A% Ag(t,3) A (1,%) | 6.2)

where the index a is summed. Specifically we want to switch on the perturbation
adiabatically at # — —oo and to switch it off at # = 0. To do this, we will consider the
following form for the sources:

Aa(t,x) = € Ay (x)0(—1) , (6.3)

where € is an arbitrary small parameter. Using the expression (6.3), we can express
equation (6.1) in the following way:

125



126 6 Preamble: linear response theory
8(A4(t,x)) zi/j dt’eale(t—t’)/ddx/lb(x/x [Aa(t,x),Ap(t" X)]) (6.4)
—i /7 Yl 0t —1) / X' 2 () [Aa(1,2), Ap(f' X)) ) (6.5)
- /_ Y e / A A (X)GR (1 — 1 x — ') (6.6)
where we have used the definition of the retarded Green’s function

GR(t—1 x—x) = —i0(t —1')([Aa(t,x),Ap (', x)] ) . (6.7)

Then, Fourier transforming along the spatial directions and Laplace transforming
along the temporal direction, we obtain:

do Gk (w,k)

8(Aa(zK)) = =2y (k) | 5 (io+e)(i(@—2)+€)

(6.8)

In order to evaluate the d® integral in (6.8), we have to keep in mind that G® (tk)
is non-zero only for ¢ > 0, hence Gfb(wk) is an analytic function in the upper half-
plane of complex . Consequently we close the contour of the integration in the
upper-half plane, where fob is analytic. There are two poles inside the contour, at
o = i€ and ® = z+ i€, thus

8 (Aa(2, )} = A (k) S EK) — O (01 69)

1z

where the argument of GR is understood to be slightly above the real axis. Then
sending to zero the regulator € and evaluating the k — 0 limit, we find the well
known Kubo formulz:

Gk (w,k) — GR (0,k)

8(Au(2,0)) = lim 2 (K) —

(6.10)

If we are specifically interested in the response of the system to a temperature
gradient 0;,T and an electric field E;, then the change in the Hamiltonian can be
written in the flowing form [1]:

9;T
T

5H:—/ddx(T0j—qu) +Jj%, 6.11)
where THV is the stress energy tensor associated to the system, y is the chemical
potential and J/ is the charge density current. The last expression makes clear that
the heat current Q/ can be expressed as Q/ = T% — uJ/.

Moreover, as we have already stressed in the previous chapters, the electric con-
ductivity o, the thermo-electric conductivity ¢ and the thermal conductivity K are

related to the charge density and heat current in the following way:
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(é) - (ocGT g;) (—VI;/T> : (6.12)

Finally, putting all together, we obtain the following expressions for the spectral
transport coefficients:

Gl}](wa k) — G?J(ka)

o(w) = lim . )
k—0 100
GR (w,k) —G® (0,k
o(®) = lim io ) o ), (6.13)
k—0 ioT
GR (w,k) —GR ,(0,k
k(®) = lim o0 ) 00(0-0)

k—0 ioT






Chapter 7
The simple Raissner-Nordstrom case

In the previous chapters we have learned that the 4-dimensional Einstein-Hilbert-
Maxwell model on a Reissner-Nordstrom AdS black hole is the most simple holo-
graphic dual of a three-dimensional strongly coupled system with a non-zero charge
density.

In this chapter we will review the thermo-electric transport properties of this
simple model in order to prepare the ground for the introduction of momentum
dissipation mechanism in holography, which will be discussed in later chapters.

7.1 Bulk solution

As explained in the previous Part, the simplest 4-dimensional gravitational model
admitting asymptotically AdS charged black hole solutions, namely an Einstein-
Hilbert-Maxwell theory, corresponds to the action

1 A 1 1
SRN == /d“x\/jg |:2K4% <R LZ) — 4qu/.LvFNV] Jrfk'f/z:a/v d3x \/TgbZK )
(7.1)
where we have already included the Gibbons-Hawking boundary term, which is
expressed in terms of the induced metric (g;)uv and the extrinsic curvature K on
the surface at z = zyy. Actually zyy represents a UV cut-off that will be sent to
zero in the final step of the holographic renormalization procedure. As it is well
known (see for example [31]) the Gibbons-Hawking term is necessary in order to
have a well-defined bulk variational problem. In the action (7.1) A = —6 is the
dimensionless cosmological constant measured in units of the AdSs radius L; k4
and g are respectively the gravitational and Maxwell coupling constants and their
dimension is [k4] = I and [g] = 0.
From the action (7.1) we get the Einstein and Maxwell equations

129
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Suv A p 8uv
R =557 (R 33 ) =7 (BuoR? =52 p0r)

I (V—gF*") =0,

where we have introduced the ratio of the gravitational and Maxwell couplings,
namely vy = %. Being the equations of motion (7.2) insensitive to an overall rescal-
ing of the action (7.1), they depend only on 7y and not on the individual couplings.
It is worth noticing that for the simple model at hand Yy could be rescaled away by
means of a field redefinition'.

As already derived, the model admits the following black-brane solution:

(7.2)

ds* =5 [f f(2)dr* +dx® +dy* + %dzz} ;o A=0@Rdr, (73
27202 . 30222 4

f@)=1- <1+ AR > (2) +35(2) (7.4)

9(x) =pn—q*pz=pn (1 - i) : (7.5)

where z is the radial coordinate running from zyy at the UV radial shell to z; at the
black hole horizon. Of course, in the limit of vanishing cut-off, the radial UV shell
is identified with the conformal boundary of the asymptotic AdS geometry.

We recall that the coefficients of the leading and subleading near-boundary terms
of the bulk gauge vector are respectively mapped to the dual chemical potential u
and charge density p = 11/(¢?z,) of the corresponding global current in the bound-
ary theory. Eventually, the black hole temperature (which coincides with that of
the boundary theory) and the other thermodynamical quantities, such as the energy
density &, the entropy density . and the pressure P, can be derived in the standard
holographic way (see Chapter 5.6.2). Finally, one obtains

T — _ if/(Z) :_yz.uZZh i
4an — 8nl?  4mzg,’ 6
12 2,2 22 :
5=2P=3z(1+zhuzyz> 7=
K4 2L Kiz)

To get some physical insight we note that for 7 = 0 the black hole has a non-zero
horizon radius zj, = NG # Consequently the horizon area is non-zero and the sys-
tem has non-vanishing ground state energy. Regarding the temperature dependence
of the entropy density, at low T we have

. ~ const + BT for T, (7.7)

where B is a constant. This implies that the specific heat C, = T9.% /9T is linear
in temperature. In the opposite regime (7' > i) the system approaches the simple

1 Nevertheless this is not a general feature (e.g. it is not true for the holographic superconductor)
and we prefer to keep 7y explicit.
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Shwarzshild conformal configuration, and the specific heat goes like 72 as expected
for a three-dimensional CFT at finite temperature.

To conclude this section it is relevant to pinpoint an interesting properties of the
near horizon geometry of the Reissner-Nordstrom black brane. We have learned in
the previous Part that the radial coordinates encodes the renormalization group flow
of the dual field theory. Consequently studying the near horizon properties of the
black branes is equivalent to analyse the IR features of the dual field theory. To do
this, we set 7' = 0 and we expand the metric (7.3) near the horizon z;;, obtaining:

L I?
2 2 2
ds _—?(—dl‘ +d§ )+Z )

where we have defined the radial quantity { in the following way:

c*@(li) . (7.9)

We started out this story with the “central dogma” of holography, that the isometries
in the bulk code for the global space-time and scaling symmetries in the boundary
field theory. We therefore just have to inspect the scaling isometry of the metric
(7.8):

= (d*+dy?) | (7.8)
h

t— At — AL, xX—x, (7.10)

Comparing this with the scaling isometry of the pure AdS;,; geometry (z is the
radial direction),
t— At = AL, x— Ax, (7.11)

we directly infer that we are dealing with a (quasi) local quantum critical state in
the boundary field theory: in spatial directions there is no sense of scale invariance,
while the dynamics of the fields is scale invariant merely in temporal regards! Such
an emergence scale invariance seems to be ubiquitous in the strange metals, ac-
cording to a variety of experimental properties in various laboratory systems. It is
just fascinating that the most primitive gravitational set up for a finite density sys-
tem (the Reinssner-Nordstrom black hole) gives rise to this very peculiar behaviour.
Both the zero temperature entropy and this local quantum criticality are phenomena
which are alien in any known bosonic field theory.

7.2 Fluctuations

Having analysed the basic physical properties of the background solutions, we want
now to compute the relevant correlators for computing the thermo-electric transport
coefficients. As it is evident from (6.13), in order to evaluate the spectral thermo-
electric transport coefficient we need to compute the retarded Green’s functions both
at zero momentum GX(®,0) and at zero frequency G®(0, k). In this section we will
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derive in detail GR (@, 0) and we will analyse in the following section in which case
the counter-terms GX(0, k) are relevant in defining the transport coefficients.

We consider vector fluctuations on the homogeneous and isotropic background
specified by (7.3), (7.4) and (7.5). Without spoiling the generality of the treatment,
the fluctuating fields that we study are the gauge field fluctuations along the x spatial
direction, namely a,, and the vector mode of the metric, A;; these are the relevant
fluctuations in order to analyse the thermo-electric transport (see below). We fur-
ther assume harmonic temporal dependence and isotropic spatial dependence (null
momentum) for the fluctuations.

The fluctuation dynamics is governed by the Einstein and Maxwell equations
(7.2) which assume the following explicit form

! 2 2 41
!+ Ld + %ra, = _% (Bt 2hiy) (7.12)
M+ 2h+277¢'a, =0, (7.13)

where all the fields are functions of the z variable alone and the primes denote
derivatives with respect to z. Despite the dynamics for the fluctuations a, and Ay
is coupled, combining (7.12) and (7.13) we obtain an equation where only a, and
derivatives thereof appear,

" '@, o’ Zz‘P/(Z)Z
G+ O | Fep T T
To actually solve the differential problem governing the fluctuation dynamics, we
need to specify appropriate boundary conditions at the horizon; we consider in-
falling boundary conditions which are those needed to compute retarded correlators
of the dual theory [2]. From (7.14) we have that the gauge field fluctuations can
be analysed and solved without considering the metric fluctuations which are later
determined by means of (7.13) upon substituting the solution for a,. Therefore we
have to impose the in-falling boundary conditions at the horizon on the gauge field
alone,

ax(z) =0. (7.14)

a™) = (@ —2) (b + O(z—2)) - (7.15)
Since the equation (7.14) is homogeneous, we can rescale the parameter bg to 1, as
a consequence a, and Ay, are completely determined in terms of the frequency @
and the background quantities.

7.2.1 Renormalization of the fluctuation action

In order to compute the correlators to be plugged into the Kubo formule for the
transport coefficients, we need to consider the on-shell bulk action expanded at the
second order in the fluctuations. The gauge/gravity prescription identifies the bound-
ary value of the bulk fluctuation fields with the dual sources. The correlators of inter-
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est are then obtained taking appropriate functional derivatives of the on-shell action
with respect to these sources. This entire procedure represents the gauge/gravity
version of the standard field theory paradigm to derive correlation functions.

In general the bulk on-shell action for the fluctuating field is divergent and needs
to be properly renormalized. As explained in the previous Part, the holographic
renormalization procedure consists in considering a regularized action to be inte-
grated up to a near-boundary radial cut-off; then, appropriate boundary counter-
terms are considered and eventually the limit of zero cut-off defines the renormal-
ized action. The boundary counter-terms make the on-shell action finite once the
UV cut-off goes to zero. They must respect the symmetries of the boundary theory
and provide a well-defined bulk variational problem. As mentioned before, in (7.1)
we have already added the Gibbons-Hawking boundary terms to the bulk action;
this provides a well-defined bulk variational problem for the fields. Then (see for
instance [3]) the only well-behaved boundary term needed in order to render the
on-shell action finite is

| 4
Sop = — / P~ . 7.16
c.t. 21(‘% S X gb L ( )

Eventually, the limit of vanishing cut-off is considered and (as we are interested in
the linear response or, said otherwise, to two-point correlators) only the quadratic
part of the action in the fluctuating field is retained. The renormalized quadratic
action is defined as
2 .
Sen=_lim SgN+ S

gy —0

(7.17)

ﬁ(axyhtxy

Once we have obtained a finite on-shell action, it is perfectly legitimate to ask
ourselves whether finite counter-terms could also be added. Such finite counter-
terms would lead to ambiguities in the definition of the renormalized action. We
state once more that the counter-terms have to respect all the symmetries of the
boundary theory?, the power counting and the definition of the bulk variational
problem. This latter characteristic amounts to avoid introducing boundary terms
containing radial derivatives. The former symmetry requirements impede us to con-
sider terms as a;a’ which would brake the boundary gauge symmetry. The power-
counting criterion instead forbids us to consider F;;FF i/ which is allowed by the sym-
metries but would force us to introduce new dimensionful parameters. We further
notice that a Chern-Simons term is always trivial on our background solutions as a
consequence of spatial rotational invariance. Such arguments exhaust all the possi-
bilities as far as the gauge field is concerned. Turning our attention to the metric,
we are allowed to consider two kinds of terms: a boundary cosmological constant

2 As a general feature, the correlators satisfy Ward identities related to the symmetries of the
model. In a generating functional framework, such identities (as the correlators themselves) are
obtained by appropriate functional derivatives of the generating functional itself and of the expec-
tation values of the various quantities in the theory. Counter-terms (either finite or not) in the QFT
action which respect the symmetries of the original theory affect both the Ward identities and the
correlators in a consistent way.
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and a term proportional to the boundary Ricci scalar. The first actually appeared in
(7.16); the latter is null as the manifold transverse to the radial coordinate z is flat
Minkowski space-time upon which we are considering homogeneous configurations
in the space coordinates (i.e. null momentum).

From an asymptotic study of the equations of motion we have that the boundary
expansions of the fields a, and h;, are

L2
ax(z):a§°>+a§”§+..., hex(z) = ?h§3>+h§;)§+..., (7.18)

and consequently the renormalized quadratic on-shell action for the model at hand
is given by

<z>:/ s (L, ()
s2) dx[zquax (~w)d" (o)
_ 13,0
2k;L "

o)l (@)~ 5 W ol ()] + (@ o), 719

where we have Fourier transformed with respect to the time coordinate.

7.3 Correlators and transport coefficients

We are now ready to compute the relevant correlators to define the thermo-electric
transport coefficients. As it is evident from (6.13) we need to identify the sources
for the charge density current J and for the heat density current Q. As explained
in the previous Part, the sources for J is simply the leading term of the gauge field
at the boundary, namely a,(co). Regarding the heat current, it is a composite operator
involving the zx-component of stress energy tensor 7°*. Since we know that the
sources for the stress energy tensor are encoded in the leading terms of the metric

fluctuations hﬁ)g, we obtain:

Jo=hY —ud? . (7.20)

From (7.20) we have the following relations among the corresponding functional
derivatives

o)
3= 5 (7.21)
i 6 L (7.22)

=— " H o>
8o snY " 84

X

where the partial derivatives with respect to the sources a)(co) and hfg ) are to be taken

keeping to zero the source upon which one does not differentiate. We underline that
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the sources afc()) and h,(g) are, in principle, independent quantities. Stated this, in order
to compute the explicit expressions of correlators in terms of the background quanti-
ties and the near-boundary fluctuations, we start taking double functional derivatives
of the on-shell renormalized and quadratic action (7.19). Namely,

528 1 84V

(17~ L5 7
s &S 3 shy 1 §a)! 24)
8JodJc 81 8Jg  2LK: 540 T ¢PL 50 '
and
s 3 ey . oposd)  3peny | p?sal (7125,
(8J)* KL 5 PLsRY  KGL§a0 L5 T

To proceed, we observe that the equation for the fluctuations of the gauge field is in-

dependent of /;, and that, because of equation (7.13), h[(;)

in terms of a)(c()) and the parameters of the background,

is completely determined

2
) =2 pepLl? 20
hence we have
salV  snl) snll) 2
X T 0 and X _ 7’yzq2pL . (727)
5n  sn? 8a)) 3

Eventually, the correlators assumes the following form:

1 6alV 1 1w
GI;XJX((O,O) = qziL 661(0) ) ?Gijg(wyo) = _?P — ?GI;AJK((O,O) ,  (7.28)
and ,
Lk 1 K™ R
7GJQJQ(C"70) =7 (=&+2up)+ TG 0, (0,0) . (7.29)

In order to evaluate the Kubo formle(6.13) we need also to compute the retarded
green’s functions at non-vanishing momentum, namely GR(0,%). In principle this
can be done exactly in the same way as explained in the zero momentum case,
switching on the momentum and setting to zero the frequency w. Actually, with an
analytical computation illustrated in [4], one can prove that:

G¥, (0.k)=0(K) ,
Gl 1y (0,k) = O(K*) , (7.30)
G§QJQ (Oak) = 7P+ ﬁ(kz) )
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where P is the pressure, defined in (7.6). Consequently, in the zero momentum limit
only G§Q Jo (0,k) contributes to the transport coefficient with a non-trivial counter-
term.

Finally, using (6.13), the thermo-electric transport coefficients assume the fol-
lowing form:

G(w)__;&’i’g)
Lo §40
_ LK (7.31)

i 2
R(0) = E(£+P—2up)+“?o(w)

7.4 Physical properties of transport coefficients

To conclude this chapter we want to analyse some physical properties of the trans-
port coefficients previously derived. As it is evident from (7.31), the spectral be-
haviour of the transport coefficients is completely determined once the thermody-
namical quantities and the electric conductivity 6 (®) is known. The real and imag-
inary part of o(®) are plotted in Figure 7.1 for different values of the ratio T /.
As one can see from the Figure, the imaginary part of the electric conductivity has
apole in ® = 0. Using the Kramers-Kronig relations,

Im(o(w))

10

w

5 10 15 20 25 30 35 T 5 10 15 20 25 30 35 T

w

Fig. 7.1 Real (left) and imaginary (right) part of the electric conductivity o () for different values
of the ratio T/u, (T /u = 0.1 (blue), T/ = 1 (green) and T/ = 10 (red).

1 * Jo(e 1 > Ro (o’
Ro(w)=—2 #dw’, So(w)=——2 #dw’, (7.32)
T —0 ' — @ T —o W' — @
this pole is related to the existence of a delta function in the real part of the conduc-
tivity. This is perfectly consistent with hydrodynamics [2], since the conservation
of momentum implies that the DC conductivity diverges. Actually, an analytical
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computation performed in [4] shows that the residue of o(w) at @ = 0 behaves as
follows:

Ro(w) = gL_Fpa((D)-i-... . (7.33)

The previous expression is consistent with the numerical computation shown in Fig-
ure 7.1, where once the ration 7'/t is lowered (or equivalently the chemical potential
U is increased), a depletions zone develops near @ = 0. Using the relations (7.32)
it is evident that the spectral weight is transferred in the pole at @ = 0 (7.33), since
the charge density p is proportional to the chemical potential u. At high frequency
® > u the conductivity approaches a constant values 1/¢> consistent with the con-
formal prediction.

In the neutral case (1 = 0) the delta function int he electric conductivity disap-
pear. In this case explicit form of o(®) can be computed exactly [5], leading to

&(w)=— . (7.34)

Then in the purely conformal case the electric conductivity is constant both in tem-
perature and in frequency as it should. Regarding the other transport coefficients, the
thermo-electric conductivity & vanishes as it is the case for a neutral plasma, while
the thermal conductivity is a pure delta functions whose residue is proportional to
the entropy, namely:

K=.780). (7.35)






Chapter 8
Momentum dissipation in holography

8.1 Adding a mass to the graviton to break momentum
conservation

In this Section, after discussing the basic properties of the massive gravity model
which we consider, we will explain how to compute the thermo-electric transport
coefficients for this system.

8.1.0.1 The massive gravity model

The idea underlying the application of massive gravity in holography consists in
breaking the diffeomorphism invariance in the bulk by introducing a mass term for
the graviton in such a way that one has momentum dissipation in the boundary
dual field theory. Actually, several ways to give a mass to the graviton had been
studied, but, following [6], we work here with the formulation of the massive gravity
presented for the first time in [7]. The action of the model is:

1

- wFﬂvF“v}

ol o ot i)

8.1)

n / Bx /=g 2K ,
JI=IUyV

where f3 is an arbitrary parameter having the dimension of a mass squared and the
small square brackets denote a trace operation. Notice that the action (8.1) contains
already the Gibbons-Hawking term necessary to have a well-defined bulk variational
problem. The matrix (.#2)", is defined in terms of the dynamical metric guv and a
fiducial fixed metric f;y in the following way!

! Within this formulation of massive gravity, it is possible to consider also a linear term in the
trace of .#; namely an a[#] term in the Lagrangian density where  is a numerical coefficient.
However in this paper we always consider the case a = 0. The reason for doing so is twofold: first
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(%2)”v Eg“pfpv ) H = (V «%/2) ! . (8.2)

1%

Along the lines of [6], we consider the following form for f);y:
fuy = diag(0,0,1,1) . (83)
Considering this particular form for the fiducial metric means that the action is still
invariant under diffeomorphism in the (z,7) plane, but not in the (x,y) plane. At

the dual level this implies that the theory has conserved energy but no conserved
momentum.

8.1.0.2 Background and thermodynamic

The equations of motion descending from the action (8.1) are:

R A
Ruv— =8uv+ —558uv +Xuv = YzTuv )

2 212 (8.4)
aIvl (\/ng,LlV) = 0 9
where Y= % and
Tyy = FupF, — 82V F o FPO
wv = Fupby' === Fpe ™,
(8.5)

8
Xuv = =B (H3hy = 11+ 552 (1= [#7)) )
We want to study the system in the presence of a chemical potential, we then con-
sider the same background ansatz as in (7.3). In the massive case the black-brane
solution is:

Z
¢(Z)=u—q2pz=u<1—>, pEZL’
<h q°zZn 8.6)
2,24 2,23 3 3 .
f=THE YR 2 PT oy

222 2%,

In the limit 8 — O the emblackening factor f(z) reduces to that corresponding to
the standard Reissner-Nordstrom solution. The black hole temperature is computed
in the usual way leading to

f'(zn) Yulz | B, 3
Te-_ __ Pan > 8.7
47 8mL? + 47 * 47z, @D

a rigorous proof of the absence of ghosts in the model exists only in this @ = 0 case [6]; secondly,
as noted in [8], with & # 0 logarithmic terms appear in the near-boundary expansion of the bulk
fields. The latter fact introduces non-standard divergences in the on-shell 2+ 1-dimensional action.
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The full set of thermodynamical quantities were derived in [12]. For the sake of later
need, we report here the explicit expressions for the entropy density .7, the energy
density & and the pressure P,

27 LZ L2 LZ 2 L2 L2 2
=22 = 3.2 Bz I~L2 » P= 23_B2 +lyLz - (8.8)
i Ky Ky 297z 2K,7, 2Kz 497z

Notice that the dual theory of a massive gravity has in general & # 2P. The equation
of state & = 2P is expected for a 2+ 1 dimensional conformal theory but, as it
happens with the conservation laws of the stress-energy tensor, the massive gravity
set-up introduces modifications that are proportional to the mass parameter 3.

Scales and scalings

As we have just noted observing the thermodynamic quantities, the massive pa-
rameter 3 introduces a new scale in the model. This new scale affects the scaling
symmetries of the bulk fields. In fact, if we rescale the radial coordinate z as z — az,
we find that the other quantities of the model must scale as

(t,x,y)—>a(t,x7y) ) ﬁ%% 9 :u_>% ) Zp — azp (89)
in order for this scaling to be a symmetry of the action. In particular, if we consider
the scale invariant temperature 7 = T/ we find from (8.7) that this is a function of

the scale invariant quantities 8 /u? and gz

. T B
TE”:F(’LLZ,ZhIJ> . (8.10)

Moving the temperature while keeping fixed both the chemical potential p and the
mass parameter 3 (which, as we will see, is related to the momentum dissipation
rate in the dual field theory) corresponds to varying the horizon radius zj,.

Finally, we note that, as in the massless case, the constant y can be rescaled away
from the action (8.1) by means of a redefinition of the gauge field. In fact the system
is invariant under the scaling

y—ay, U—Ula, @8.11)

namely the same scaling symmetry found in the Reissner-Nordstrom AdS black
hole. This scaling affects in particular the transport coefficients and consequently to
compute the transport coefficients at different values of ¥ is equivalent to compute
the same quantities at the corresponding rescaled values of the chemical potential.
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8.1.1 Massive gravity and momentum dissipation

In the previous Section we have analysed the basic properties of the background
black-brane solution in the presence of a mass term for the graviton. We need now to
understand how a mass potential for the graviton is related to momentum dissipation
in the dual strongly coupled field theory.

The basic idea illustrated in [6] is that the massive gravity potential breaks the dif-
feomorphism invariance in the bulk. Since we have learned in the previous part that
diffeomorphism invariance in the bulk is related to the conservation of the stress-
energy tensor in the dual field theory, a gravitational theory with a mass potential
would correspond to a dual theory where

WTH #0. (8.12)

Specifically, since considering the fiducial metric (8.3) corresponds to breaks the
diffeomorphism invariance along the x and y directions one would expect that the
model we are considering corresponds to a theory in which momentum is not con-
served in some way.

A more precise statement was provided in [8] where, by analysing the poles
of the correlation functions in the hydrodynamic limit (namely at sufficiently low
momentum dissipation rate 7~!, where momentum is an almost conserved quantity),
it was discussed that massive gravity is the dual gravitational realization of a system
in which the conservation law for the stress-energy tensor is modified as follows:

oT" =0, or" =—77'1" | (8.13)

where 77! is the momentum dissipation rate. At order &(B) the scattering rate is
expressed in terms of the thermodyanamical quantities (7.6) and of the graviton
mass f3 in the following way 2

L (8.14)

2n(& + P)

A further evidence of the analogy between massive gravity and momentum dissi-
pation was provided in [10], where it was proven that the holographic lattices [11]
gives an effective mass term for the graviton.

As a final comment it is important to note that the explicit form of the scattering
rate (8.14) constrains the possible values of the mass parameter 3. In particular,
since 77! has to be positive, B must assume negative values. Th situation is more
involved once one considers non linear massive potential, as discussed in [13].

Eventually, we have argued that the massive gravity model which we have anal-
ysed in the previous sections provides an interesting effective gravitational theory
useful to study the effects of momentum dissipation in an holographic strongly cou-

2 For a more precise definition of the momentum dissipation rate see [29].
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pled dual field theory. In the next sections we will focus on the thermo-electric
transport properties of the system.

8.1.2 Fluctuations and transport in the massive case

We are now ready to compute the correlators and consequently to define the thermo-
electric transport coefficient analogously to what has been done for the massless
case in the previous chapter. Firstly we will focus our attention to the retarded
Green'’s function at zero momentum G (@, 0). As noted before, in order to properly
define the transport coefficients we need to compute also the correlation function in
the opposite limit, namely GR (0, k). We will comment at the end of the section about
the importance of these counter-terms in the definition of the transport coefficients.

8.1.2.1 Linearised equations and asymptotic expansions

In order to obtain the correlation functions G®(®,0), we need to expand the action
(8.1) at the second order in the fluctuation fields analogously to what has been don
in the massless case. However, as opposed to the massless case, here the equations
for hy, and h;, are independent and then we have to turn on both the fluctuations to
be consistent. Hence we consider the following set of fluctuations

A—=A+te ®a(z)dt,

2 2 —iot —iot (8.15)
ds® — ds*+2e " hy(2) dzdx+ 2" hyy(z) dt dx .

Expanding the equations of motion (8.4) to the linear order in the fluctuations (8.15)
we obtain:

) .
.+ ;hter i0h.+27° ¢ ac+2P %ha =0,

d _ 2 h

e h;x+lwhzx+zhtx+272¢/ax:| +2B% =0, (8.16)
d ? 0’z 2 )

diz (fa;) + 761)( + ? h;x + Eh[x + lwhzx = 0 .

There are no derivatives of h_, in the first equation of motion which therefore can be
algebraically solved to obtain /.. We then substitute the solution inside the second
equation. Finally we are left with two coupled equations for a, and /;y:

20’z —y?¢' 0% za,+ Bf (2h, +2hy) @
[fa;}+ L2 2ﬁf+a)2 [2 +7ax:0,

a
dz
d [ 279 zax + 2y, + 2hiy
dz

(8.17)

1
I L =o0.
Z 2B/ + 0 +
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In the B — 0O limit the first equation in (8.17) reduces to (7.14) obtained in standard
massless gravity. This, however, cannot be simply interpreted as the fact that the
fluctuation dynamics in the limit 8 — 0 coincides with that arising in the massless
gravity on the Reissner-Nordstrom black hole. Indeed, the second equation in (8.17)
shows that the limits f — 0 and @ — 0 do not commute. Since we are interested in
computing DC observables we always consider the @ — O first.

IR expansion

As usual, in order to compute the retarded correlators, we have to numerically solve

the equations (8.17) imposing the in-going wave boundary conditions at the horizon
7 = zy, namely

IR _

hy = (2 —2) %

a™ = (zn—2)" &

i

(a0 + O(zn —2)),
(bo+ O(zn—2))-

(8.18)

2

It is important to note that, unlike the case of fluctuations on pure Reissner-
Nordstrom black hole, it is impossible to combine the two equations (8.17) in a
unique equation for a,. The dynamics of electric and thermal fluctuations is conse-
quently more intimately mixed. From the bulk standpoint, it is possible to rescale
to 1 only one of the two coefficients ap and by. Said otherwise, the physics of the
model is sensitive to the ratio N = ag/by. In the computations aimed at getting the
transport coefficients, in order to isolate the purely electric response of the system,
we have to tune the coefficient 1) so that the thermal source vanishes. Symmetri-
cally, to compute the pure thermal contribution, we must fix 1 so that the electric
field source is zero.

UV expansion

Near the boundary z = 0 the expansion of the fluctuations in powers of z is:

L? 1 2 Fa 2
0.0 =5 |10+ 508+ o) S (0)+ @) 10 ()|
2
uv _ 0 Z (D Z
0.0 = @)+ ) +0(5)
(8.19)

The coefficients of the higher orders in the z expansions can be determined in terms

of the background parameters and the integration constants h}? , ht(i) , a}({o)’ a)(cl). Since

we are concerned with solutions of a system of second-order differential equations,



8.1 Adding a mass to the graviton to break momentum conservation 145

these integration constants remain arbitrary in the UV analysis. As usual, once one
imposes the above-mentioned IR boundary conditions at the horizon they are de-
termined and can be read from the full bulk solution. According to the standard

holographic dictionary, we interpret hfg) and a)({o) as the sources of the dual opera-

tors whose vacuum expectation values are given by h,(;) and ail) .

8.1.2.2 On-shell action and renormalization

The action (8.1) diverges if evaluated on-shell at the quadratic order in the fluctua-
tions. The counter-term which is necessary to make the quadratic action finite is, as
in the massless case,

. 1 4
S =sa [ dxvEm g (820)
I=uv

22 L

Finally, as usual, the total on-shell action reduces to a purely boundary term. Fourier
transforming the fields and substituting /., by means of the second equation in
(8.16) we obtain

Slot = SJFSgiti.V)

, do| pz*(Bf+w?) B*f ,
=1 Vv 7[ N, hychy,
vs0 /27r P, 2B+ od) " T 2@ 2B f+ w) T (8.21)
f / <
1 ] —0),
2q2ade+21<§L2 77 whef +(w<+ —o)

where the prime denote the derivative with respect to the radial variable z, the argu-
ments of the first and second fluctuation in each pair are respectively (—®,z) and
(w,z) and V represents the volume of the spatial manifold.

The boundary action (8.21) evaluated on the boundary expansions (8.19) allows
us to compute the correlators and consequently the transport coefficients as we will
explain below.

8.1.2.3 Definition of the correlators at zero momentum

The computation of GX(®,0) is analogous to that illustrated for the massless case,
but with two important differences. The first one is that, since we are dealing with
two coupled differential equations, relations (7.27) are not valid and we have to keep
into account that:

1) a,(cl) 1) h,(;)
sh? shY
The second is that, on the computational level, in the massive case the IR parameter
1 = ap /by coming from the boundary conditions at the horizon (8.18) has a physical

#0, and

£0. (8.22)
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relevance and cannot be simply rescaled to 1. Indeed we have to tune 11 depending
on which source we need to set to zero in performing the functional derivatives.
We resort to a numerical shooting method to the purpose of finding the value of N
corresponding to the desired UV source set-up.

Eventually, differentiating with respect to the sources following what has been
done for the massless case in the previous chapter,we obtain:

1 8alV
G’ (0,0)= ——— (8.23)
1 7L 540 490
& 3B sh') uo 8a
Goo(@,0)=2|—1- — = — 557
00 [ 2 2K7L(2B+ @?) §p0) 9 2¢°L §p0) 490
u B+’ 3up Sk W sa” . 2
aq* 2B+ @ 2GL2B+ %) 54V | 0_, 24°L 54|, 0_o0
GPol©,0) = 5 dar) p Bral
JON T 0021 5h,(3) 0y g 2B + »?
N 3B 3hiy’ _p e (8.25)
267L(2B + @?) 54 WO o L 540 PO '

8.1.3 Counter-terms and transport coefficients definition

In order to define the transport coefficient as in (6.13) we need also to evaluate
the retarded Green’s function at non-zero momentum, namely G (0,k). The com-
putation proceeds analogously to what has been done in the previous section for
GR(®,0) except that in this case it is necessary to switch on also the fluctuation hyy
which couples to the other fluctuations through the non-zero momentum along the
x direction. A numerical computation leads to:

G (0,k) = 0(k?)

Gly(0,k) = O (k) | (8.26)
R _ & 2

Go(0.k) = 5+ 6K .

Consequently, the counter-terms play an important role only in defining the thermal
conductivity. Actually, it is important to note that the counter-term in the thermal
conductivity is exactly those which removes an non-physical pole at @ = 0 which
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would have no explanation in a plasma where momentum is not conserved such as
those described by massive gravity.

Finally the thermo-electric transport coefficients o(®), &¢(®) and k(@) assumes
the following form:

1
0(0) = -=Gf(@,0).

1
(@) = - Gjo(@,0) (8.27)

k() = lwiT <G§Q(w,0) - f)

where the quantities G, (®,0) are defined in (8.23)-(8.25).

8.2 Spectral properties of transport coefficients

Having furnished a prescription for numerically compute the transport coefficient in
holographic massive gravity let us now discuss briefly their spectral properties.

The real and imaginary part of the electric conductivity o(®) are plotted in Fig-
ure 8.1 for different values of the scale invariant ratio T'/u. As it is evident from
the Figure, at high T /u a smooth Drude peak develops in the low frequency region
of the spectrum while the imaginary part of the conductivity goes to zero indicating
the absence of a delta function at @ = 0, as expected.

Im(0)
14 7.
12] 6|
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8| 4
6 3
4 2
2 1
- . — w | ¥
2 4 6 8 10 T 2 4 6 g 07 T

Fig. 8.1 Real (left) and imaginary (right) part of the electric conductivity o (®) for f = —0.1 and
different values of the ratio 7' /u, (T /u = 0.1 (grey), T /i = 1 (purple) and 7 /u = 10 (light blue).

At high frequency the conductivity approaches a constant values in agreement
with the conformal prediction. In this region in fact @ > T, u,|B| and the model
comes back to the conformal regime.

Once the ratio T/ is lowered a depletion region develops in the low frequency
region and the lack of spectral weight is transferred in the Drude-like peak which
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becomes narrower and higher eventually transforming into a delta function in the
limit T/p — 0.

A similar qualitative behaviour can be seen, as expected in the thermal conduc-
tivity k(), plotted in Figure 8.2. We note in particular that the imaginary part of
K(w) goes to zero, as expected. This is due to the fundamental presence of the
counterterm G’éQ(O, k) in the Kubo formule (6.13).
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Fig. 8.2 Real (left) and imaginary (right) part of the thermal conductivity kappa(®) for T /p = 1
and f = —0.1.

8.3 DC transport coefficients

Having analysed the basic spectral properties of the transport coefficients, we can
now move to the analysis of the DC transport properties. To do this we will fol-
low the method developed in [15] to compute analytically the DC thermo-electric
response. This approach is based on the analysis of quantities which do not evolve
from the IR to the UV. In other words, it relies on a “membrane paradigm” [16] for
massive gravity bulk models.

8.3.1 The electric conductivity and the Seebeck coefficient

Due to the isotropy of the system we are allowed to consider just perturbations in the
x direction without loss of generality. Then the static electric conductivity opc and
the Peltier coefficient Ilpc are defined in terms of the electric field E,, the charge
density current J, and the heat flow Q, in the following way

J
Opc = = s HDC = % . (828)

Exly =0
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The definitions (8.28) imply that, in order to compute opc and spc, we must con-
sider non-zero electric field and vanishing thermal gradient.
Inspired by [15], we turn on the following fluctuating components

ay(t,2) = —Et+a.(z) , (8.29)
hie(t,2) = hia(2) (8.30)
hea(t,2) = hoa(2) (8.31)

where the temporal dependence of the 4-potential a;, corresponds to a constant elec-
tric field E along x and with & we denote fluctuations of the metric components.
The set of coupled linearised equations of motion for the fluctuating fields are

2
() + %%(z) +2 <fl<1) - 112) fial2) - 2;“ d,(z)=0, (832)
E 2 4,22 B
- fL(L;)/Z ( D TRAORE OB 3) hia(2) =0, (8.33)
h
=11 f/(Z) 1N Zzﬂ Al . 2z 5 _
a(z) + 7@ a.(z) 0l () Zaf @) hix(z) =0. (8.34)

Note that equation (8.33) for /., can be solved algebraically and, recalling the ex-
plicit expression of the emblackening factor f(z) given in (8.75), the solution can

be expressed as follows
2

7 Eyu
hey(z) = — . (8.35)

S TE
In order to completely determine the solution of the remaining two equations
(8.32) and (8.34), we have to provide suitable boundary conditions for the fluctua-
tion fields /,(#,2z) and ax(t,z) at the conformal boundary z = 0 and at the horizon
z = z;,. At the horizon we require the regularity of the fluctuations; this requirement

can be easily fulfilled by switching to the Eddington-Finkelstein time coordinate

1 _
v:t—Tlog (Zh Z) , (8.36)

leaving untouched all the other coordinates. From the IR regularity requirement for
all the metric components in the new coordinate system we derive the behaviour of
hy at the horizon, namely

- Ev?
hix(z) = — Z:ﬁ“ +0(z—2zp) - (8.37)

An analogous regularity requirement at the horizon applied to the gauge field yields

E

ax(z) = M—Tlog (ZhL_Z> +0(z—z) . (8.38)
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As we will explain better in what follows, considering the conformal boundary
located at z = 0, we have to furnish boundary conditions in such a way that the dual
system has an external electric field and vanishing thermal gradient. Given the ansatz
(8.86), the small-z leading behaviour of the fluctuating field a(z,z) corresponds to
a constant electric field E. According to the standard holographic dictionary, the
coefficient of the subleading fall-off in z of the field a(z,z) corresponds to the charge
density current J,; namely a, ~ Jyz at small z. Regarding the metric fluctuation Py
from equation (8.32) it is easy to see that it has two independent behaviours in
the near-boundary region, i.e. z and z~2. The holographic dictionary prescribes that
imposing that there are no sources associated to thermal gradients corresponds to
setting to zero the coefficient of the leading z~2 term. All in all, the set of boundary
conditions that we have just illustrated determines the solution of the differential
equations (8.32) and (8.34) completely.

In order to compute the DC transport coefficients it is fundamental to note that
there are two linear combinations of the fluctuations which are independent of the
coordinate z and are respectively related to the charge density current and the heat
current. The first conserved current is

JH= —QFZ“ , (8.39)
q
with g = #,x,y. Given the ansatz (8.86), the only non-zero component of the
Maxwell equation \/—gVy FMN = 9,(\/—gF¥) = 0 states that J* is independent
of the radial coordinate z and it assumes the following explicit form in terms of the
fluctuating fields

'x__\/jg o _ Zz.u > _f(Z)~/
J' = 7 F¥ = Caar hix(2) , a(z) - (8.40)

Relying on the “radial conservation” we can compute J* both at the horizon z = z,
and at the boundary z = 0 knowing that the two results must correspond. Computing
it at z = 0 and recalling the above-mentioned UV behaviours, it is possible to see
that this quantity is actually the charge density current J* of the dual field theory.
Then, evaluating (8.40) at z = z;, we find:

1 ,YZ‘u2
J=|5-555)E. 8.41
<q2 L2’ (®4D
The electric conductivity opc is now easily computed by means of (8.28),
Jx 1 2
ool LK (8.42)

E ¢ LB’

which corresponds exactly with the analytical expression found in [12].

The second conserved quantity, which is related to the heat current, is subtler
to identify. Indeed, as noted in [15], it is associated to the existence of the Killing
vector k = d; and it assumes the following form:



8.3 DC transport coefficients 151

0= Y Evir—gr =
Ky

~ 7! A ! 2
<¢Zx+htx +ht2JC>f+( f “Z¢>iltx, (843)

q 21(% Kiz 721(4% B L2q?z,

where in the second passage we gave an explicit expression of Q in terms of the
fluctuation fields. Evaluating O on the equations of motion (8.32) and (8.34) and
keeping into account the particular form of the background quantities f and ¢ (8.75),
one has that 3,0 = 0. Namely O is radially conserved.

Having obtained a radially conserved quantity, in order to repeat the same steps
done previously for the electric conductivity, we have to prove that Q coincides, if
evaluated on the boundary, with the heat current in the x direction Q" = T™ — pJ*
of the dual field theory. Actually, in this case, the proof of this statement is straight-
forward. In fact, J* is constant along the radial direction and ¢(0) = u, and con-
sequently the term ¢ J* reduces to @ J* when evaluated at the conformal boundary.

Moreover, it is not difficult to see that —V;zg V¥ coincides with the linearised rx
4

component of the stress-energy tensor of the dual field theory? evaluated at the con-
formal boundary z = 0, namely

L 2 74 h 2h
Ttx — _Ktx +K 1x +Z tx) _ tx o 23 + tx ) 844
K22 ( 8 T8 26V ki f o Kizf (849

Finally, having associated the quantity O with the heat flow, the Peltier coefficient
is straightforwardly obtained evaluating Q at the horizon z = z;, and relying on the
IR behaviour of the fluctuating fields. We obtain

A 2,2
_Q_ e vwm, 3 Pa) (8.45)
E Bq?z, 8ml?  4mz, 4n

The expressions for the DC electrical conductivity (8.5.2.1) and the Peltier coef-
ficient (9.52) obtained here with an analytical computation along the lines described
by [15] coincide with those found in [35] using numerical methods. Note that the
term inside the parenthesis of equation (9.52) coincides exactly with the temperature
(8.8). Consequently, by Onsager reciprocity (see later), one has opc = %, finding
exactly formula (1.4) of [35], which was satisfied by numerical data.

Ilpc

8.3.2 Thermal conductivity and Onsager reciprocity

The thermal conductivity Kpc is defined as

3 To have an explicit expression of the stress-energy tensor we refer for instance to [19]
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Kpe = QXT . (8.46)
—Vxl [g—0

Symmetrically to what we have done in the previous Section, to compute this quan-
tity we must consider a thermal gradient at vanishing electric field. To this end,
we rely on the elegant method described in [15]; we consider the following set of
fluctuations

ax(t,7) = o ¢(2)t +ax(2) , (8.47)
2

hua(t,2) = —aZ% FQ) 1+l (8.48)

hex(t,2) = hex(2) - (8.49)

As we will explain at the end of the section ¢, is the source for the thermal gradient
along the x direction, VT /T. Namely, we will have to derive the heat current with
respect to o in order to compute the thermal conductivity.

Considering the ansatz (8.47), (8.48) and (8.49), one finds that the equations of
motion for /;, and @, are the same as those given in Section 8.3.1, namely (8.32) and
(8.34). The equation for /., looks slightly different but is still algebraically solvable;
its solution being

il (Z) — L2a2 {2L2q2 [3Z (ﬁzﬁ + 1) —Zﬁzi] — Kzuzzzi} (8 50)
S 2Be(e—a) {GuBa — 22 [P (B + 1)+t }

As regards the boundary conditions, the regularity of the fluctuations at the horizon,
in this case, implies that

. o (2L2¢% (B2 +3) — kiu’22)  onl*f(z -z
htx(z) _ ( (4B}1Z2q2) 4 1) + 27[TZ(2 ) 1o hL + ﬁ(Z_Zh)
(8.51)
and
ay=0(z—1z) . (8.52)

Moreover, at the boundary z = 0 we require that &, is proportional to z and, as
before, we have d, = J,z+ ..., where the ellipsis indicates higher power of z.

Importantly, since the equations of motion for &, and d, are the same as in the
case studied in the previous Section, the quantities J* (8.40) and Q (8.43) are still
independent of z. Enforcing the near-boundary conditions discussed previously, we
have that also in this case J* corresponds to the x component of the dual charge
density current. However, the relation between Q and the heat current O is in this
case more subtle than before. Indeed the rx component of the holographic stress-
energy tensor evaluated on the ansatz (8.47), (8.48) and (8.49) for the fluctuations
assumes the following form

Tix t(_ wl’f  20mL*/f _2a2L2> e +2;;,x
2632V F KD K22 ) KRVE kP Kf

(8.53)



8.3 DC transport coefficients 153

Therefore the quantity {C—?wk’( (contained in Q) computed at z = 0 equals just
the time-independent part4of T™ (i.e. the last three terms in (8.53)). Nevertheless,
as discussed in [15] (see Appendix D for more details), in order to compute the
DC response, only the time-independent part of 7 is relevant. To the purpose of
computing the DC thermal conductivity we can then assume that Q corresponds
to the heat current. Then, evaluating it at the horizon, considering in this case the
horizon conditions (8.51) and (8.52) and differentiating with respect to o which, as

anticipated, is the source for the thermal gradient V, T /T, we find

10 m[ruy-207(Bz+3)]
Kpc==z—= 53 s (854)
T o ZﬁK4zh

which agrees with our previous numerical result reported in [35].

Eventually, relying on the boundary conditions (8.51) and (8.52) we evaluate
the charge density current J* (8.40) at z = z;,. We can then prove that the Onsager
reciprocity relation holds, namely

Jy _ 2w _ Ipc
xT E.=0 quzh T’

opc = (8.55)

where the last identity can be obtained by using (9.52) and dividing it by the tem-
perature (8.8).

Said otherwise, the conductivity matrix is symmetrical and the Peltier coefficient
IIpc is equal to the thermal conductivity opc multiplied by 7.

For completeness we still have to prove that o is actually the source for the
thermal gradient VT /T. To do this let us consider the coordinate transformation on
the boundary:

t=1—optx,
(8.56)

XxX=2X.

At the linearised level we find that these coordinate transformation implies the fol-
lowing transformations for the stress-energy tensor:

T = (14 20%)T"
i, - i, ) (8.57)
TX)C:TX)C’ TtX:Ttx, Jt:(1+a2.f).]x, JX:JX,
In particular the time dependence has dropped out of the expectation values.
At the level of the bulk fields, the coordinates transformation (8.56) implies the
following asymptotic behaviour at z — 0:

L2

L L?
ds* = — = f(2)(1 = 20%)df* + —-di* +

2 (8.58)
A=¢(z)(1 — opX)di+... .
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Finally, in order to identify o, with VT /T let us recall that the period of Euclidean
time is 1/7. In order to keep track of all the factors of the temperature, let us rescale
the time so that there is no 7 dependence in the period: t = 7/T. With the new
dimensionless time coordinate, the metric has g7 = 1/7> . We are taking the original
metric to be Minkowski space. It follows that a small constant thermal gradient,
T — T +xV,T, implies

2xVT

where we have scaled back to the original time coordinate . Comparing the previous
expression with (8.58), we find that o can be identified with VT /T as we have
previously stated.

8.3.3 DC properties of the transport coefficients

The purpose of this section is to compare the temperature dependence of the trans-
port coefficients of the simple massive gravity model analysed in the previous sec-
tions to those of the Fermi liquid and of the cuprates outlined in Part 1. Actually the
simple massive gravity model (8.1), is a very simple toy model and we do not expect
that it could reproduce phenomenological properties of the cuprates. However, the
comparison of this section is useful in light of the analysis of more realistic models
(see for example the following section) and especially for the analysis which we
will perform in Chapter 9, where holography will be proposed as a machinery to
generate effective field theory useful in the understanding phenomena which occurs
in strongly coupled systems.

Coming back to the massive gravity model (8.1), the most serious problem in
order to perform phenomenological comparison is probably the finite horizon area at
zero temperature, which means, as in the Reinssner-Nordstrom case, that the system
violates the third law o thermodynamics. The residual zero temperature entropy
probably means that at some point an instability should occurs and the ground state
of the system would change (see the following section for the analysis of a model
which avoids this problem).

Regarding the thermo-electric transport coefficients, we have previously derived
that the electric conductivity opc is given by:

1y’

Opc = 2 LfB (8.60)
As it is evident from the previous formula, the conductivity is completely consistent
with the massless Raissner-Nordstrom case. In fact, in the massless limit || — 0
opc diverges as it should in a system where momentum is conserved. However, in
the neutral limit g = 0 the conductivity remains finite even if 8 is zero. This is
in agreement with the hydrodynamic prevision that in a neutral plasma the electric
conductivity remains finite even if momentum is conserved.
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Regarding the temperature dependence of opc, we note from (8.60) that it does
not depend on the horizon radius z;, and consequently it is constant in temperature
as one can see from the thermodynamic expressions (8.8). The constant behaviour
of the electric conductivity is recovered in the Fermi liquid in the (elastic) scattering
dominate regime (see Part 1), but it is not realistic that this behaviour persist for
al the temperature range. The constant behaviour disagrees also with the cuprates
phenomenology where a stable linear in temperature resistivity is measured (see
Part 1).

Regarding the thermo-electric conductivity, in the system at hand opc ap-
proaches a constant at 7 = 0 and then grows linearly with the temperature:

o fnu (2BL? — y*u?) _4rtu
pe 322 —6BL*  3BG

T+0(T?) (8.61)

As we will explain better in Chapter 9, this is due to the fact that the entropy . is
non-zero at T = 0 (see (8.8)).

(8.61) disagrees both with the cuprates phenomenology and with the Fermi lig-
uid prediction. In fact, the Mott law describing the Fermi-liquid thermo-electric
response for elastic scattering mechanisms

7'[2 0 log Opc

? on (8.62)

SMott = —

yields a Seebeck coefficient which goes linearly to zero as T — 0.
Finally, the thermal conductivity Kpc goes hnearly to zero with the temperature

and is proportional to the heat capacity C = A 57,

30201272 4
\/3V°MPL* —3BL
= C+0(1?) . (8.63)

2[3L2 _2/),2“2

Kpc = —

This is is agreement with the Reissner-Nordstrom limit, where we have seen that the
coefficient of the delta function at @ = 0 for the thermal conductivity is basically
proportional to the entropy and consequently, since it is linear in temperature at low
T, to the specific heat.

8.4 Adding the dilaton

As we have seen in the previous section, the simple massive gravity model (8.1) is
not very interesting from the phenomenological point of view. We have just outlined
that the temperature behaviour of the DC transport coefficients deviates from both
the paradigmatic Fermi liquid and the phenomenology of the cuprates (see Part 1).
Moreover, as in the Raissner-Nordstrom case, there is a residual non-zero entropy at
T = 0. Consequently, the system violates the third law of thermodynamics, which
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means that at sufficiently low 7 something has to happen which modify the ground
state with respect to those described by (8.1). The core of the problem is that at zero
temperature the horizon of the black hole, as in the Reissner-Nordstrom case, is
located at some point which do not coincides with z = oo. Then, to get rid of the zero
temperature entropy this horizon has to be located at z = c. There are two common
way to solve this issue. One can either introduce charged sources to discharge the
horizon: an example of this case is the well known holographic superconductor
[24] and the subsequent literature. The second way is to attempt to violate Gauss’s
law. This can be realized in a simple way by employing the so called Einstein-
Maxwell Dilaton (EMD) gravity. Dilaton fields are quite unfamiliar to condensed
matter physics but these turn out to be quite ubiquitous in string theory where they
naturally appear in the low energy spectrum, and thereby also in top-down theories.
A dilaton field ¢ is an object having its own potential while it typically shows up
as well as determining dynamically the gauge coupling Z(¢) multiplying e.g. the
Maxwell term.

In general the EMD model, including a mass term for the graviton, is described
by the following action:

z 1
S= /d4x\/—g {R —V(p)— %FHVF“V — Eaﬂq)a#q) + . (g)} +Sect., (8.64)
where V(¢) is the dilaton potential, which should tend to the cosmological constant
A/L?> = —6/L? at z— 0 in order for the space to be asymptotically AdS, Z(¢) is the
coupling between the dilaton and the Maxwell field as stated above, and the mass
term we consider is given by

M(g) =B [tr(H ) —te(?)] . (8.65)

Holographic studies on the transport properties of this theory can be found e.g.
in [18, 25, 26]. In particular in [18] the DC transport coefficient are computed an-
alytically following the method illustrated in the previous sections for the massive
gravity model (8.1). Even though the DC transport coefficient can be fully expressed
in terms of the horizon data, to find a general analytical solution for the background
which is well behaved at z — o and asymptotically AdS at z — 0 (which is an essen-
tial ingredient to apply the holographic dictionary (see Part 2)) is not an easy task
and, by now, very few solution of this kind are known analytically.

Here, in order to describe an holographic model which has several interesting
properties from the phenomenological point of view, we will focus on the following
EMD model:

0
Sy = / d*xy/—g [R+6cosh¢ - %FHVF”" - %a”q)a% .M (g)] +Ses. . (8.66)

This model is inspired by [22] which was considered in 3 + 1 dimensions with a
mass term for the graviton in [23].
The bulk solutions of (8.66) are
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2 _ @ < 2 L 2 2)
ds” = 2 h(z)dt Jrg(z)zh(z)erx +dy” |,
A :\/3Q(QZh+1) (1+ Bz > h—2
! Z (Qzn+ 1) ) z(Qz+1) (8.67)

#(z) = llogg(Z) . g =(1+02)7,

3
_ Bz 2(Qz+1) 5
MO =1+ e Fomy (G eT)

The parameter Q controls the dilaton profile and is related to the chemical potential.
In the asymptotical Minkowsky case, namely when V (¢) = 0 and the dilaton has no
mass, the parameter Q is related to the conserved dilaton charge.

The thermodynamics of the model is holographically related to the bulk solution
in the following way

2 2
T 3(1+0z) -:ﬁzh . S = 44(Q2h+1)% ,
An(14 Qzp) 2z 2y
~ [30(0z + 1) Bz; ] (8.68)
‘u_\/ Zh |:1+(th+1)2 bl

p= 00u+1),
Zh

As one can see from the previous solution in this case (asymptotically AdS) the
parameter Q is no longer an independent parameter of the solution and is related to
the chemical potential. Moreover, since the chemical potential ¢ must be real, the
parameter Q and [ are constrained in order for the radicand in (8.68) to be positive.

Following exactly the same method described in the previous section (see [15]
for the details of the computation in the general EMD model) we have analytical
control upon the entire set of thermo-electric transport coefficients and we obtain
the following explicit expressions

2B (Qzn+1) —3Qz; [ﬁ + (é +Q)2}

e 26v/Qa+ 1 |
2v/3 1
aDc[;”\/Q@zhH) 0@a+2patt], B
Zh <h
2 ()32 /2 +0(2 (B+30%) +60z,+3
o (2)7/5 +0G (B +30) + 603 +3)
BvQz+1

We remind the reader that, also in the present dilaton model, the positivity of the
momentum dissipation rate requires 8 < 0 so in the preceding formula 3 is always
negative.
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8.4.1 Properties of DC transport coefficients

We are now ready to briefly discuss the temperature dependence of both the thermo-
dynamical quantities and the transport coefficients derived in the previous section.
Actually the properties of the model at hand are very subtle and the temperature
scalings strongly depends on the way in which one solve the relation between U,
0, B and z;, in (8.68) (We will come back to this subtle point in Chapter 9). In this
section we will suppose that Q is a non-zero real fixed number in line with what has
been originally done in [23].

In this case the high temperature limit (7' / ¢ >> 1) has exactly the same properties
of the simple massive gravity model (8.1) discussed previously. This is in line with
the fact that the dilaton introduced in the dual field theory an operator which is
irrelevant in the UV while it modifies the near horizon geometry and consequently
the low temperature properties of the model.

Stated this, we have only to discuss the low temperature (T /i < 1) properties
of the various physical observables.

Let us start from the thermodynamics. In order to derive the relevant scalings it
is useful to note that the relation (8.68) between the temperature 7 and the horizon
radius z; implies that, at low temperature (large horizon radius) the temperature
scales as T' ~ ,/z;,. Consequently, we find that the entropy goes linearly to zero as
the temperature decreases, namely:

1 T
S~ Ag QP —— ~ = (8.70)
N
Then as stated before there is no residual entropy density at 7 = 0 and the ground
state of the system is stable. Regarding the charge density, it approaches a constant
at 7 = 0 and grows quadratically at the increasing of the temperature:

V3(B+30%) T2

~ /3 +0%+ ~A +B—, 8.71
p oVp+0 2o /B0 1HBr s (8.71)

where A; and B; are constants
Regarding the transport coefficients, the DC electric resistivity ppc = 1/0pc is
linear in temperature

(~90*V/0(B+07)+2BvOVB+07+380(B+0Y) | 1

pre= BOVE+Q Vah i
(8.72)

in agreement with the phenomenology of the cuprates. However, the thermo-electric
conductivity, which in the cuprates is typically fitted with a power low of the kind
A — BT ,scales as follows:

_ 2V370/B+Q* V3m(B+30%) ~ay—B, Lo (8.73)
B BB O w '
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where A, and B, are constants.

Finally regarding the thermal conductivity, the experimental data are not conclu-
sive and we can not make contact with the phenomenology. However, in this specific
model Kpc goes to zero quadratically:

_6mQ*
B 21

TZ

o< . 8.74
o e (8.74)

IZ'DC ~

Note that from the previous relation we find that |3| > 1/(3Q?) in order for the
thermal conductivity to be positive. This probably provides an additional constraints
to the stability of the model even though a detailed study of the stability of the
solution is still a work in progress.

As a final comment, we want to stress again that the temperature scalings depend
on how you solve the constraints which relates the parameter Q to the chemical
potential u in (8.68). In Chapter 9 we will consider again this model analysing how
different solutions of the constraint lead to different, phenomenologically relevant
scalings.

8.5 Holographic magneto-transport

In Chapter 7 we have analysed the basic thermo-electric transport properties of a
strongly correlated plasma which conserves momentum. Then we got rid that, in or-
der to make contact with experiments some mechanisms of momentum dissipation
must be considered since they are ubiquitous in condensed matter systems, and we
consequently have analysed in some details a possible way to include momentum
dissipation in holography in the previous sections of this chapter. Actually, as the
reader should have noted in Part 1, most of the measurements for the cuprates are
performed in systems immersed in an external magnetic field. This is due to the
fact that, since the superconducting phase transition occurs at high critical tempera-
ture T, in order to analyse the transport properties in the normal phase, the critical
temperature has to be suppressed in some way, and the external magnetic field do
exactly this game. Eventually, in this section we want to include the effects of an
external magnetic field in the effective holographic field theory discussed in the
previous sections, namely, the massive gravity model (8.1).

Specifically, we want to discuss the effects due to the presence of an external
magnetic field B orthogonal to the plane xy. In particular, its consequences on the
thermoelectric transport coefficients in the holographic system (8.1) at non-zero
chemical potential . To include the constant magnetic field B we adopt the fol-
lowing ansatz for the background metric g,y and the gauge field A,

I? 1
ds* = = | = f(2)dt> + dx* + dy* + —dZ*| ,
s =3 f(2)dt” +dx” +dy +f(z) Z 875)

A=¢(z)dt+Bxdy .
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Substituting this ansatz within the equations of motion derived from (8.1), we obtain
the following black brane solution

Z
¢(Z)—uq2pz—u<l>, pzzi,
Zh q7Zhn

3 3 3 B2 + 2
f(z):1—231+/3(z2—z>—z(1—z)(2£2>,

Zh Zh Zh

(8.76)

where we have denoted with z;, the horizon location defined by the vanishing of the
emblackening factor, namely f(z;) = 0. The definition of p is actually substantiated
by the explicit analysis of the thermodynamics that we perform in Section 8.5.1. For
the sake of practical convenience, we introduced ¥ = k4/q.

8.5.1 Thermodynamics

As discussed in the previous section, the black brane solution (8.76) corresponds
to a planar demonic black hole having both electric and magnetic charges. From
the boundary theory standpoint, B represents a magnetic field perpendicular to the
spatial manifold xy which enters the boundary thermodynamical quantities; as usual
in gauge/gravity, these are derived from the bulk on-shell action as we now show in
detail.

The temperature T and the entropy density . are the easiest thermodynamical
quantities to compute since they are determined from the horizon data, namely

[e) _ kg (Bg+u?) 2L (B543)  , _ 2¢L?

T=-— 7
4w 8wL2g%z, K‘%zlzl

(8.77)

In order to compute the energy density &, the pressure P, the charge density
p and the magnetization M, we need to evaluate explicitly the Landau potential
Q which, according to the holographic dictionary, is identified with the on-shell
bulk action. Not surprisingly, the bulk action (8.1) when naively evaluated on the
solution (8.76) is divergent and therefore needs to be renormalized. The standard
renormalization process consists in regularizing the action by means of a UV cut-off
zyv and supplementing it with appropriate counter-terms. These could necessarily
be written in terms of boundary fields but (proceeding as in [12]), once evaluated on
the solution (8.76), can be explicitly expressed as follows

1 4 2
Set= — V=g |-+ =Bz 8.78
ct 2’(}% /z:zUv &b <L + L.BZUV> ) ( )

where g;, is the metric induced on the z = zyy shell. With this counter-term in place,
the Landau potential 2 assumes the following form
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3 B2 0 L2 ﬁ L2 ‘u2
42 2Kz 2Kz 4¢Pz

zyv—0

Q= lim (S+Sct)0n_shequ( ) . (8.79)

We have denoted with V' the boundary spatial volume.
Once the Landau potential is known, the other thermodynamical quantities fol-
low easily by means of standard thermodynamical relations. We explicitly obtain*

Q 3B%z,  L? BL? u?

po_2__ - 8.80
v 442 2Kiz  2Kjz - APz (©50
B%z, L’ BLZ .u2

E=—-P+ST+up= - + : 8.81
HP =g Kiz  Kizn o 2q% ®50

o0& & Bz,
p:7:2L7 M=-2"=-"0 (8.82)

u ¢’z JB q

For later purposes it is useful to define one additional and less common thermo-
dynamical quantity, namely the magnetization energy M defined as

oQ

ME=—_—"—" |
SFE

(8.83)

where Fxf = 0,08y — JyO8g: and g, represents a variation of the metric sourc-
ing T'%. Following [21], an operative method to evaluate the magnetization energy
consists in computing the on-shell action on the following solution

Ar=9(2), Ay:Bx—(d)(Z)—/J)BEx,
1
1)

where ¢(z) and f(z) are the same as in (8.76); the magnetization energy MF is then
obtained by differentiating the on-shell action with respect to B and finally setting
BE to zero as one can understand comparing de definition of F)g and the explicit
form for the metric in (8.84). This computation proceeds exactly in the same way as
in [21] and the mass term for the graviton does not affect the final result. Eventually
we obtain

2 (8.84)

ds* = —f(z) (dt — BExdy)2 +dx® +dy* +

5 dz? ,
b4

_uM
_

ME (8.85)

4 In order to compute the thermodynamical derivatives with respect to 7', 4 and B one must recall
that z;, is an implicit function of these quantities as given in (8.77).
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8.5.2 Transport coefficients

We compute analytically the whole set of thermoelectric DC transport coefficients
for the boundary theory corresponding to the bulk model (8.1). To this aim, we
employ the method first illustrated in the previous sections. Since the application of
the method presents some technical difficulties when the magnetic field is present,
we will explain the computation in details in what follows.

8.5.2.1 Electric conductivity

We consider linearised fluctuations around the bulk background solution (8.76). Fol-
lowing [15], to the purpose of computing the linear response to a “pure” electric field
(i.e. in the absence of a thermal gradient), one considers the following ansatz for the
fluctuating fields

ai(t,z) = —Eit +a(z) (8.86)
hii(t,2) = h(z) , (8.87)
hei(t,2) = hy(z) (8.88)

where i = x,y; we henceforth adopt small Latin letters to refer to spatial boundary
indices’. The vector E; introduced in the ansatz corresponds to an external electric
field perturbing the system.
The quantity
P8 (8.59)
q

(where u = t,x,y is a boundary space-time index) is conserved along the holo-
graphic direction as a direct consequence of the Maxwell equation for the fluctu-
ations. Indeed, recalling the ansatz (8.86), we obtain

V—gVuFMN =0 — 9, (v/—gF%)=0. (8.90)

The capital indices refer to the bulk space-time and the arrow means that we consider
just the spatial components. The quantities J? are radially conserved and explicitly
given by

- [, BZfE) . ; U s
Ji= _7 a(z) — 124 &jhzj(2) % hi(z) (8.91)
where €;; = —¢;; = 1. To obtain (8.91) we have again referred to the ansatz (8.86)

and considered just up to the linear order in the fluctuating fields. We remind the
reader that the boundary indices are raised and lowered with the flat boundary
Minkowski metric.

3 Note that the magnetic field mixes the x and y fluctuation sectors and therefore all the components
along these directions in (8.86) must be switched on.
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To study the near-horizon behaviour of the fluctuating fields and demand regular
infra-red behaviour, it is convenient to adopt the Eddington-Finkelstein coordinates,
namely

1 Zh—2z
=t——1 8.92
v o7 8 [ 7 ] ; (8.92)
leaving all the other bulk coordinates untouched. Skipping the details (which are
analogous to what illustrated for the B = 0 case in the previous sections), the infra-
red regularity requirement amounts to having the following asymptotic behaviours

Tui(2) = f'(zn) hei(zn) (2 — 2) + Oz — 2)* (8.93)
and
ai(z) = 45’% lo [Zh L_ ¢ } +0(z—2). (8.94)

To avoid clutter, we relegated the explicit expressions of the equations of motion
for the linearised fluctuations in Appendix E.1. It is however important to recall that
h.;(z) is governed by an algebraic equation and therefore expressible in terms of
the other fluctuating fields (hence it does not demand further IR requirements). An

explicit infra-red asymptotic analysis returns

LV [BeiEjz (VB g+ VI~ LPB) + EL*Bu|

Bti(Zh) =
o (L2 — B2 P)° + B2y

, (8.95)

which we report explicitly for the sake of completeness and to underline that its
B — 0 limit is consistent with previous results obtained directly at B = 0 in the
previous sections.

It is essential to observe that, turning the attention to the near-boundary asymp-
totics, one actually identifies J(z = 0) with the electric current J; of the boundary
theory,

Ji(z=0)=1J;. (8.96)

Moreover, being J radially conserved, it can be evaluated in the IR and then ex-
pressed exclusively in terms of the near-horizon asymptotic data, namely J(z = 0) =
J(z=2z).

The electric conductivity matrix is

Ji= G,']'Ej . (8.97)

Hence its entries are directly read from the explicit expression of the electric current;
this yields

BL2 (B2~ (55 + 1)

Oxx = s
N _2BB2KIL2qP7 + Bk B2z + u?) + BALAGH

(8.98)

and
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Bz [ (B3 + 1%) — 2P L3¢
6]2 [—ZﬁBszquzzi —1—321(22% (BZZ% —|—[.L2) +l32L4q4} ’

Gy = (8.99)

We have oy, = 0y, and Oy, = —Oy.

8.5.2.2 Thermoelectric response

We want now to compute the thermoelectric conductivities 0, and ¢,. Considering
the system at non-zero electric field and zero thermal gradient, these two conductiv-
ities are defined by the following relation

Qi=o;TE', (8.100)

where Qi is the heat current in the i-direction, which can be related to the boundary
stress-energy tensor TV and to the electric current J* by the identity Q' = T" — uJ'.

In order to apply the same procedure used for the electric conductivity in the pre-
vious section, we need to define in the gravitational system (8.1) a quantity Q; which
is radially conserved and that, choosing the appropriate UV boundary conditions for
the functions appearing in the ansatz, can be identified at the boundary with the heat
current Q;. As illustrated in [15], the quantity which does the game in the absence
of an external magnetic field is:

0 = \/?Vzki—(p(z)fi, (8.101)
K4
where k = d;. The proof that this quantity is radially conserved relies on the fact that
k is a Killing vector for the gravitational action (8.1) (see [15] for more details).
When one considers circumstances with a non-zero magnetic field B, the quantity
(8.101) is no longer radially conserved. In fact, differentiating O with respect to z
and evaluating the result on the equations of motion (see Appendix E.1) we obtain

_ . B
2.0\ = .5‘”Ej—2 . (8.102)
q
We can therefore define the following radially conserved quantity,
_. /= : : . B
0 = Y BV —9(2)J —€VE; > 2. (8.103)
K; q

Evaluating the expression (8.103) on the ansatz (8.86) at the linear order in the
fluctuations we obtain
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_ B BZ? -
0= L9 ) - q—f &/Ej+ = {(zz)f = &jhzj(2)

7
+ (_f/(z) + 1@ zz,u(])(z)> hei(z) + &E;i(z) :

2k zkp L¢Pz, 2k7
(8.104)

The proof that Q corresponds to the heat current at the boundary is straightforward.
In fact, the third term in (8.103) vanishes at z = 0, the second term is equal6 to —uJ i
and the first term coincides at the boundary with the i component of the holographic
stress-energy tensor,

D : S22 h.(z) hii(z) 21uiz)
Tll: _Kll+K ”_’_7 ll) — 11} _ .
KZZS( AL 20/ f2) i\ fz)  wKif(2)
(8.105)

Exploiting its radial conservation, we can compute Q' at 7 = z;, and express the
heat current only in terms of horizon data. Finally, using the definition of the ther-
moelectric conductivities (8.100), we obtain:

O = — 2npuL’y’ , (8.106)
—2BB2K212q*7; + B2k*z; (B222 + u?) + B2LYq 2,
and
27BL? (1 (B*z; + u?) — BL*¢?)
Oy =
Xy —2ﬁBzK4%L2qZZ% _|_BZK~Z¥Z]21 (322]21 —|—,LL2) + B2LAg*
8BrL’q’z; (8.107)

+ .
Kiq*z (B?z + u?) —2L%q* (Bz; +3)

However, as illustrated in [21, 27], in order to properly define the thermoelectric
response in the presence of a magnetic field, one has to subtract to the heat current
the contribution due to the magnetization current’. This implies that the off-diagonal
components of the thermoelectric conductivity have to be defined as

M
o = oy + T (8.108)

and, recalling the explicit expression of the temperature 7 and of the magnetization
M derived in Section 8.5.1, we obtain

6 We remind the reader that the quantity J7 is radially conserved and coincides with the boundary
electric current, as illustrated in the previous section.

7 We note that the radially conserved quantity (8.101) is defined up to an additive constant. There-
fore it would be possible to add to Q) the constant &;E j% and the radially conserved quantity
defined in such a way would coincide with the magnetization-subtracted heat current. This is in
line with the analysis of [31].
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Wb _ 27BL (kj (B3 +1°) — BL¢)
Xy —2[332KZL2q2Z121+32K2Z% (BZZ%-FHZ) +l32L4q4

(8.109)

From now on, we will refer to (x;;b as the off-diagonal component of the thermo-

electric conductivity and we will indicate it with 0.

8.5.2.3 Thermal conductivity

The thermal conductivities Ky, and Ky, are defined in terms of the heat current gen-
erated by the presence of an external thermal gradient V;T in the following way

Qi = —&;V,T (8.110)

As illustrated in [15], in order to study the holographic model (8.1) in the presence
of an external thermal gradient and at zero electric field we have to consider the
following ansatz for the fields of the theory

ai(t,z) = S,’(P(Z)l-f—fl[(Z) s

2
hii(t,2) = —Si%f(z)t—&-fln-(z) , (8.111)

hzi(t,2) = hi(2)
where s; can be proven to be equal to the quantity — V}T in the boundary field the-
ory (see [15]). The linearized equations of motion for this ansatz can be found in
Appendix E.2.
As in the thermo-electric case, the quantity (8.101) evaluated on the ansatz
(8.111) is not radially conserved. On the other hand, the quantity (already given
in (8.103))

Q_i:gVZki—¢(z)ﬁ+£i-7SjB—gz, (8.112)
Ky q
is radially conserved once evaluated on shell.

The computation of the thermal conductivities is now straightforward. As in the
previous section, we evaluate the radially conserved quantity (8.112) on the ansatz
(8.111) at the linear order in the fluctuations. Also in this case, as long as we consider
the DC response, Q; can be proven to coincide with the heat current in the boundary
field theory (see Appendix E.3 for further details on this point)®. Finally, computing
the quantity Q; at the horizon z = z;,, and considering the definition of the thermal
conductivities (8.110) we obtain

8 Actually, considering the ansatz (8.111) there are some additional technical difficulties in proving
this statement due to the fact that the quantity VZk’ differs from the holographic stress-energy
tensor T* by terms linear in the time coordinate . However, as proven in [15], these terms do not
contribute to DC transport properties.
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o 10, al(BLq’—Bk’3) [2L°¢ (BT +3) — K25, (Bg, + 1)
T o 2k2z; [—2BB*k2L2qZ; + B2k4z} (B2} + ) + B2LAqY

(8.113)

Also in this case we need to subtract the contribution due to the magnetization cur-

rent [21, 27] from the off-diagonal conductivity Xy, namely

o :l%+2(ME—uM) _ mBul? (K5 (B4 p?) — 2L (B2 +3)]
YT T 222 [-2BB2K;L2q% 7 + B2k (B2 + ) + B2LAq]
(8.114)

where we have used equation (8.85) for M.

8.5.3 Structure of the thermoelectric transport coefficients

The behaviours of the transport coefficients found in the previous section depend on
the specific form of the thermodynamical quantities obtained in the massive grav-
ity model in Section 8.5.1. Nevertheless, as we will show, these transport coeffi-
cients can be cast in a form which may aspire to be universal, at least within the
holographic framework. It is tempting, in fact, to argue that the formula obtained
through holography with massive gravity could remain valid in a more general
framework, namely as long as one considers strongly coupled systems with neutral
mechanisms of momentum dissipation® (e.g. impurities). This statement is partially
corroborated by [31, 32, 33], where formula for the thermo-electric transport coef-
ficients in agreement with those obtained in this paper are computed in holographic
Q-lattices [31] and, independently of holography, by means of the memory matrix
approach [32].

In order to proceed, we write the full set of transport coefficients computed in
massive gravity in terms of the thermodynamical quantities and two transport quan-
tities & and A. Let us start defining the explicit expressions for these latter in the
model at hand. As far as & is concerned, it appears manifestly from the expression
of the transport coefficients that it represents the it = p = B = 0 conductivity, then
it takes the usual [12, 35, 36] form 6 = 1/ q2 and it is directly connected to the
parameter g of the bulk model. Regarding i, we define it explicitly as follows

S 4BL2g?
he B _ s BL gz . , (8.115)
2t Kjz; (B —3u%) — 2177 (Bz; +3)

noticing its relation to the parameter f3.
In order to gain physical intuition on the nature of i, we connect it to the charac-
teristic time 7 of momentum dissipation at B =0

9 This statement might not be valid in cases when the momentum dissipation is obtained by adding
an additional gauge field as in [39, 40].
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. 772n(é3+P)772L2q2(ﬁzi+3)
T Y] Sy

(8.116)

as found in [8] through an analysis at low momentum dissipation; combining (8.115)

and (8.116), for 1 we have
&+P

hlg—o=———

(8.117)
T

We also stress that, according to [29], the connection of 7 to a momentum dissipation
characteristic time is made up to order B2 corrections; therefore T can be, strictly
speaking, interpreted as a dissipation characteristic time only when momentum is
slowly dissipated [37] and at vanishing magnetic field. This said and still sticking
to B =0, 7 proved to be a formally very useful quantity to furnish explicit and
exact expressions for the holographic transport coefficients in all dynamical regimes
[12, 35, 36, 38]. In the present extended context, i.e. encompassing a non-trivial
magnetic field, we prefer to express everything in terms of the quantity % (as defined
in (8.115)) both inside and outside the regime of strong momentum dissipation and
independently on the magnitude of the magnetic field B. Even reminding ourselves
the connection of 4 to 7 through (8.117), we adopt the former to prevent confusion
and avoid a direct hint to a momentum dissipation characteristic time (whose explicit
expression for B # 0 is yet unknown).

It amounts just to a matter of algebra to verify that the transport coefficients
derived in Section 8.5.2 can be expressed in the following general form :

246 (B*6+h 2+6(B*6+2h
o-,“:thr (B°6+ )2, ny:po+ (B°6+ 2 (8.118)
B’p%+(B*6 +h) B?p?+(B*6 +h)
S h p2+6 (B*6+h
= O =SB ( ° )2, (8.119)
B’p?+(B*G +h) B’p?+(B*6 +h)
) ST (B*6+h ) Bp /*T
R = ( . )2, Ry = P = 8.120)
B?p?+(B*6 +h) B’p?+(B*G +h)

We highlight once more that the transport coefficients (8.118), (8.119), (8.120) are
expressed as functions of the entropy density ., the charge density p, the mag-
netic field B, the conductivity 6 and % only. They formally do not depend on any
detail of the specific model that has been used to derive them. We therefore advance
the proposal that they can have wider relevance. Within the holographic context,
such a claim could be corroborated by the comparison of these formule with the
corresponding results obtained in other holographic models [31]. More generally, a
careful comparison with the phenomenology and real experiments must be pursued.
In a later section we start addressing this wide question.
Finally we note that, even defining the incoherent conductivity op = [T /(& + P)]2

as in [4], we find a mismatch between the holographic formula (8.118), (8.119),
(8.120) and the hydrodynamic results of [21]. This is however expected, since (as
recently pointed out in [29, 30]), in the zero magnetic field case the holographic DC
formula for the thermo-electric transport agree with the modified hydrodynamic
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result of [4] at order 1/B2 and there is a mismatch at order B°. The discrepancy
we have found here reflects most probably that an analogous situation arises also in
the B # 0 case. To the purpose of identifying precisely the coherent and incoherent
contributions to the thermo-electric conductivities for B # 0 a careful extension of
the B = 0 analysis of [29] is in order. Complementary studies could also be pursued
within the fluid/gravity approach as in [30].

8.5.4 Bulk electromagnetic duality and its consequences from the
boundary perspective

The 3 4 1 dimensional bulk Lagrangian (8.1) enjoys electromagnetic self-duality.
From the boundary viewpoint this implies that the equilibrium states corresponding
to two bulk solutions connected by the electromagnetic duality can be mapped into
each other, which practically means that the information regarding the thermody-
namics and the transport can be interpreted in two dual ways. Though, this does not
correspond to a boundary electromagnetic duality; actually, from the holographic
dictionary it emerges clearly that the bulk electromagnetic duality exchanges the
boundary magnetic field with the charge density.

The physical relevance of these duality arguments is connected to the possible
description of the theory in terms of dual degrees of freedom and is related to the
ubiquitous particle/vortex dualities of critical or near-to-critical systems. Indeed, as
noted in [21], in the limit p, 7=', B < T2, and p ~ B, the hydrodynamic transport
coefficients enjoy the above mentioned duality (a priori of any gauge/gravity argu-
ment), namely, by exchanging the charge density with the magnetic field, p <+ B and
the quantum critical conductivity with its inverse 6p <> 1/0p, the hydrodynamical
transport coefficient map into each other as follows

Oyxs Oxy, Oy, Oy, Ky, Ky

!

pua_pxya_ﬁxya_ﬁxxa KxXa_ny ) (8121)

where p = 6! is the resistivity matrix, 6 = —p - & is the Nernst coefficient matrix
and K = K — T'&- P - & is the thermal conductivity matrix at zero electric current!©.
As just argued, in a gauge/gravity context, the map (8.123) becomes particu-
larly transparent as a direct consequence of the bulk electro-magnetic duality. So
the transport coefficients (8.118), (8.119), (8.120) that we have obtained holograph-
ically naturally satisfy (8.123) in any dynamical regime; both within and outside
the hydrodynamic approximation. The self-duality is naturally expressed in terms
of the characteristic conductivity & = 1/¢* which is mapped into its inverse and

10 Where
ﬁ:Pxx1+ny97 (8.122)
and similarly for the other transport matrices.
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not through the quantum critical conductivity op; we remind the reader that this
latter is equal to [T /(& 4 P)]* as described in [4]. The electro-magnetic duality
formulated in terms of & is exactly valid in every dynamical regime, namely

p < B, 6-1/6,

Gxx ) ny ) axx I axya f)Cxa fxy

!
Prxs —Prxys — By, =B, Kow, =Ky - (8.123)

The validity of (8.123) also far from the hydrodynamic approximation has inter-
esting consequences. One can move away from hydrodynamical regime either low-
ering the temperature or increasing the magnetic field. This statements can be made
precise referring to the charge density p; lowering the temperature means actually
to consider a regime where the ratio 7'/,/p turns to be small. Then it is possible to
appreciate that the two ways out of hydrodynamical regime just mentioned are dual
in the sense of the map (8.123) and correspond roughly speaking to spoil criticality
by means of a strong magnetic field or a strong charge density.



Chapter 9
Physical implications

Having described in Chapter 8 the technical details to obtain a holographic effective
field theory which takes into account momentum dissipation effects, we are now
ready to discuss the physical implication of the technical result previously obtained.

Specifically, in the present chapter we will discuss two physical implication in
which holography takes a predominant role.

In section 9.1, we will discuss a recent conjecture, according to which in strongly
correlated materials near criticality, such as the cuprates, some physical observables,
namely the momentum, charge and heat diffusion constants, have to saturate certain
bounds. At first we will analyse how these bounds can be conjectured starting from
the principle of Planckian dissipation, namely the fact that in critical matter all the
scales are setted by the indetermination principle. Secondly we will argue on the
possible existence of such bounds in holography, which at the moment constitute
almost the only way to analyse the diffusivities in strongly coupled field theories.

In section 9.2, we will discuss a different implication of the holographic result
of Chapter 8, namely we will argue on how holography can be taken as an effective
field theory to discuss the phenomenology of the cuprates. With the phenomeno-
logical intuition that massive gravity could have a more general validity if taken as
an effective low energy field theory, we will promote the parameter of the model
to temperature dependent quantities. Then, with some phenomenological input, we
will discuss how some scalings of the thermo-electric transport coefficients of the
normal phase of the cuprates can be reproduced in this way.

171
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9.1 Criticality and diffusion bounds

9.1.1 The shear viscosity bound and the concept of Planckian
dissipation

In order to understand how the bounds on the charge and heat diffusion have been
conjectured, we now briefly review a very famous result of holography, namely the
fact that in a holographic fluid the viscosity/entropy ratio (1/.%) is equal to [43]:

n 1 &

ST kg’ ©-h
where kp is the Boltzman’s constant. As we will see, this extremely small ratio,
which does not depend on any thermodynamical quantity of the model, is directly
related to the concept of Planckian dissipation, namely the fact that in the strongly
interacting quantum critical state, Planck’s constant sets, together with the tempera-
ture, the rate of the production of heat. This concept will be fundamental in order to
formulate the possible existence of bounds in charge and heat diffusions in cuprates.

Let us start by illustrating how the result (9.1) was found in holography. The
shear viscosity 1 is a kinetic transport coefficients which measures the resistance
of a fluid to flow. It is well defined only in a system where momentum is strictly
conserved. As all the kinetic transport coefficients of a fluid, the shear viscosity
can be related to correlation functions via the Kubo’s formula [44]. Specifically,
n follows from the absorptive part of the spatially transversal stress-energy tensor
(Ty) propagator through,

= lim / didx(| T,,(0,0)]) . 9.2)
To compute correlators such as that in (9.2) is actually the bread and butter of holog-

raphy. To do this, we will follow the elegant method illustrated in [16].
Let us consider a theory of gravity coupled to matter

S = d* R—A)+ %yl , 9.3
/>r0 N LMG (R—A)+ L ©.3)
where Gy is the newton constant and %), is a generic matter Lagrangian. We will

assume that this theory has has a black-bran background of the following kind:
ds* = —gudt? + gndr* + gijdxdx’ | 94

where the indexes i, j run other the spatial boundary directions x and y. In order
for the previous metric to be a black-brane, we assume that it has an event horizon
at r = rg, where g;, has a first order zero and g,, has a first order pole. Moreover,
we will assume that all the metric components depend on r only, so that we have
translational invariance in # and x’ directions, and that the system preserve the full
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rotational symmetry, namely
8ij = 5ijgxx . 9.5)

Finally we take the boundary at r = oo and assume that the metric asymptotes to a
structure that supports gauge/gravity duality according to what have been explained
in Part 2.

In order to compute the viscosity for the field theory dual to the gravitational
system just introduced, we need to analyse the fluctuation of the metric iy = g™hy,
which, according to the holographic dictionary (see Part 2), is dual to the xy com-
ponent of the stress-energy tensor Ty,. At this point an observation comes in help:
for Einstein gravity coupled to matter fields, in the absence of a background off-
diagonal component of the metric, as in (9.4), the effective action for h;‘, is simply
that of a massless scalar field ¢ with coupling 1/(167Gy):

1
167'CGN

Sefs = / d*xy/ g (Vo)? . 9.6)
r>ro
Consequently, using the standard prescription (see Part 2), the shear viscosity 7 is
given by:
(r, )

n prattfoatd i0p(r,o)’ ©-D

where @ (r, ) is the Fourier transform in the time direction of the field ¢, IT(r,®) =
— 1\6/73N g 9,0(r,®) is the subleading term for the scalar field in ~the r — oo limit
and we work in the zero momentum limit k£ = 0. As usual the field ¢ is evaluated on
the equation of motion associated to (9.6),

OIT = V8 gt 2 98
. 16ncngg 0, (9.8)

imposing ingoing-wave boundary conditions at the horizon ry. The relevant observa-
tion made in [16] is that in the low frequency limit the equations of motion become:

O =0+0(wd), I (wd)=0+0(oIl). 9.9)

Thus, the evolution in r is completely trivial and we can evaluate (9.7) at any value
of r. In particular it is convenient to compute it at the horizon r( where ingoing-wave
boundary conditions fix everything. Consequently IT assumes the following form:

1 —g ~
I(rg,0) = i0¢(ry,m) , 9.10)
(r0, @) 167Gy Vgrrgn - 0 (ro, @)
and eventually:
1 A
9.11)

= T6nGy vV’
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where A is the area of the horizon and V is the spatial volume of the boundary
theory. Using the Beckenstein-Hawking formula for the entropy (see Part 1), .7 =
A/(4GNV') we recover the result anticipated in (9.1).

The proof here is extremely general, applying also to charged black-holes dual
to theories with chemical potential.

It has been conjectured in [43] that the value of 17/ in (9.1) is in fact a lower
bound for all realistic critical matter. Restricting to the holographic framework we
now know that in theory where the the effective gravitational coupling for Ay is
stronger than the universal value (9.1) for Einstein gravity. An example of this kind
is Gauss-Bonnet gravity (see [45] for a review on the topic).

Independently of the fact that the value 1/47 is effectively a bound or not, the
important statement is that this number is actually always small and the order of
magnitude of the ration 1 /.7 is basically dictated by the Planck’s constant 7. Then,
the notion that a bound of the form

n h
7 >C is 9.12)
where C is a constant of order one to be discovered has survived since now.

Let us now explain the physical relevance of this holographic result. We have
anticipated that it is related to Planckian dissipation, namely the fact that in the
strongly interacting quantum critical state, Planck’s constant sets, together with the
temperature, the rate of the production of heat. This can be made clear by recalling
that the viscosity embodies the dissipative nature of the plasma under consideration.
In particular, in the presence of a single intrinsic relaxation rate 7z for the modes of
the plasma, the viscosity of a relativistic liquids equals

n=(&+P)t, 9.13)

where & and P are the energy density and the pressure respectively (see e. g. [46]).
Considering now a system at vanishing chemical potential we have . = (& +P)/T
and therefore the ration 1/. assume the following form:

% — T 9.14)
But as we have anticipated, in a Planckian dissipator all the scales are setted by
the Planck’s constant and the temperature through the indetermination principle,
namely g ~ C1h/(kgT ), where C; is a constant of order 1. Putting all together we
find that in a system with Planckian dissipation we have a formulation of a bound
onn/% asin (9.12).

This result acquires a great relevance since it is supported by measurements of
N/ extremely near to the holographic prediction in in the quark gluon plasma
created at the heavy ion colliders, as well as in the unitary fermionic cold atom gas
[47]. Moreover, recent experimental ARPES measurements on an optimally doped
cuprate show that, also in this case, the ratio 1/s due to the intrinsic electronic
contribution is close to saturate the afore mentioned bound [48].



9.1 Criticality and diffusion bounds 175

It is worth mentioning that in the critical region of the phase diagram of a sys-
tem with a quantum critical point all the scales are setted by the temperature and
the Planck’s constant (see Part 1). Then systems with a quantum critical point are
always Planckian dissipator. Eventually, the measurements before mentioned par-
tially corroborate the idea that the peculiar transport properties of the strange met-
als are caused by the existence of a quantum critical point in their phase diagram.
Moreover the experimental observation of the holographic prediction (9.1) in these
systems promote holography as a very interesting and powerful tools for analysing
these peculiar materials.

As a final comment, in order to make contact with the conjecture of the bounds on
the charge and heat diffusion constant [41] which we will outline in the next section,
let us explain how the proposal of the conjectured bound on the ratio 17/.% in (9.12)
can be translated in a bound for the momentum diffusion constant D. Actually, it is
a well known result of relativistic hydrodynamics that, at zero chemical potential,
N/ = DT /c?, where c is the speed of light. Then using the holographic prediction
(9.12), we find for the momentum diffusion constant:

D h

Z>c— . A
c2_CkBT 9.15)

The measurements of [47, 48] corroborate the holographic intuition that quantum
critical systems are close to saturate the bounds (9.15).

9.1.2 The diffusivity bounds conjecture in cuprates

We have seen in the previous section that the concept of Planckian dissipation and
the consequent possibility to formulate a bound for the momentum diffusion con-
stant is based on extremely general arguments and aspire to be a general feature of
critical matter (this fact is also corroborated by measurements). Relying on a wider
applicability of similar arguments, it is tempting to find whether other physical ob-
servables in strange metals and, more generally, in strongly correlated materials
have to saturate a bound due to Planckian dissipation. However, the identification
of the correct kinematic framework where one can formulate universal bounds is,
in general, not easy. The reason being that in metallic materials the mechanisms
for momentum relaxation, such as the lattice or scattering from disorder, which are
necessary to make the conductivities finite, are extrinsic to the electron dynamics.
Hence it is difficult to formulate intrinsic and universal bounds.

A recent proposal advanced in [41] suggested that, in analogy to the bound on
n/s, the quantities that could be universally bounded in strange metals are the
thermo-electric diffusion constants D and D_.

The idea beyond this proposal is that strongly correlated materials in general do
not admit a description in terms of quasi-particles, and they typically do not mani-
fest a well defined Drude peak in the low frequency spectrum of the thermo-electric
transport coefficients (we have appreciated this fact explicitly for the cuprates in
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Part 1). We will refer to this regime, where momentum is quickly dissipated and
consequently there is no sharp Drude peak, as the incoherent regime, in contrast
to the coherent regime where momentum is slowly dissipated. Due to this fact, the
thermo-electric transport coefficients are not good quantities in order to formulate
universal bounds since their form is extremely sensitive to the fact that the system
under consideration is in the coherent or incoherent regime. On the contrary diffu-
sion constants are typically setted by Einstein’s relations (see below and Appendix
F) and are not sensitive to the coherence or incoherence of the system.

Following this line of arguments, and conjecturing that the concept of Planckian
dissipation should affect all the diffusion constants in the same way, the proposal of
[41] is that the charge and heat diffusion constant D (see below and Appendix F
for a careful definition) have to saturate a bounds of the following kind:

Dy >C

kgT’
where C is an undetermined constant and we have replaced the speed of light ap-
pearing in (9.12) with the characteristic speed in a metal ¥ which might be identified
with the Fermi velocity. This is a non-trivial sleight of hand. In particular, the bound
on the ration /.7 is only equivalent to (9.12) for relativistic systems with zero
charge density. In some regards, however, ¥ does play a role analogous to the speed
of light for instance by mediating a linear dispersion relation for the low energy
excitations of the Fermi surface. This velocity represents an extra scale of the rel-
ativistic low-energy effective description which may be naturally related to a UV
cut-off (as described for instance in [42]). It is relevant to note that, in the holo-
graphic context, an extra scale of the effective description was for instance used in
[38] in order to set two different temperature scalings for the resistivity and the Hall
angle.

The diffusion constants D and D_ are related to the transport coefficients via
the Einstein relations, namely:

(9.16)

p.p =2% 9.17)
X ¢p
2
p.+p =94 K T xe) 9.18)
X ¢ cpX*O
where ¢, o and k are respectively the electric, the thermo-electric and the ther-
mal conductivities (see [41] for a derivation); cp is the specific heat at fixed charge
density p, ¢ is the thermo-electric susceptibility and y is the electric susceptibility.
In order to proceed, one has to note that typically the order of magnitude of the
thermo-electric conductivity is smaller than that of the electric and thermal con-
ductivity. Consequently the third term in (9.18) can be neglected and the universal
bounds (9.16) translate directly in restrictions on the electric and thermal conduc-
tivity, namely
K vh
P Z -

(e}
— . 9.19
o 2T 9.19)
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Let us now analyse the physical consequence of the conditions (9.19). In par-
ticular we will assume to be in a critical system in the incoherence regime, which,
according to the previous arguments, has to saturate the bound (9.19). If the bound
of the electric conductivity is saturated, then the resistivity p = 1/0 behaves as
follows:

1 kgT
P~
vy h

Assuming that the the susceptibility y is almost independent of the temperature (in
agreement with DMFT prediction) we find that once the bound on the diffusion con-
stants (9.16) is saturated, the resistivity is linear in temperature, as experimentally
observed in the cuprates (see Part 1). Moreover, if we (naively and incorrectly in a
non-quasiparticle system) match the expression for the resistivity (9.20) to a Drude
formula, we will extract the effective timescale

(9.20)

h

o 9.21)

Text =
namely, in the incoherent regime also the scale of the extrinsic momentum dissi-
pation rate 7,,; due to the extrinsic momentum dissipation mechanisms is basically
setted by the temperature, in accordance with the principle of Planckian dissipation.

Soon after the analysis of [41], the author of [42], relying on hydrodynamical
arguments, suggested that a bound on the sum of the thermoelectric diffusion con-
stants is more natural than bounding the same diffusivities individually, namely

D,+D >C’h—‘72' 9.22)
+ T T T kT’ '
still [42] (to which we refer for details) observes that the sum D 4+ D_ is always a
real quantity and argues on the basis of a perturbative approach.
We will see in the following sections that, in the holographic framework there are
some hints that a bound on the sum of the diffusion constants could be formulated,
in accordance with [42].

9.1.3 On the existence of diffusivity bounds in holography

We have understand in the previous sections that the possible existence of bounds
on the diffusion constants is extremely interesting from the phenomenological point
of view, especially in considering strongly coupled materials near the critical region,
as the cuprates should be.

In the following two sections we will investigate the possibility of a formulation
of bounds on the heat and charge diffusion constants in the context of holography.

In particular we will investigate two specific models. Firstly we will analyse the
simple massive gravity model (8.1). Here we will find that the behaviour of the
transport coefficients and of the susceptibilities does not fulfil all the requirements
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illustrated in the previous sections in order to conjecture a bound. As a consequence
we will find that in this simple model the diffusion constants are both unbounded
and tend to zero in the full incoherent regime.

Secondly we will analyse the dilaton model (8.66). We have already explained in
the previous chapter, how this model provides a linear in T resistivity, which is one
of the basic requirements in order for the bounds to exist. Here we will analyse the
model in a particular critical region, (we will be more clear later about this subtle
point), showing that, in this case, all the phenomenological requirements for the
formulation of the bounds are fulfilled and a bound on the sum of the charge and
heat diffusion constants can be defined in accordance with [42].

9.1.3.1 Diffusion constants in simple massive gravity

Let us start from the simple massive gravity model (8.1). Having obtained the DC
transport coefficients and the relevant thermodynamical quantities in the previous
chapter, we are now ready to study the diffusion constants through the Einstein
relations (9.17) and (9.18).

Eventually the diffusion constants take the following form

_ —12+27 (208 — 19u?) £ VA
a 328z, ’

(9.23)

where
A =7} (144B% — 696Bu* +361u*) + 27 (288B +456u%) + 144 . (9.24)

and we have set k4 = L = g = 1 since this parameters are not relevant in the present
analysis.

We refer to Figure F.7 to have a qualitative idea of the generic behaviour of
the diffusion constants with respect to the temperature. In the simple case of zero
chemical potential u = 0 (see right panel of F.7) the electric and thermal sector
decouple and the two diffusivities take the following form

4m2T2 - 3B —2nT

(e}
D, = — = , (9.25)
X B
272 _
D), = K _ _M ) (9.26)
Cp ﬁ

We observe that in the high temperature regime D, has an 1/T behaviour.

Even though also for pu # 0 the diffusivities are bounded from below by an
1/T power law in the high temperature region, the coefficient of such bounding
behaviour can be apparently lowered at will acting on the mass parameter 3. Never-
theless, to be precise on this point, one needs to consider whether the range of f8 is
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Fig. 9.1 Sample diagrams to illustrate the behaviour of thermo-electric diffusion constants at (left)
finite chemical potential, namely ¢ = 1 (blue line for D_ and green line for D ), and (right) 4 =0
(blue line for D_ = D, and green line for D = Dj,). The graviton mass parameter has been chosen
tobe f = —1.

possibly limited by consistency requirements of the model in such a way to produce
a lower bound for the conductivities.

The first requirements comes from the stability of the models. We have men-
tioned in the previous chapter that in order for the momentum dissipation rate 7!
to be positive we need:

B<o0. 9.27)

A further consistency requirement is provided by asking the positivity of the en-
ergy density. More specifically, we consider the holographic renormalization of the
model (8.1) on the black brane solutions (7.3) and the assumption that finite counter-
terms do not affect the thermodynamics (namely that they do not depend on the
thermodynamic variables) as discussed in [12]. It is then possible to refer the renor-
malized energy density to its value at zero T (keeping fixed all the other quantities)
and ask that its value at finite 7 be never lower than that at 7 = 0, namely

This energy requirement does not furnish any additional constraint on the parameter
B, and the renormalized energy density appearing in (9.28) remains positive for
every 8 <O0.

All in all, the consistency requirements, although restricting the possible choices
of mass parameters, do not lead either to a diffusion bound nor to a minimal value
for the diffusion constants below which the holographic model is not trustworthy.
Indeed it is always possible to achieve a strongly incoherent regime (where momen-
tum is quickly dissipated) by sending |B| to infinity without any apparent consis-
tency problem.

In line with these observations, one has that the infinite | 3| limit leads to vanish-
ing diffusion constants, namely

ﬁlim D.(T,B)=0. (9.29)
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Despite this limit corresponds to a bulk model dominated just by the mass term of
the graviton where the dynamics of the metric vector fluctuation of interest trivial-
izes, such argument does not yield a quantitative ground to formulate a bound. Even
observing that an infinite || limit leads necessary to a regime where the graviton
mass exceeds the Planck mass one could limit the value of the gravity model as an
effective field theory rather than supporting the existence of a bound on diffusivity.

The outcome of the previous analyses is that the simple massive gravity model
(8.1) does not allow to formulate consistent bounds on the thermo-electric diffusion
constants even in the case where the mass of the graviton has non-trivial RG (i.e.
radial) behaviour. In addition it is important to observe that the electric conductiv-
ity (8.5.2.1) is, in a regime of large ||, dominated by the constant term, namely
the charge conjugation symmetric piece 1/¢?. This highlights a limitation in repro-
ducing a linear in T resistivity in massive gravity in a regime where momentum
dissipation exceeds the other scales of the system. In other words, the incoherent
regime considered to formulate the conjecture on diffusion bounds (phenomeno-
logically motivated by the consequent linear in 7 resistivity) does not lead to the
desired phenomenology in the simple massive gravity model (8.1) and, as we will
see in the next sections, an analysis of the diffusion constants in a model where these
requirements are fulfilled is mandatory.

9.1.3.2 Diffusion constants in EMD

Let us now move to analyse the diffusion constants in the Einstein-Maxwell-Dilaton
model which we have analysed in (8.66).

First of all, we note that the common structure of the cuprate phase diagram (see
Part 1) shows that the strange metal phase is reached, in general, at high 7. Given the
scaling properties of the holographic model with respect to a rescaling of the bound-
ary space-time!, it is natural to compare the temperature to the chemical potential
and consider the scaling invariant ratio 7'/ . Hence we mean high temperatures in
the sense 7'/ > 1 and, inverting the qualitative argument just given, it is natural to
study the u = 0 case to describe the “criticality” condition which gives rise to the
strange metal. On top of this, when the chemical potential is vanishing, the charge
and heat transport of the model decouple.

Asking for g = 0 in (8.68) we face two possibilities. We can set Q = 0 and
consequently trivialize the dilaton profile falling back to the solution (7.3) already
found in simple massive gravity. Alternatively we can set

Oz, +1= Bz, (9.30)

we focus on this second case where the dilaton has non-trivial radial profile. For
completeness, let us present explicitly the background solutions in this case,

! See for instance [35] for the analysis of the scaling properties of the pure massive gravity model.
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»_ 8(@) ( 2 dz? 2 2>
ds* = 2 h(z)dt +7g(z)2h(z) +dx*+dy” |,
1
A =0, 0(z) = glogg(z) , (9.31)

3
3 2.2
g(z)=(l+ll3|1/2z—z) . h(x)=1+ Pz 3
%h (zn+ B[/ 2225 — 2)

As we will see shortly, enforcing relation (9.30) is far more than a technicality;
indeed it corresponds to considering non-trivial critical conditions which relate the
parameter Q to the other scales of the model (the temperature, through z;, and the
graviton mass f3) in a particular manner. Fixing ¢ = 0 by imposing relation (9.30)
defines a family of backgrounds whose phenomenology differs from that of simple
massive gravity. As we are going to describe precisely, the new features of such
a family present a linear in 7 resistivity and an overall physical behaviour in line
with the that indicated in [41] as the basis for discussing diffusion bounds. Let us
further underline that (9.30) and Q = 0 define two different branches of possible
backgrounds that have different physical properties.

Studying the thermodynamics of the critical conditions associated to (9.30) leads

to
|B|'*

/27
anh/

T p=0, .7=8x%p|'?T, 9.32)

which feature linear in 7" entropy at all temperature. Moreover, regarding the sus-
ceptibilities, we obtain

(=0, (9.33)
x = IB"?, (9.34)
cp = 87%|B|V/°T . (9.35)

Particularly interesting to us is the electric susceptibility ) independent from the
temperature. Continuing the analysis of the critical model resulting from the condi-
tion (9.30), we find the transport coefficients to be

o =B/ = o' =2x|B| VT, (9.36)
s=0. (9.37)
x = l6m°|B|~"/?1?% . (9.38)

We underline the fact that the resistivity is linear in 7 for the entire range of temper-
ature.

The set of equilibrium and transport quantities just found fulfils precisely the
phenomenological framework that was considered in formulating diffusion bounds
in [41]. More specifically, a constant electric susceptibility was assumed as a hy-
pothesis and a linear in T resistivity as the consequence of an electrical diffusivity
saturating the bound. Moreover, in [41] it was conjectured that the charge diffusion
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constant D, obeys a bound which depends only on temperature; the arguments rely-
ing on the hypothesis that the momentum dissipation rate is fast with respect to the
scale of T, a regime referred to as incoherent regime.

Analysing the dilaton model we find that, in the critical condition associated to
(9.30), the charge diffusion constant takes a very simple form independent on the
parameter f3, namely

Dgcrit) _ g _ L .
X 2nT

It is very important to note that (9.39) (emerging from (9.32)- (9.35) and (9.36))
does not refer to any specific regime for the momentum dissipation rate controlled
by B; in this sense, it is not necessarily related to either an incoherent or a coherent
regime. Such feature is very appealing because allows us to be “agnostic” about the
hierarchy of 7' and the momentum dissipating scale |§3|; the phenomenology of the
critical model at hand is therefore robust also in this sense.

Let us now focus on the heat diffusion constant Dj,. The assumptions of constant
susceptibility y and linear in 7 resistivity do not suggest a bound for D, which, still
following [41], can nevertheless be conjectured by analogy with D,. For the critical
dilaton model D, takes the following explicit form

(9.39)

(crit) Kk 2nT
D =—=—. (9.40)
" p BI

In order to discuss the possibility of formulating a bound, let us consider the inco-
herent regime where momentum is dissipated quickly. As for the simple massive
gravity model considered in Section 9.1.3.1, the incoherent regime is achieved in
the limit 7/|B| — 0. The heat diffusion constant (9.40) depends explicitly on f3
while instead the charge diffusion constant (9.39) does not. This crucial difference
leads to the impossibility to rely on incoherence and formulate a lower bound which
depends only on temperature for D\,

pen y P h

Although one cannot formulate a bound for both the heat and charge diffusion
constants separately, as a direct consequence of the bound on Dﬁ““), the sum of the
two is naturally bounded once incoherence is considered, namely

(crit) (crit) 1
D, +De T > T 9.41)
In [42] different arguments were proposed to motivate a bound on the sum of diffu-
sion constants rather than on them individually relying on a hydrodynamical anal-
ysis. We refer to [42] for a detailed discussion on the topic but intuitively we note
that the quantity Dy, + D, is more natural to formulate a bound since in general the
two diffusion constants separately could be a complex quantities while their sum is
always real (see Appendix F).

The present analysis of the holographic dilaton model moves somehow oppo-
sitely with respect to [42]: we were able to compute the two diffusion constants



9.2 Holographic inspired phenomenology 183

separately and we have found that a bound can be formulated only on the sum of
the two once incoherence is considered.

The set of results obtained through the study of the critical massive gravity dila-
ton model, and specifically (9.41), appear to be intimately related to the detail of the
model. Actually, as we have seen explicitly, simple massive gravity led to different
results. At the best of our knowledge, the dilaton model under consideration studied
at 4 = 0 according to (9.30) is the only holographic model were all the assumptions
made in [41] are fulfilled. It is therefore particularly relevant that in such circum-
stances a bound on the sum of the diffusion constants can be naturally formulated.
In other words it is possible to consider the present analysis as a support (at least in
a specific and well defined case) of the physics conjectured in [41].

9.2 Holographic inspired phenomenology

In this section we discuss the possible general predictions based on the thermo-
electric transport coefficients (8.118), (8.119), (8.120) explicitly computed with
gauge/gravity techniques.

We want to express the behaviour of the holographic model (8.1) as indepen-
dently as possible of its specific details. In line with this aim, the transport coef-
ficients (8.118), (8.119), (8.120) were expressed in terms of the thermodynamical
quantities (computed in Section 8.5.1) and in terms of the conductivity of the p =0
system & and the quantity / defined in (8.115). These latter quantities can be thought
of as “phenomenological parameters” whose value is not predicted within the model
itself; as already observed, they are indeed directly related to parameters of the bulk
model (g and 3 respectively). To clarify this idea of extending the results beyond
the model used to obtain them, consider for example &; for the model at hand it is
related to the bulk coupling, namely 6 = 1/¢. However, expressing all the physi-
cal results directly in terms of &, corresponds to a model-independent formulation
where & is regarded as a parameter per se accounting for an a priori unspecified
p = 0 conductivity.

We must also recall that, as usual in bottom-up holographic models (i.e. not de-
rived as consistent low-energy effective theories of UV complete string setups), we
have no direct control of the microscopic degrees of freedom. Hence, it is particu-
larly natural to exploit the bottom-up holographic model as a simple example grasp-
ing essential features of a whole class of strongly coupled theories. On the technical
level, we rely on promoting parameters to be temperature dependent functions to
the purpose of performing a phenomenological analysis. As already stressed, such a
logical leap constitutes a departure from the original holographic model and our cur-
rent aim is to define how to test carefully this phenomenological approach against
experimental data. When successful, it can inform us about universal characteristics
and shed light on the mysterious behaviour of the transport properties in strongly
correlated materials such as the cuprates (see [17] for a wide and precise exper-
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imental report). Previous phenomenological analyses along these lines have been
performed in [38, 41, 49, 50].

The purpose of this section is to generalize to the whole set of thermo-electric
transport coefficients the proposal of [38] which instead considers phenomenolog-
ical scalings only for the resistivity and the Hall angle. There it was noted that, at
low-B2, the electric conductivity follows an inverse Matthiessen’s rule: the conduc-
tivity due to the zero density sector & and op (this latter directly related to 4 and
hence, in specific regimes, to a momentum relaxation scattering time) add up as

follows
2

Gu—=6+0p, with op— % , (9.42)
while the Hall angle tan 6y does not depend on &
o B
tanOy = —> ~ — Op . (9.43)
o P

In [38] it was also noted that, in order to fit the experimental scalings of the con-
ductivity and Hall angle measured in the cuprates, namely p,, ~ o, ~ T and
tan Oy ~ 1/T2, the two conductivities & and op must have the following scalings in

temperature3
2
&~ & @ . op~od <\?) , (9.44)

where 6° and Gg are dimensionless parameter which do not depend on 7'. Inspired
by phenomenological intuition, we have also supposed that the charge density p is
constant in temperature. In addition, in the quantum critical region the DC conduc-
tivity must be dominated by &, namely 6 >> op.

To make contact with both the theoretical and experimental literature, we will
determine the scalings for the same transport coefficients discussed in [49], namely
the the resistivity p., the Hall angle tan 6, the Hall Lorentz ratio L.y, the magneto-
Aff) — Pxx(B)_Pxx(O>

P pu(0)

cient v = % [% — stan GH] , the thermal conductivity K, and the thermal magneto-

resistance , the Seebeck coefficient s = %, the Nernst coeffi-

Oxx
resistance A—KK = %(g)“(o).

As already argued ‘before, we regard the transport coefficients (8.118), (8.119),
(8.120) as (possibly) universal functions of the magnetic field B, the charge den-
sity p, the entropy .7, the p = 0 conductivity & and op. Then, once the values
of the charge density and the magnetic field are set, we need to fix the scalings of
three quantities in order to determine the behaviour of all the transport coefficients®.

2 The values of external magnetic fields implemented in a typical experimental set up can generally
be considered small with respect to the intrinsic scales of the materials.

3 We have chosen to express the scalings in temperature as a function of the dimensionless quantity
T/./p, considering the system at fixed charge density.

4 Notice that this is exactly the same number of quantities which were needed to be fixed in the
approach of [49].
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Note that the same approach cannot be followed in the hydrodynamical analysis of
[21] because the hydrodynamical expressions are not always writeable in terms of &
which, in the small momentum dissipation and B = 0 regime, assumes the explicit
form #

In order to discuss the consequences of the proposal of [38] extended to the whole
set of thermoelectric transport coefficients, we consider the following phenomeno-

logically inspired inputs

p ~ po = const , 6~60\/Tp>0,
LS (EY L e (LY o
h pg T ; 0 \/p—o ;

0
where R = Z% and .79 are parameters independent of the temperature and & is an

exponent to be phenomenologically determined. Considering the scalings (9.45)
within (8.118), (8.119) and (8.120), in order to analyse the consequences of the
proposal of [38], we expand the transport coefficients at the first leading order in the
dimensionless ratio R and at weak magnetic field, namely B/py < 1.

In order to fix the scaling exponent of the entropy density §, we compare the
leading exponent of the thermal hall conductivity x, (having imposed the scalings
(9.45)) with the experimental predictions for optimally doped YBCO [52, 58]. We
prefer to consider as a phenomenological input the scaling of this transport coef-
ficient instead of the Hall Lorentz ratio Ly; the reason being that the experiments
described in [52, 58] found unexplained discrepancies both in the order of mag-
nitude and in the temperature scaling of Ly [51] while the same two experiments
agree on Ky, which has to scale as T~!. To reproduce this behaviour for the leading
term of K, we have to set 8 = 1, namely the proposal of [38] combined with the
input of experimental data forces the entropy to scale linearly in temperature in the
quantum critical region

T
~ 1 A
S~ N (9.46)
This behaviour is in agreement with the experimental measurements of the elec-
tronic specific heat in various series of cuprates near optimal doping [54, 55, 56] in
a wide range of temperature and with the holographic analysis of [23].
With this assumptions, at the first sub-leading order in the dimensionless ratio R
and at the first order in B/py, we find the following scalings
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Puc~ 5o o~ (9.47)
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Some of the temperature scalings derived with this approach are in accordance
with the analysis of [49]. There are however three discrepancies: the magneto-
resistance for which we find a B>T 3 scaling instead of B>T~* and the Nernst
coefficients and the Seebeck coefficients for which the authors of [49] found be-
haviours of the type 7~3/2 and —T'/? respectively. This discrepancies are due to
the fact that, as opposed to the assumptions made in [49], in the present analysis
the charge density is non-zero and the entropy has to scale linearly in temperature
(instead of T2 as predicted in [49]).

Let us now make contact with the experimental literature on the cuprates. The
Seebeck coefficient, in the normal phase of several families of cuprates, it is usually
fitted with a law of the kind A — BT [52] regardless of the doping concentration. In
(9.52) we found (correctly) a constant leading term while the subleading term scales
as T~!, in contrast with the measurements of [52]. Actually, in [53] deviations from
the linear behaviour were observed at high temperature (7' > 300 K); due to these
deviations, a power law of the kind 7~!/2 was proposed in [49] but also a term
T~ is compatible with the data. It is however not clear whether at this temperature
the phonon-drag mechanism (which, at least in normal metals, has to be taken into
account in the analysis of the thermopower) can be neglected [55, 56].

Concerning the magneto-resistance, in [54] the temperature dependence for
YBCO and LSCO near optimal doping was studied. The result was that in YBCO
A?p follows a power law of the kind B?/T" with n ~ 3.5 — 3.9 while in LSCO a

behaviour of the kind A/(B 4 CT)? was found. It would be interesting to make a
quantitative evaluation of the unknown coefficient in (9.48) to compute with our
approach the correction to the 73 behaviour due to the subleading 7~ term.
With regard to the other transport coefficients, namely v, K, and A—KK, the experi-
mental measurements in the normal phase are not conclusive. Specifically the Nernst
coefficient in [57, 58] can be seen to go to zero at high temperature in accordance
to (9.51) but the data are not sufficient to determine a proper scaling law. Finally
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the thermal conductivity, and consequently also the thermal magneto-resistance, are
extremely difficult to measure since typically in this materials the dominant contri-
bution to these transport coefficients is given by phonons and not by electrons.

Except the most stable results, namely the resistivity and the Hall angle, the ex-
periments do not seem in general conclusive on the other transport coefficients and
we prefer to postpone any stringent comment on the possible connection between
the present analysis and the experimental data to future discussions.

We want nonetheless to stress that, as it is evident from the universal for-
mule (8.118), (8.119) and (8.120), the behaviour of the transport coefficients and
that of the thermodynamical quantities are intimately related. If the universality of
the transport formule is confirmed, any proposal on the mechanism which deter-
mines the transport properties of the cuprates (at finite charge density) has to keep
into account also the correct behaviour for the thermodynamical quantities.
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Appendix D
Effect of linear source in time on DC transport

In this Appendix we will explain why the term linear in the time coordinate ¢ in the
expectation value for the stress energy tensor (8.53) does not contribute to the DC
response of the system.

To do this, let us consider the set of source A (¢) associated with a set of operator
¢4. As we have learned in Part 3,at the level of linear response theory the expectation
value of phi, is given by:

(6a1)) = /d/GAB(z YW D.1)

where G4p is the associated Green’s function. Expressing the latter in terms of its
Fourier transform, we obtain:

(Pa(2)) = ﬁ / di'dwe ) Gapt — 1) Ap(t') . (D.2)

We want to study the implication of a source linear in time on the DC transport
properties. Then, we set A4 (¢) = tca:

(¢ (1)) = ﬁ /.dz’dwe*i(’*’/)t’GAB(t —icg . (D.3)
Using the identity:
/ it = —218 (o) (D.4)
we find: o
(9a (1)) = 100 (¢ Gap(®)) ,_, B - (D.5)

We next define the conductivity matrix c4p as the zero-frequency part of the spectral
weight:
Gap(®
oup = lim § 9422 (D.6)
o—0 a)

191



192 D Effect of linear source in time on DC transport

Then, using the fact that the real and imaginary parts of the Green’s function are
even and odd functions of @ respectively, we can express (D.5) in the following
way:
<¢A (l)) = (IGAB(O) — GAB) CB . D.7)
Then a source linear in the time coordinate ¢ affects the expectation value of the
associated operator with a term linear in ¢ plus the DC conductivity matrix. We can
therefore neglect the linear in ¢ term when we are dealing with the DC response, as
stated in the main text.



Appendix E

Technical aspects of holographic
magneto-transport

In this Appendix we will explain some technical aspects of the computation of the

holographic magneto-transport DC response.

E.1 Fluctuations equations with electric ansatz

ﬁLZ_BQZZ}/Z 1

" 2~/ 7 .
i)+ 2 +2 | PE T - S o)
2BZYU - 27, 2BY
_ Zzzh &j th(Z) - Zh a[(Z) - f(Z) gijEj =0
, BZ 2 5 B 2 5
Bei;d;(z) + (fz - Lf) hzi(z) — e fz(zgth &jhij(z) + T}L(z) Ei=0
v '@ f'(2) +2f(2) _ = B -,
a; (Z) + JC((ZZ))CZ,-(Z) “I‘BZZ(lZ;f(Z)Z gijhzj(z) + TZQ &ij zj(z)

U 22p
" " T O

E.2 Fluctuations equations with thermal ansatz

(E.1)

(E2)

(E.3)
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BL?g;js; vl |53 (B*5; +1u?) —2L7 (238 +3)]
42 [2BUZBY + By (5 + ) +F]
L%si [-L*22y* (3B* (2B +2) + Bu?)]
42;’ [—ZBZLZ 2ﬁ')/2 “rBzZi')/l (BZZ% +“2) +L4ﬁ2]
L?s; [B*z7* (B2 + 1) +2L*B (38 +3)]
 4z) [-2B2L2Z By + B2yt (B2 + p?) + L2

A (z) = 1S5 (z) +

21 (4]

(E.4)

222322 2 2L22 2. 20241 ()\2 21 .

i)+ 2+ | @+“;;ﬂJM+Z“Y¢@ _HLM“
2 !
+7ZBZ ZZZ(P( 81] Zj +2'J’2¢
2 2 .

o7 [ (0071 ) - B“S&f“”] 0

(E.5)

ABL*Z 7V f(2) €;d(2) + 423 f (2) (L2z3ﬁ —-BY ) h:i(2)
— 4Bz, W Eijhy j(2) — 6L zjsif (2) + 2L zsi (2B +3) (E6)
+L27 [~ B2ggsi+ 4Bzl + silt* (32— 42)] = 0

e (Bzzﬁ +u?) +6L%7 f(z) —2L%z; (Zzﬁ +3) a(2)

202222 f(2) :
AP 110251 - 275 (2B 43

..~ . E.7
2042 (2) €ijhzj(2) (E7)
Beg;js; BZ> - Z27'u o 227,U~ o
/@) it L?z,f(2) ii(@) L2th(z)hn(z)—0

E.3 Stress-energy tensor with thermal gradient

In this appendix we want to clarify a very subtle aspect of the computation of the DC
transport coefficient illustrated in [15], namely the fact that the stress energy tensor
T' (8.105) and the quantity FVZk’ coincide once evaluated on the boundary up
to a term linear in the time coordlnate t; this latter however does not contribute to
the DC response as clearly explained in Appendix C of [15].

Once evaluated on the thermal ansatz (8.111), the two quantities previously men-
tioned take the following form
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QV%" - L (ﬁ,,» <f(z) - ﬂz)) + f(z)iz;i) : (E.8)
Ky Ki z 2 2

5 . o2
T” = K'TZS <_Kn +Kg;)l + Lgtbl> =
4
Rz hie) | 2ha(2)
263\ f(z) ki fz)  akif(2)
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+ml_<_23L L2VIE AR > E£9)

dig P 22K30/f()

In order to evaluate the previous quantities at the boundary z = 0 we substitute the

background solution (8.76) for f(z) and we impose Pyi ~ hf?>z near z = 0. This latter

condition is due to the fact that, as explained in [15], we need to switch off the term
proportional to z~2 in the asymptotic expansion for /,; in order to avoid additional
thermal deformation associated to this mode. Keeping into account these asymptotic
behaviours it is easy to verify that the z — 0 limit of (E.8) coincides with the time
independent part of (E.9) evaluated in the same limit.






Appendix F

Einstein relations for charge and heat diffusion
constants

In this Appendix we want to derive the Einstein relations (9.17) and (9.18) which
relate the charge and heat diffusion constants to the transport coefficients and the
thermodynamical susceptibilities.

From basics thermodynamics we find that the following relation holds between
the spatial gradients of the the thermodynamical quantities p, €, it and T

Vip\ _ [ Vir
(5) <a(32) -

_ X ¢
A= (TC+HX ué+cy ) F2)

and the susceptibilities y, { and ¢, are given by:

where

dp dp as
=— =— =T—. F.
X dT7 C d'ua C[l ( 3)

As explained in the main text, the transport coefficients relate the heat current J¢ and
the charge current J to the gradients of the temperature and the chemical potential

as follows:
JY 6 &\ (Vu
(JQ> - <Téc ;c> <VT) ' (E4)

We recall that the heat current J€ is related to the energy current JZ by the following
relation:
JE=J2 + ;. (F5)

Since the energy density & and the charge density p are conserved in the system at
hand, the following continuity relations hold:

op=-V-J, & =-V-JE . (E.6)

Finally, using the previous relations, the following diffusion equation holds:
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Py _ 6 . a —1g2 (P
o (g) = (T&+/J6 1_<+/.L&)A v (g) : ED
The diffusivity matrix & is defined as:
_ 6 104 _1
7= (Ta+u6 f<+ua>A ' E8)

The eigenvalues D and D_ of & satisfy the following relations:

~ A, A AN2
6 k T(C6—yxa
Lop ok (E9)
K
p.p. =25
Cpx
where K = kK — T &6 ¢ and Cp=cCp— Cz—T. The relations (F.9) are called the Ein-

stein’s relation for the charge and heat diffusion constants.
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