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Abstract

The goal of this thesis is to apply modern field theory methods to understand the non-
linear elastic (NLE) response of solids. The NLE response contains a large number of
low-energy observable quantities, not always easy to derive from the microscopic com-
position of the material. An essential actor in the elastic response are the phonons,
which can be described as the Goldstone bosons of the spontaneously broken space-
time symmetries. As such, their low energy dynamics (including non-linearities) can be
captured systematically by standard low energy Effective Field Theory (EFT) meth-
ods. This offers naturally a novel approach to tackle NLE phenomenology. One main
conclusion is that indeed the low energy effective methods can provide nontrivial in-
formation, as relations among various different NLE observables. We illustrate this by
obtaining bounds on the maximum deformation that a material can tolerate, which
can be expressed in function of other NLE observables.

A case of special interest is that of scale invariant (SI) solids. This includes two
distinct sub-cases, since SI can be realized either as a manifest symmetry or a spon-
taneously broken symmetry. The former case corresponds to a non-trivial fixed point
and requires the use of holographic (AdS/CFT) techniques. The latter case instead
can be described with more standard EFT methods. We compare the results obtained
in the two cases, and find that the obtained elasticity bounds differ significantly in the
two sub-cases.
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Chapter 1

Introduction

Solids and its elastic properties have been thoroughly studied for many centuries due to
its many applications and uses. The theory of elasticity treats the mechanical response
of solids considering such material as a continuum media, including its sound wave
excitations - the phonons. We can consider this theory as an early example of an EFT.
Similarly to hydrodynamics, the theory of elasticity can be formulated as a derivative
expansion (low-energy expansion) of some effective degree of freedom - in this case, the
displacement vector of the solid elements from its equilibrium configuration.

The classic theory of elasticity can be extended in order to describe the non-linear
regime, dealing with the response of solids to finite deformations [168}/170,222]. This
regime is characterized by the stress-strain relations at finite deformations (see Figure
as an example), which encodes a large number of observables and physical parame-
ters [170]. However, these parameters are not easy to derive from a microscopic theory,
thus we consider EF'T methods that might help us understand the nonlinear elasticity
phenomena.

From the QFT perspective, it is a very interesting question whether one can apply
modern EFT methods to describe the non-trivial features of the non-linear elastic
response of materials. This particular issue is one of the central points that we want
to deal with throughout the thesis. We hope that via these methods we can have a
better understanding of the elastic response of solid materials at finite deformation.

As in any EFT we must require a clear separation of scales: here we regard low
frequency (acoustic) phonons as the only degrees of freedom, whereas heavier modes
are integrated-out. We can exploit the fact that phonons can be considered to be the
Goldstone bosons of translational symmetry breaking [74}/139,/163]. Due to this, we
can obtain the fully non-linear effective action through the coset construction [164].

Once we have constructed the form of the EFT out of the symmetry breaking pat-
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Figure 1.1: Cartoon of a typical stress-strain curve of a very elastic material. In blue we
have the linear region, where the stress-strain relation is o ~ €. At large deformations,
displayed in pink, the stress-strain relation deviates from its linear form. Typically
materials break or fracture at some finite deformation, which translates in the stress-
strain curves to terminating at some point. This breaking point is indicated with a red
star.

tern we attempt to understand how materials that can sustain very large deformations
behave. These type of elastic materials are precisely the ones that allow us to explore
a large enough range of deformations in order to investigate their non-linear response.
By imposing self-consistency and stability conditions on the theory we will extract con-
straints on physical quantities, such as the maximum stress that can be applied to the
material. Remarkably, from such constraints we will be able to establish correlations
among multiple non-linear physical observables. This will show the predictive power
that these EFT methods can have when studying solid materials.

There is also a case of special interest that is provided by the set of materials that
exhibit scale invariance (SI). We will devote a large part of the manuscript on discussing
and studying this type of solids, which we consider to be a very intriguing subject.
Solids that exhibit SI represent a much more sophisticated scenario, but the problem is
a well defined one and it is worth dedicating some effort on figuring out their non-linear
elastic properties. Although it is not our goal to identify exactly which kind of physical
systems accomplishes this we should note that these cases appear to be similar to some
real world materials. Typical examples of materials related with these SI solids are
those which display criticality in the form of a Quantum critial point. Among these
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materials we can mention, for instance, the so-called high-T,. superconductors whose
non-linear mechanical characterization has got growing interest in the last years due
to their technological applications [189,191].

The way this SI is realized in the solid can be divided into two principal categories,
as we will see in Chapter : either the SI is a spontaneously broken symmetry (SBS)
or it is manifest. Depending on what case we focus on the methods we will need to
apply to describe them are going to be entirely distinct.

In the case of SI being a SBS we expect to have a gapped spectrum, where the
phonons will be isolated low energy excitations. Thus, in such a case, we are going to
be able to apply the EFT methods we described above, imposing SI in the theory. Let
us point out that being SI here does not translate into being conformally invariant, as
it usually happens. We must mention that this model represents a new example of SI
theory that does not realize the full conformal group, which is achieved by breaking
Lorentz invariance spontaneously.

On the other hand, if the SI is a manifest symmetry of the theory then we assume
there is a non-trivial infrared fixed point (IRFP) that realizes an emergent SI. Here
the phonon modes are no longer isolated degrees of freedom and we expect to have
dispersion relations with an imaginary part. To describe such a theory we are going
to take advantage of the gauge/gravity dualities, which through bottom-up AdS/CFT
constructions will allow us to study the theory very efficiently. These type of theories
are a bit more cumbersome to deal with, and we will need to introduce the methods of
such models in Chapter

Therefore, we may classify the SI solids in these two categories

Scale invariant

solids
Spontaneously broken Manifest
(EFT methods) (AdS/CFT)

We are going to analyze the elastic response in these materials with SI from the
low energy perspective and compare the results between the options considered. It is
a very interesting question how does the elastic response of the solid depend on the
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SI realization on the system. The constrains we find imply nontrivial relations among
different physical observables of the material. To illustrate such constrains we have fo-
cused on the elasticity bounds of the solids, i.e. the maximum deformation a material
may sustain in a reversible way. Moreover, for both cases we aim to characterize solid
systems where the sound speeds can be realistic, that is, they are sufficiently small
compared to the speed of light.

The thesis will be organized as follows:

e An introductory chapter to the gauge/gravity duality in Chapter [2| which will be
useful to understand how the manifest SI solid theory is constructed.

e A short chapter with some condensed matter and solid physics aspects in Chapter
Bl In this chapter we also introduce the Coset construction and how to derive
the solid EFT theory from it.

e In Chapter 4] we discuss particular cases of the solid EFT, showing the potential
of these methods. In this chapter we show the results obtained in [7]

e Chapter |p| is devoted to the study of SI solids, particularizing the results of
Chapter {4 for the SI case and introducing the holographic case for the manifest
ST solid. In this chapter we review the results from [23,24].

e We end the thesis with a discussion of the results in Chapter [6]

Throughout the manuscript we will use natural units if not stated otherwise.






Chapter 2
Gauge-gravity duality

Gauge-gravity dualities have been an important field within theoretical physics in the
last few years. As we will see in this chapter, these dualities make use of string theory,
quantum field theory and general relativity and its applications are very diverse, from
condense matter theories to nuclear physics.

The basic idea behind gauge-gravity dualities is that we can relate a gravity theory,
defined in a D dimensional space-time (the so-called “bulk”), to a quantum field theory,
defined in a (D — 1) space-time located in the boundary of this bulk. Therefore gauge-
gravity dualities realise the holographic principle and that is why many people just
refer to these theories as holography.

The most prominent example of this kind of dualities is the AdS/CFT correspon-
dence, conjectured for the first time by Juan Maldacena [145]. Maldacena conjectured
that a Type II String Theory on a AdSs x S° background is equivalent to a N/ = 4
Super Yang Mills theory in four dimensions.

In this chapter I will give an introductory view on gauge-gravity dualities and more
particularly on AdS/CFT correspondence. There are plenty of reviews and references
that have already given a great introduction to this topic from which I have been
inspired by [13,57,|73}/100},/123,/149.|160-162} 181}, 225,226].

2.1 Motivation

It was the study of black holes and D-branes in string theory what led Maldacena
to propose the AdS/CFT correspondence. However, one can motivate its existence
by pointing out certain aspects of gauge theories and gravity. Let me go through
some of the most important motivations that led to the discovery of the AdS/CFT
correspondence.
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2.1.1 Geometrizing the renormalization group flow

During the 1960s Kadanoff, Wilson and others developed a new way of understanding
quantum field theories. They found that it was very useful to study a system in terms
of its energy (or length) scale. The idea is that if you are interested in the properties of
a system at a given length scale u it is not convenient to use a theory that is defined at
a length scale v’ < u. What they propose is to integrate-out all the short-distance (i.e.,
high energy) degrees of freedom to obtain an effective theory that describes your system
at the u scale that you are interested in. This procedure is known as renormalization
group (RG) flow and it allows us to define a family of theories at a continuum of
different scales (or energies). It is conceivable, then, to assume our quantum field
theory in d dimensions to have an extra dimension u which represents the RG scale of
the theory.

Let me consider a non-gravitational lattice system like the one Kadanoff firstly used
in 1966 |130]: the Ising model. The Hamiltonian of such model is

H = _ZJijSiSj —MZhij (21)
{i.5) j

where S; is the spin value at each lattice site 7, J;; the interaction terms between sites,
1 the magnetic moment and h; the external magnetic field interacting with the lattice
site. The interesting thing that he did is to consider multiple sites by a single site and
averaging the value of the lattice variables. This process does not vary the form of the
Hamiltonian but it changes the values of the couplings, i.e. J;; and h;. We can do this
repeatedly, including more sites in each step defining some sort of RG flow by coarse
graining our lattice, as can be pictured in Fig. 2.1]

Therefore, we can define the evolution of a given coupling of a theory, g, which is
usually defined as a function of the energy scale

0

9(n) (2.2)

where [, is the so-called beta function of the coupling g. These beta functions can
be easily computed when the couplings are small by perturbation theory, but it is not
the case for strong coupled systems, where AdS/CFT methods will be very helpful.
All in all, it seems that we can parametrize our theory as a function of a scale that
can play the role of a new dimension where the dynamics of the couplings will be
governed by some action, this is why we can think of the AdS/CFT correspondence as
a geometrization of the quantum dynamics by the RG.

Sometimes the dynamics of our theory can take our beta function to be 3, = 0.
This special points are named fixed points and they describe a system that is invariant
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Figure 2.1: Representation of the RG flow of a lattice spin system. Figure from [|149].

under scale transformation, sometimes also called self-similar. Scale invariance is a
necessary condition to have conformal invariance (although it is not always sufficient)
which is an important feature of conformal field theories that appear in the AdS/CFT
correspondence.

2.1.2 Holographic principle

The holographic principle was first proposed by Gerard 't Hooft [204] and a couple
of years later Leonard Susskind gave a precise string theory interpretation of it [202].
Here we are mainly going to follow Bousso’s review of this principle [48].

The holographic principle claims, in essence, that the information stored in a volume
V4i1 is encoded in its boundary area A;. The origin of this claim comes, surprisingly,
from black hole thermodynamics.

Let us first take a look at the concept of black hole entropy, whose prediction has
its origin in a couple of general relativity results.

Area theorem: this theorem [102] affirms that the area of a black hole never
decreases with time, i.e. dA > 0. This also applies to the merge of two black holes: the
total area of the new black holes must exceed the sum of the two original ones. This
theorem resembles the second law of thermodynamics, that claims that the entropy
of an isolated system never decreases with time, giving a first glance on the relation
between entropy and the area of the black hole.
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No-hair theorem: A stationary black hole is only characterized by three quantities:
charge, angular momentum and mass. The first version of this theorems comes from
Israel [121,/122] and was then thoroughly studied by Hawking, Carter and others [56,
102,/103]. This theorem suggest that all the information (the “hair”, as Bekenstein
decided to call it metaphorically) carried by the matter that falls into the black hole
disappears behind the black hole event horizon, inaccessible to an external observer.
From the point of view of this observer, this process seems to violate the second law of
thermodynamics as the entropy would seem to decrease over time.

These two theorems led Bekenstein to the idea that a black hole does carry an
entropy [39-41] which should be proportional to its area Spy = a.A, where a should
be of order unity. It was Hawking [104] who ultimately proved that o = 1/4 leading
to the famous result

kg A

Son = {7 (2.3)
where kp is the Boltzmann’s constant and ¢, the Planck length, which we restore here
just to show that the entropy is given by the area in Planck units.

Moreover, using this result, Bekenstein proposed a generalized second law of ther-
modynamics (GLS)E], which states that the sum of black hole entropy, Sgy, and the
ordinary entropy of matter and radiation in the exterior of the black hole, S,,, cannot
decrease

Now, if we want to claim that this Spy is actually the black hole entropy then it must
also respect some basic thermodynamics. The first law of thermodynamics states that
a black hole of mass M needs to have some temperature 7'

It was Hawking |105] who resolved this mystery by proving that black holes do have a

temperature given by
K

27

where k is the surface gravity of the black hole.
With all these ingredients at hand we can arrive to the conclusion that the maximum
entropy contained in a volume V is given by the area that encloses it S,,q. = A/4, which
is known as the Bekenstein bound. We can arrive to this conclusion by a thought

(2.6)

'As a funny anecdote, it is said that this discovery began with a cup of tea between Professor
Wheeler and his student Bekenstein, who wanted to understand what would happen with the second
law of thermodynamics if he threw his cup down to a black hole [110].
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experiment. Let us consider an isolated matter system of mass M and entropy S,,.
This system is confined inside a spherical area A, which will be the smallest sphere
that can fit around it. The system’s mass cannot exceed the mass of a black hole of
the same area, otherwise it would have already formed a black hole. Now we start
throwing matter inside this area until the system collapses to a black hole. The initial

entropy is
Si = Sm + Sthrown (27)

And as the final entropy will be that of a black hole and using the GSL

Sf = SBH = ? > Sz = Sm + Sthroum > Sm (28)

We can deduce from here that the maximum entropy of this system is indeed given by
Spr. This result seems to be in contradiction with what we find in field theories in
the absence of gravity. In such cases we find that the number of degrees of freedom
of a system scales with the volume as N' ~ exp(V'). This leads us to the conclusion
that the entropy is an extensive property of the system using the Boltzmann’s entropy
formula S ~ log NV ~ V. Tt can be shown that the field theory analysis overcounts the
available degrees of freedom as it fails to include properly the effects of gravity [48],
solving the apparent contradiction.

Finally, we can conclude that in a gravity theory in (d + 1)-dimensions there are
the same degrees of freedom that in a QFT with no gravity in d-dimensions. This is
an essential point for the AdS/CFT correspondence which explains why we may refer
to it as an holographic theory.

2.1.3 Weinberg-Witten no-go theorem

The Weinberg-Witten (WW) no-go theorem, as originally proposed [217] states:

All theories with a Lorentz-covariant energy-momentum tensor, such as all known
renormalizable QFTs, composite as well as elementary massless particles with 7 > 1
are forbidden. Also, in all theories with a Lorentz-covariant conserved current, such
as renormalizable theories with a symmetry that commutes with all local symmetries,
there cannot exist composite or elementary particles with non-vanishing values of the
corresponding charge and j > 1/2.

The first part of this theorem will place a great restriction to quantum gravities
(QG). By QG here we mean quantum theories with a dynamical metric. In these kind
of theories we find that the propagating mode of the metric is some spin-2 massless
particle, which is usually called “graviton”. Thus, the WW no-go theorem seems to
invalidate the possibility of having a QG. Fortunately there are ways to go around this
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theorem: it might be possible that the graviton, which has j > 1, is not living in the
same space as the QFT. This is yet another indication to the AdS/CFT duality.

2.2 About Anti de Sitter space-time and Conformal
Field Theory

After motivating the correspondence between gravity theories in anti de Sitter (AdS)
space-time and Conformal Field Theories (CFT) here we give a quick introduction to
both topics without going into much detail.

In the case of AdS space-time it is sufficient to follow the reviews cited about the
AdS/CFT correspondence.

For the case of CFTs, apart from the reviews mentioned, more specific introductions
are useful for this section [180,[185,/188].

2.2.1 Anti de Sitter space-time

The space-time that we are going to define here will be (d + 1)-dimensional so it can
ultimately be dual to a d-dimensional field theory.

What should we demand to our space time?

First, we must demand that the space-time is invariant under Poincaré transformations
in d dimensions. The most general metric in d + 1 dimensions that fulfils this is

ds® = Q2(2)(—dt* + d7® + dz?) (2.9)

where €2 can only depend on the spatial coordinate z if we want to demand transla-
tional symmetry in (¢,Z). Poincaré symmetry is a necessary condition to construct
a relativistic quantum field theory, but is not sufficient when describing a CFT. A
conformally invariant theory must also be invariant under scale transformations

(t,Z) > A (t,Z) ; z—=> Az (2.10)

where )\ is a constant. This condition forces the function in front of the metric to

respect
Q) = 271Q(2). (2.11)

This leaves us with a unique solution

Qz) = g

(2.12)
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where L is a constant that determines the curvature radius of the space. Thus, the
metric 2.9 has to be

L2
ds* = ;(—dﬂ +d7? + dz?) . (2.13)

This metric describes a (d + 1)-dimensional anti de Sitter space time or AdSz.;. We
have reached this conclusion by just asking the space-time to be scale-invariant and
invariant under Poincaré transformations. Moreover, this metric is also invariant under
special conformal transformations, as it also happens in a CF'T.

Properties of an anti de Sitter space-time

The AdS metric (2.13) is a solution of the equations of motion of a gravity action

1

S = m/dd“x\/_—g (R —2A) (2.14)

where Gy is the Newton constant, g = detg,,, R is the Ricci scalar and A is a
cosmological constant.

The anti de Sitter metric is a maximally symmetric space-time. That means that
our space-time has the maximal number of independent Killing vectors (or in other
words, the maximum number of isometries). In d dimensions the maximum number of
isometries a space-time can have is d(d+1)/2. There are only three possible space-time
metrics that are maximally symmetric and they depend on the sign of A: for A > 0 we
have a de Sitter space-time, A = 0 a flat (Minkowski) metric and A < 0 corresponds to
an anti de Sitter metric. This cosmological constant determines the curvature of the
space-time and manipulating the equations of motion from ([2.14]) we can find that for
an AdS space-time

d(d—1) d—1
A=— = R. 2.15
22 2+ 1) (2.15)
A (d+1)-dimensional AdS space may be embedded into (d+2)-dimensional Minkowski
metric with coordinates (X°, ..., X91) € R*? with a metric n = (—,+,...,+, —), 50

d
ds® = —(dX°)* + ) (dX')* — (dX*)?. (2.16)

i=1
The AdSyy1 will be defined by the hypersurface
NapXAXB = —L? (2.17)

where A, B € (0,...,d+ 1) and L is the radius of curvature of the AdS space. Notice
that the hypersurface (2.17) is invariant under O(2, d) transformations acting on R4,
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thus the isometry group of AdSyy1 is O(2,d), which is the same as the conformal group
in d dimensions.
We can define a set of coordinates to parametrize the AdSgyq

X% =L coshp cosT, (2.18)
X = I cosh p sin T, (2.19)
X' =LQ;sinhp, fori=1,...,d (2.20)

where €; represent the angular coordinates and fulfill Y~ Q? = 1. The other two
coordinates take the range p € Ry and 7 € [0, 27). These coordinates are the so-called
global coordinates of AdSz.1, this is because all points of the hypersurface (2.17)) are
taken into account exactly once. This set of coordinates leads us to the next metric
ds® = L*(— cosh® pdr? + dp® + sinh® pdQ3_,) (2.21)

In Fig. 2.2] we can see a representation of how an AdSs would look like when
embedded into R?!,
There is another set of coordinates that also parametrizes the hypersurface (2.17))

QW
|

0 L? r’ -2 2 2
X= (1 5@ -+ 1)) (2.22)
Xizrg', for i=1,...,d—1, (2.23)
L2 2
Xd:2_r(1+%(j’2—t2—L2)), (2.24)
rt

D Ca— 2.25
; (2.25)
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where t € R, # € R*! and r € R,. Due to the restriction r > 0 we are only covering
half of the AdS;,1. This coordinates are the Poincaré patch coordinates and its metric
reads

o L2, 2 2 L2,
ds” = T—er + Iz (—dt* + dz*) = ) dr® + ﬁnuyda:“dx” (2.26)
where p,v = 0,...,d and 2° = t. Notice that by defining z = L?/r we recover exactly

the metric in (2.13)).

In the metric we can see that there is a Minkowski metric multiplied by a
factor 72, this means that at every point r there is a Minkowski space whose lengths are
re-scaled by this extra dimension. When this factor goes to infinity, r — oo, the space
metric g; diverges quadratically with r. In general, any asymptotic AdS space will
always have this quadratic divergence at a particular value r,. The slice of space-time
at r = r, is the conformal boundary. On the other hand, at » = 0 we have a degenerate
Killing horizon (or Poincaré horizon). A Killing horizon is a null hypersurface defined
by k,k* = 0, where k, is a Killing vector. A simple representation of an AdS space is
displayed at Fig. [2.3]

The Poincaré patch metric can be defined by other possible definition of coordinates

\

N\
__._T.‘.TT‘.?T%?;;E,
V|
\| /
\\ //
J
F=00 - Y

Figure 2.3: A schematic representation of an AdS space. Figure from [13].

as we saw. If we used the coordinate z the boundary would be located at z = 0 whereas
the horizon would be located at z — co. Another typical possibility is z = e/~ where
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we would have
ds* = dr® + L*e*/ Iy, da"da”. (2.27)

In summary, the most remarkable point that we should highlight about anti de
Sitter spaces is that the isometry group of is SO(2,d), which as we will see
below coincides with the d-dimensional conformal group, giving more strength to the
idea that a CFT could have a string theory description in AdS spacetime.

2.2.2 Conformal Field Theory

Generally we demand to our QFT to be Poincaré invariant. The Poincaré group can
be extended to a more general group: the conformal group. This group consists of
transformations that preserve angles but not lengths. In a Minkoswki space-time the
conformal group defines the most general transformations that preserve local causality,
i.e. spacelike (or timelike/lightlike) separated points remain spacelike separated points
under a conformal transformation.

In a more practical sense, if we have a non-trivial line element ds* = g, dz"dz", a
conformal transformation will be that which leaves the metric g, invariant up to an
overall positive factor, i.e. under a conformal transformation x — z’ we would get

20(x)

G — A(:E)_ng, =e G- (2.28)

This transformation would then leave the angles constant but would re-scale the line
element at every point z, i.e. ds”? = A(x)"?ds*. The special case where A(x) is a
constant corresponds to a scale transformation.

From now on, we will take the metric to be Minkowskian, i.e. g,, = 7,,. For an
infinitesimal transformation z# — 2* = x* + ¢ the metric would change as

Umy — Nuv + aueu + aVE,u- (229)
We demand this transformation to fulfill
ey + 0y, = (M) 2 = 1) mp = 20(x) Ny (2.30)

where we use A(z) = 1—o(x)+ O(0?). Taking the trace of (2.30)) we get 9-¢ = do(z),

where d are the space-time dimensions. Using this condition we can re-write equation

as
(0w0 + (d—2)0,0,) 0 €= 0. (2.31)

Notice that the equation simplifies a lot when considering d = 2. This particularity
has great consequences and conformal theories are usually decomposed between those
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with d = 2 and those with d > 2. Here we will focus on the second case. There are
reviews on CFTs that focus primarily on two dimensional ones [82].
For the case d > 2, the solution to equation ([2.31)) is given by

() = a" + wha” + Aot + b2 —2(b-x) " (2.32)

The trace of € determines o to be 0 = A — 20 - z. Notice that the parameters a*, w?,
A and b* are determined by a finite number of components. Therefore the conformal
algebra has a finite dimension. This would not be the case if we were working in
d = 2, where the solutions would be infinite. This parameters determine the different
transformations of the group, which I summarize below along with the generators of
these transformations

e'(x) Operator
Translation at P,=9,
Lorentz transformation wha? Jw = (2,0, — x,0,)/2
Dilatation Az D = z"0,
Special conformal transformation | b*2? — 2 (b-z)z# | K, = 2?0, — 22,2"0,

where w,, = —w,,. We have considered here just infinitesimal transformations, but
this can be extended to finite transformations. We have a particular interest in scale
transformations and special conformal transformations, which would transform as

at — Azt (2.33)

Tt 4 bHa?
H . 2.34
S Y Sy (2.34)

In order to define the special conformal transformation it is useful to introduce the
inversion
H
xt — P =

(2.35)

_2 .
x
Thus, we can construct (2.34) by the composition of an inversion, a translation (of a
factor ") and another inversion.
The current of this special conformal transformation is given by

v

I8 =2’ T, — 23, 2" T, . (2.36)

By demanding that his current must be conserved we find a very remarkable property
of CFTs, which is the tracelessness of the stress energy

M) =0=TI=0. (2.37)
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This property is commonly assumed to be also correct in scale invariant theories, and
although it is generically true it is not a necessary condition for scale invariant theories?|

In a CFT we have a unitary action of the conformal group on the Hilbert space.
The generators P, J,,,, D and K* are represented by operators, as we can see above.
These generators close the following algebra

[J;w, po’] =1 (nup‘]ua + nuajup - ﬂupJ,w - nuajup) (238)
(s Byl = & (o P — M0pP) (2.39)

(s K] = 1 (Mup Iy — 10pK) (2.40)

[KIM PV] = -2 (TIWD - JMV) (2'41)

D,P,|=1P, (2.42)

D,K,| =—iK, (2.43)

where the rest of commutations vanish. The first line determines the algebra of the
Lorentz group SO(1,d — 1) with the generator J* and the P* generator extends the
Lorentz algebra to the Poincaré algebra. Moreover, we can assemble the rest of the
generators in

T KH;PM _ KH;-PH
Jip = _@ 0 D AB=1,...,d+2 (2.44)
KN—;PH D 0

and notice that Jsp are the generators of the group SO(2,d). We can summarize the
relations through

[Jas, Jep] = i (TacIBD + TppJac — TpcJap — TapJBc) (2.45)

where the metric is 7,5 = diag(—1,1,...,1,—1).

We generally identify a particle by its mass and by Lorentz quantum numbers,
which correspond to the Casimirs of the Poincaré group. In a conformal invariant the-
ory the mass operator P, P* does not commute anymore with other generators, such
as D. This means that mass and energy can be actually re-scaled. Thus if a represen-
tation of the conformal group contains a state with some energy, it will contain states
with arbitrary energy, from zero to infinity, as we are free to apply dilatations to our
theory. It is because of this that an .S matrix formalism does not makes sense for CFT
and there are no well-defined particles. We are going to need different ways to label

2This will be more deeply discussed in Chapter For the interested reader there are many
references that cover this issue such as [62,/124,/159,/173/185].
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the states of our theory.

A simple example of a classicallyﬂ scale invariant scalar field theory is a massless
field with only quartic interaction in d = 4

S = /d:c4 ((a¢)2 + %&) : (2.46)

The action remains invariant if we make a dilatation in the space-time coordinates (i.e.
x — o’ = Az) and in the field with a specific weight

P(z) = ¢ (') = A2 ¢(z) (2.47)

where A is called the scaling dimension of the field and here coincides with the canonical
dimension A = 1. This scale invariance can be broken by just adding a mass m? ¢?
term to the action. It is generally assumed that a scale invariant theory is inevitably
conformal invariant as well, and usually this assumption leads us to the correct answer.

In a CFT we consider fields with good transformation properties under dilatation.
The quantum version of in a CFT is given by

(D, ¢(x)] = =i A p(0). (2.48)

This implies that the field ¢ has a scaling dimension A, which shall be an important
label for the field. Moreover, we can restrict to fields that are annihilated by the
operator K, at v = 0, i.e.

(K, 9(0)] = 0. (2.49)

The fields that satisfy this condition are called primary fields. We can take a look
at equations — and realize that P, increases the scaling dimension of the
field while K, decreases it, therefore the fields annihilated by K, at x = 0 are the
ones with the lowest scaling dimensionﬂ The rest of the fields are commonly called
descendant fields, and they are obtained by repeatedly acting on them with P, = d,.
We can restrict our analysis to primary fields, which are classified according to the
scaling dimension A and the Lorentz quantum numbers.

3Scale invariance here is broken by quantum corrections when the theory is quantized, so let us
keep the discussion at the classical level.

4This scaling dimension has actually a minimum value that is restricted by the unitarity bound
(i.e. by demanding the positivity of the norm of a state in a given representation) and particularly
for a scalar in d dimensions we can fin that A > 4=2. The proof of this can be found in [13]
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Conformal symmetry facilitates also the treatment of two and three-point correla-
tion functions by imposing some restrictions. For instance, if we use the invariance
under scale transformations we find that

<¢1 (1’1)¢2(952)> = AA1+A2<¢1(A951)¢2(A$2)> ) (2-50)

where the ¢s are scalar conformal primary operators. Since the correlator can only
depend on (z; — z3) due to Poincaré invariance we are restricted to

(Or(00)0n(e) = _f;;AMQ. (2.51)

A similar result is obtained for the three-point function.

In this small introduction to the CFT in d dimensions we have seen that the isom-
etry group of these theories is SO(2,d), which coincides exactly with what we find
in a gravity theory in an AdS space-time in d + 1 dimensions. Other properties and
details explained here shall be considered when comparing both sides of the AdS/CFT
correspondence.

2.2.3 Comparing degrees of freedom

Now that we have discussed both sides of the AdS/CFT correspondence we can go
back to the argument of section to match the number of degrees of freedom of
both sides of the duality.

Let us start with the CFT side. First of all we need to regularize the theory by
putting a UV and IR regulator. Consider that the system is inside a box of side R
(which will restrict long-distance modes and thus will be an IR cutoff) and let us
introduce a lattice spacing 0 that will play the role of a UV regulator. In d space-time
dimensions the system will have R%~! / 5971 cells. In each cell there will be copr degrees
of freedom, which we will refer to as the central charge. Therefore, the total number
of degrees of freedom is

R\ *!
NCFT = (g) CCFT - (252)
If the CFT we are studying is a SU () gauge field theory (like the one we will discuss in
the next section) the fields are going to be N x N matrices in the adjoint representation,
which for large N will contain N? independent components. We can then say that the
central charge of a SU(N) CFT should scale as copr ~ N2.

On the other hand, the number of degrees of freedom of the AdS,;; gravity theory

can be deduced from the Bekenstein-Hawking formula . This formula tells us that
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the degrees of freedom contained in a certain region is given by

A
Naas = Wi}_l . (2.53)

where A is the area of the region at the boundary of AdSy, 1, i.e. z — 0, and we have
taken kg = 1. Let us evaluate the area of the space defined by the metric (2.13)) at
z2=0—0

d—1
A= dz®t /g = (%) / dz*! (2.54)
Rd—1

Rd-1 2=§

The integral of the right hand side is the volume of R%~! and is infinite, so let us do
as we did with the CFT: we put the system inside a box of size R which will act as an
IR regulator

/ dz?~' = Rt (2.55)
Rd—1

With this we can already evaluate the number of degrees of freedom of the AdS space-

time gravity
1 7R\ 7\ 4!
Nags = = | = — . 2.56
w=3(5) (@) 20

Comparing this with the result we obtained for the CFT we can identify, considering
that the UV and IR cutoffs are the same,

1/ L\
Z (E) — CCFT (257)

The gravity theory we are considering has to be at least semiclassical, which demands
that the AdS,.; radius L has to be large compared to the Planck length, i.e.

(L) oo

The conclusion we get from this is that a CF'T will have a classical gravity dual only if
corr 18 large, i.e. if there is a large number of degrees of freedom per unit volume or a
large number of species (in a SU(NN) gauge theory this would mean taking a large N
limit).
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2.3 AdS/CFT correspondence: required tools and
conjecture

We have seen in the last sections that the AdS/CFT correspondence relates gravity
theories in asymptotically Anti-de Sitter spacetimes in d + 1 dimensions to conformal
field theories in d dimensions. There are various exampleﬂ but we will restrict our
discussion to the most prominent example which relates N' = 4 Super Yang-Mills
theory in 3 + 1 dimensions and type IIB superstring theory on AdS,; x S°. This
correspondence was originally developed in the context of string theory, which we will
very briefly review here so we can have an understanding of this duality. Moreover,
we will take a look at the large N gauge theories mentioned before, which will have an
important role in the story.

We will not fully study string theory in all its details, just give a glimpse of its
properties, a more exhaustive review of it can be found in |90, 174,228].

2.3.1 Large N expansion in gauge theories

A U(N) Yang-Mills gauge theory can be simplified in the limit where the number of
colors, N, is large. This was first discovered by 't Hooft in the 1970s [203] and has
interesting consequences for the AdS/CFT duality.

We are going to consider a U(N) Yang-Mills theory, whose Lagrangian is

L= - Ty[F, P, (2.59)

2
9vym

where the non-abelian gauge field strength is given by

F.=0,A,—-0A,+i[A,A). (2.60)
The gauge field A, is an N x N matrix whose elements are written as A}, where
a,b=1,..., N. We can re-express our Lagrangian as
N
L= DY Tr[F,, F*], (2.61)

where A = ¢, N is the so-called 't Hooft coupling. It is a well known result that for
these theories the beta function scales as 3(g) ~ —g3y NV, so in the large N limit the 3

E.g. other realizations of the correspondence are the one that states that M-theory in AdS; x S4
is equivalent to the so-called (2, 0)-theory in six dimensions [145] or the one that claims that M-theory
on AdSy x ST is equivalent to the ABJM superconformal field theory in three dimensions [4].
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function would diverge and gyy would go to zero. However, if we take the limit where
N goes to infinity while keeping A constant we can then find that the renormalization
group equation of A has finite coefficients

BA) ~ =A%, (2.62)

This type of expansion is called 't Hooft expansion and in this limit it will be A who
acts as the effective coupling constant and not gyyr, which goes to zero.
We adopt a double line notation (see Fig. for the gauge propagator that will

— «{ &
) )

()

Figure 2.4: Double line representation of a diagram: (a) A gauge field propagator,
which scales as ~ % (b) A vertex, which scales as ~ & (c¢) A planar diagram with two

loops, which scales as ~ N2\, Figure from [3].

simplify the discussion of this non-abelian gauge theory. Feynmann diagrams will then
become networks of double lines where vertices will scale as gyy; = & and propagators
as goy = % Moreover, every loop contributes an N factor coming from the trace.
Therefore, it is easy to estimate how a given diagram D with no external lines will
scale. If there are P propagators, V vertices and L number of loops we conclude that

the diagram will scale as

AN\ N\
D(P,L,V)N(N) (?) NEt = NE-PHV APV (2.63)

The power of the expansion parameter N is precisely the Euler characteristic
X=L-P+V =2-2g (2.64)

related to a surface with the number of handles g (the genus) of a surface (see Fig. [2.5)).

It is evident from equation that in the large N limit the major contribution
will come from the terms with g = 0, which correspond to the planar diagrams: those
that can be drawn on a piece of paper without self-crossing. It is because of this that
the large N limit can also be found under the name of planar limit of the gauge theory.
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an
N>

Figure 2.5: Two different vacuum amplitudes. The left one has genus g = 0 (it is a
planar diagaram) and scales as ~ N2 for large N, the right one has genus g = 1 and
scales as ~ N°. The planar diagram can be drawn on a sphere (no handles) whereas
the non-planar has to be drawn on a torus (one handle). Figure from [181].

Any physical quantity of this theory may be expressed as an expansion of N and g.
For instance, the partition function Z and the generating functional W for connected
Green functions have the structure

iW=logZ=> N ¢\ => N2} (2.65)
g=0 1=0 g=0

with f,(A\) a polynomial in the 't Hooft coupling. This result will be important when
we want to compare the large N limit of gauge theories with string theory.

2.3.2 String theory and D-branes

The historical origin of string theory begins in the 1960s as an attempt to describe the
hadronic resonances of high spin observed in experiments. The squared mass of these
kind of particles was known to be linearly related to its spin J

M? ~ J. (2.66)

These hadrons are then distributed along Regge trajectories, as can be seen in Fig.[2.6
Geoffrey Chew and Steven Frautschi were the first ones to conjecture that strong
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1 2 3 4t 5 et
J

Figure 2.6: Mass and spin of hadrons, following a Regge trajectory, where squared
mass and spin are linearly related. Figure from [76].

interacting particles had this linear relation between mass and spin |60]. String theory
is then introduced to reproduce this relation of hadron properties. It is not very difficult
to verify (at least qualitatively) that a particle described as a string can exhibit the
relation shown in . Let us suppose that we have an open string of length L and
tension T that is rotating around its center of mass. The mass of this string would
be M ~ T L, and its angular momentum would be J ~ P L, where P is the angular
momentum. In a relativistic theory we have P ~ M, thus J ~ M L ~ M?T~!. This
reproduces exactly the Regge behaviour with a slope proportional to the string
tension 7.

The most basic difference between string theory and quantum field theory is what
kind of object is the responsible of describing the most fundamental particles. In string
theory these are, as the name already announces, one dimensional extended strings with
a characteristic length /5 and a tension 7" which are related by

1
T =
2ma!

oo =0 (2.67)

s

where o is actually the Regge slope we discussed above.

In order to construct the action that will control the dynamics of these strings we can
take a look at the special relativistic description of a point particle of mass m moving
in a flat space with a Minkowskian metric. The curve in space-time that describes
the trajectory of this particle (the worldline) can be represented by a function z#(7),
where z# is the coordinate in the space where is moving and 7 is the coordinate that
parametrizes the path of the particle. The action of this particle is proportional to the
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Figure 2.7: Strings can be either open or closed (strings with no boundaries). Here we
show worldsheets of a closed and open string in a 3-dimensional target space. Figure
from [13].

integral of the line element of the curve

S = —m/ds = —m/dﬁ/—nwx'“x'”, (2.68)
where o/ = ‘ZB—”.
On the other hand, a string moving will not describe a one-dimensional trajectory
but some sort of surface (the worldsheet). Therefore, the action we postulate is then
something proportional to the integral of such area, the so-called Nambu-Goto action:

Sno = —T/dA. (2.69)

In this case there will be two coordinates, 0 = (¢°, ') = (7, ), that will describe the
worldsheet 3 (see Fig. and then, if we assume that the worldsheet is embedded in
a flat space, there will be a mapping to the target space-time given by some function
XH"(o®). Therefore the worldsheet will have an induced metric on 3 given by

Jap = nuuaaXua/jXV . (270)

Finally we can write the action as

SNG =-T dQO'\/ —det Jap (2.71)

Until now we have just worked with a classical theory, if we want to describe quantum
states we need to quantize the theory. The simplest way is through canonical quanti-
zation, i.e. by considering that the functions X*# are in fact operators and imposing
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canonical commutation relations between X* and its conjugate momenta. Doing so we
find that there is an infinite tower of particles of different masses and spins (organized
in Regge trajectories) whose mass gap is of order 1/¢,. This quantization also leads
us to many non-trivial properties of this theory. First of all, we find that there are
tachyon particles in the spectrum (i.e. particles with m? < 0), which is a signal of
instability. This can be solved by considering fermionic strings, to do that we need
to require that the theory is supersymetric, i.e. that there is a symmetry between
bosonic and fermionic degrees of freedom. This generalization of string theory is the
so-called superstring theory. There are different types of superstring theories depend-
ing on the supersymmetries that we consider, whether strings are orientable or not,
etc. In particular, the type of superstring theory that will be of our interest goes under
the name of type IIB superstring theory, which only contains orientable closed strings
and has the maximum amount of supersymmetries in 10 dimensions. More details
about the different types of superstring theories go beyond the scope of this text, but
a nice description of them can be found in [172]. Other remarkable issues regarding
the (bosonic) string theory are related to the dimension of the target space D. In
summary, we find that in order to describe Lorentz invariant massless modes we need
to impose that this dimension is D = 26 in the bosonic descriptionﬂ

In the spectrum of open string we find massless spin-one particles which are identified
with gauge bosons (photons, gluons,etc.) and scalars modes such as the dilaton @, but
one of the most astonishing results we find it when analysing the spectrum of closed
strings in superstring theory: the appearance of a massless spin-two string, which is
identified as the graviton. Moreover, when we go to the limit of low energies, i.e.
E < mg = (7', we can integrate out the massive modes and obtain an effective low
energy theory for the massless particles and, lo and behold, we find that this effective
theory has the form of Einstein gravity coupled to other massless fields

1
5= 167G

/dDX\/—_gR+ o (2.72)

Einstein equations appear naturally in string theory! Therefore we get to the conclusion
that string theory is actually a quantum gravity theory and not a hadronic theory as
was originally intended. This is why sometimes this superstring theories go under the
name of supergravity theories.

To conclude, we need to discuss how strings interact with each other. In general, these
interactions between strings will be controlled by a small coupling constant g, which will
allow us to construct a perturbative expansion in terms of Feynmann diagrams, similar

6Tn the case of the type IIB superstring theory we find that D = 10 but in this case the condition
comes from demanding that there are no tachyonic states.
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Figure 2.8: We can think of diagrams in string theory as thickened versions of Feyn-
mann diagrams in quantum field theory. A three-(closed)-string vertex would look like
a slingshot and will be proportional to gs. Figure from [181].

+ (9] +

Figure 2.9: Perturvative expansion for closed strings. For each loop we have a hole in
the worldsheet. Figure from [201].

to what is done in quantum field theory (see Fig. . When these strings interact by
splitting or joining with other strings we can represent it by a two dimensional surface
with holes and boundaries. Take as an example a closed string splitting into two strings
(whose diagram would look like a slingshot) and then rejoining. This would produce a
worldsheet that would be a surface with a hole in it. Thus, in general we can represent
higher order terms in perturbation theory as surfaces with more and more holes. This
means that perturbative expansion in string theory can be understood as a topological
expansion. Now, if the reader is feeling a deja vu is because we have seen something
very similar in the large N expansion above. In particular, the perturbative expansion
of these interactions would be of the type

A=) g7 f,(d) (2.73)
g=0
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where A is the amplitude. Comparing this with (2.65)) clearly suggests that there is
probably a relation with the expansion in large N if we identify g, to

1
~ 2.74
9~ 5 (2.74)

The AdS/CFT correspondence is an explicit realization of this connection in the limit
(N, \) — oo (the planar limit in the strongly coupled regime).

Up until now we have commented (without going into much detail) the quantization of
open and closed strings, their spectrum and its effective theory of closed strings at low
energies. However, in string theory there are objects that lie in the non-perturbative
sector which are of great importance for the AdS/CFT correspondence. In this sec-
tor we have a variety of higher-dimensional solitonic objects and D-branes (short for
Dirichlet membrane) are a particularly important class of solitons that were discovered
by Dai, Leigh and Polchinski, [69] and independently by Horava [111], in 1989. We
have two different ways of looking at a D-brane.

On one hand we can define them as hypersurfaces where open strings can end and are
fixed to. These open strings might deform this hypersurface and lead to non-trivial
excitations on the D-brane. Thus, the D-brane is not only a geometric construction
but a dynamical object.

On the other hand we can study D-branes as very massive objects which distort the
surrounding space-time. Both points of view will be reviewed in the next two sections.
We can see in Figure when either of the perspectives are reliable.

D-branes: Open string perspective

Let us consider a Dp-brane that extends in the z# (u = 0,...,p) directions, with
y' (i =p+1,...,9 if we consider that D = 10) transverse directions, that specify
the (Dirichlet) boundary conditions of open strings, i.e. open strings are fixed to this
hypersurface. Dp-branes have a finite number of massless excitations. In particular,
the massless spectrum consists of a gauge field 4, and 9 — p scalars ¢ (and their su-
perpartners). These scalar modes can be identified as the fluctuations in the transverse
directions y* of the Dp-brane, i.e. they describe the rigid body motion and the defor-
mation of its shape. On the other hand, since string endpoints are charged they are
coupled to a gauge field A, that lives in the Dp-brane, this gauge field will describe the
internal excitations of the Dp-brane. The action that describes Dp-branes and takes
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D-brane 1 D-brane 2

/

Figure 2.10: Left: Two D-branes with open strings attached to them. Figure from
[57]. Right: Open strings source a gauge field on the D-brane worldvolume. Figure
from [181]

into account these kind of excitations is the so-called Dirac-Born-Infeld (DBI) action:

SDBI = _TDp /dl‘p+1\/— det(gW + QWKEFW,) s (275)

where g, is the induced metric on the worldvolume, F),, is the field strength of the
gauge field A, and Tp, is given by
Tp, = L (2.76)
Dp (27T)pg5€];+1 ’
and is the tension of the Dp-brane, i.e. its mass per unit spatial volume, which its de-
pendence scaling with the coupling constant ~ 1/g, makes evident the non-perturbative
nature of Dp-branes.

Notice that in the absence of a field strength (F},, = 0) this is just a generalization
of the Nambu-Goto action for an objected extended in p directions instead of
two. Scalar excitations seem to be absent in but they are actually encoded inside
the induced metric. If we consider a Dp-brane in a flat space the induced metric would
take the form of

.g/w = 77,w + (27T€§)(gmau¢l + gjua,u(bj) + (27T€§>2a,u¢lal/¢z 9 (277)

where the scalars ¢' parametrize the embedding of the brane. Finally, we can expand
the DBI action in the limit £, — 0

1 1 1 . .
Sppr = —— (—FW FM + ~0,¢'0"¢" + .. > : (2.78)
gym \4 2
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This expansion describes the system at its low energy limit (¢; — 0) as juts an ordinary
gauge field action and 9 — p free scalar fields. Moreover we identify the Yang-Mills
coupling in ([2.78) as a function of /5 and g

gn = 2 (2m)P 0, (2.79)

Another astonishing feature of Dp-branes is the appearance of a non-abelian gauge field
when we set branes close to each other. Let us take as an example just two branes (see
Fig.[2.78)): in this case we would have two massless gauge field in each brane, (A,){ and
(A,)3, and two massive gauge fields that are attached to both branes, (A4,)3 and (A4,)3,
with a mass proportional to the distance between branes, i.e. m = r/2rf%. If we go
to the limit where branes are on top of each other, r — 0, these fields would become
massless and we would represent these fields as (A,)f with a,b = 1,2 corresponding
precisely to a U(2) non-abelian gauge ﬁeldﬂ. In general, for N branes, this gauge group
would be a U(N) group.

Now that we have seen some of the properties of Dp-branes, let us consider a (9 + 1)
type 1IB supergravity theory where we embed N coincident D3-branes in the limit
of low energies, i.e. E < (', and for a small effective coupling constant g, N < 1,
which is the limit where this perspective is reliable. Perturbative string theory in this
background consists of two kinds of strings: open strings that begin and end on the
branes and closed strings. As we have seen, open string may be viewed as excitations
of a (3 + 1)-dimensional hyper plane, whereas closed string are the excitations of the
(9+ 1)-dimensional flat spacetime. At low energies only massless modes are taken into
account, so we may write the effective action for these massless string modes as

S = Sclosed + Sopen + S’L’nt (280)
which we can summarize as

® Sopen defines a non-abelian gauge field as we have seen above, in particular it
contains the action of a N' = 4 Super Yang-Mills theory with a gauge group
SU(N) and a constant gy = 4mgs.

® S.oseq corresponds to the action of a ten dimensional type IIB supergravity.

e S, contains the interaction between open and closed strings and is proportional
to a’?g, and so it vanishes in the low energy limit o/ — 0 if we keep g, finite.
This means that at low energies open and closed string are decoupled.

A similar thing would happen to scalars, which would organize as 2 x 2 matrices (qﬁi);} transforming
in the adjoint representation of the U(2) gauge group.
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In conclusion, from the open string perspective we find two decoupled theories in the
low-energy limit: A = 4 Super Yang-Mills theory in four dimensions and type IIB
supergravity on R%!.

D-branes: Closed string perspective

In a theory that contains gravity any form of matter affects the space-time metric
and D-branes are no exeption. Therefore, D-branes are massive dynamical objects
that will be a source of supergravity fields. In this case we are going to consider that
L/ls < 1 which will ensure that there is weak curvature, this means that this closed
string perspective is reliable only in the limit g,N > N. Let us take again N D3-
branes in a ten dimensional type 1IB supergravity theory. It can be shown by solving
the supergravity equations of motion ( [83//86,112]) that the metric sourced by these
branes is given by

4
ds? = HV?datdx, + H?dy'dy; : H(r) =1+ (?) (2.81)

R* = 4mg N2 (2.82)

where the D3-branes extends over the z# coordinates and the y’ coordinates are the
transverse ones. There are two clear limits that correspond to different regions of the
space-time

e 7 > R: In this limit we find H ~ 1 and the metric reduces to a flat ten dimen-
sional space.

e r < R: This is so-called near-horizon or throat. In this limit we find that the
space-time metric goes to

TQ

RZ
ds? = Tzl dr, + ﬁdrz + R2dQ)3 (2.83)
which is the geometry of an AdS5 x S5 spacetime.

It can be shown that closed strings propagating in these two regions are decoupled in
the low-energy limit. Notice that the from the point of view of an observer at infinity

8To be complete: there is also a field strength tensor F(5) living in the worldvolume which we can
omit as it will not affect the discussion.
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Minkyq

Figure 2.11: Space-time deformed by the N D3-branes. At r < R we are in the
throat, i.e. in a AdSs x S° space-time, while in r > R we are in a flat ten-dimensional
space-time. Figure from [147].

the energy of a closed string, F,, gets redshifted by the time metric component g;; as
Eo = +v/—guFEs. In the limit where » << R we would have

-
By~ —F,. 2.84
7 (2.84)

Therefore an observer at infinity sees two different low-energy excitations:
e Supergravity modes propagating in a flat ten-dimensional space-time.

e String excitations in the near horizon region, which corresponds to an AdSs x S°
space-time.

In conclusion, from the closed string perspective we find two decoupled theories in the
low-energy limit: type IIB supergravity on AdSs x S® and type IIB supergravity on
R,

2.3.3 The conjecture

Finally, we have all the motivation, tools and physical descriptions necessary to cope
with the so-called AdS/CFT correspondence. The strongest form of the AdS;/CFT)
correspondence can be summarized as
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N =4 Super Yang-Mills (SYM) theory
with gauge group SU(N) and coupling gym
18 dynamically equivalent to
Type IIB superstring theory
with string length ¢, and coupling constant g,
on AdSs x S® with curvature radius R (and N units of F(5) flux on S°).

There are two free parameters at each side of the equivalence: in the field theory side

we have gy, and N while in the string theory case we have g; and the dimensionless
ratio R/{s. The first identification can be found in (2.79)) which in our case is

Gym = 4G . (2.85)

Moreover, using (2.82)) we may derive the second identification between the free pa-
rameters of both theories

2\ = (R/0,)* (2.86)

where \ = ¢g2,,N is the 't Hooft coupling.

As mentioned above, the open and closed perspective depend on the effective coupling
gsN. In the limit gsN < 1 we have that R < /;, thus the throat geometry effect
is smaller than the characteristic length of strings. In such limit the open and closed
strings are decoupled and the open string perspective is reliable, while the closed string
description is innaplicable since we would need to know the effects of gravity at scales
smaller than /,. On the other hand if we consider the limit g;N > 1 the backreaction
of branes over the background is large enough to consider the closed string perspective.
However the the open string perspective would not be reasonable as we would have to
deal with a strongly coupled gauge theory.

The AdS/CFT conjecture is no less than conjecturing that both perspectives in
the low energy limit should be equivalent. In this particular limit we find a mapping
between a strongly coupled field theory and a weakly curved supergravity theory. This
special limit is referred to as the weak form of the AdS/CFT conjecture.

The AdS/CFT correspondence stated above says that both sides of the correspon-
dence are dinamuically equivalent. This means that the two theories are identical and
therefore describe the same physics from two very different perspectives. Thus, if the
AdS/CFT conjecture holds, the physics from one theory can be mapped to the other
one. This identification is particularly curious due to we would be mapping a quantum
gravity theory candidate, i.e. superstring theory, to a field theory that has no gravita-
tional degrees of freedom. This correspondence is also a realisation of the holographic
principle that we introduced at the beginning of this section once we do a dimensional
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Figure 2.12: A sketch of the AdS/CFT correspondence. Figure from [131].

Kaluza-Klein reduction on the sphere S° and we map the five-dimensional superstring
theory to the four-dimensional field theoryf]

2.4 User’s guide

Previously we have focused on the motivation and mathematical basis of the AdS/CFT
correspondence but we have not shown yet the most pragmatic aspect of it. Before
diving into this we must be aware that throughout this thesis we will restrict our-
selves to the so-called bottom-up holographic description. In general we can separate
holographic models as top-down or bottom-up models.

In the former case we know exactly the two sides of the duality we are dealing with.
On the field theory side we know the Lagrangian, which we may study in perturbation

9The reduction of the 5-sphere S° will be omitted here but can be found in any of the AdS/CFT
reviews mentioned at the introduction of this section such as [181].



Chapter 2. Gauge-gravity duality 36

theory at weak coupling, while the dual gravity theory is treatable in the supergravity
limit. This approach has the advantage that we can precisely identify operators on
each side and rely on its correspondence.

The latter case, however, does not need to know what is the exact Lagrangian of
the dual field theory, if it even exists. In this case we proceed as explained in [200]:

e Identify the minimal AdS gravity model with the desired features (symmetries,
operator content).

e Determine the background solution by solving the equations of motion subject
to the symmetries or other features asked.

e Perform the dual computations, such as correlation functions.

This approach has the advantages of not needing to know the two dual theories, we
have easier computations to carry out or that we may obtain more universal results.
Therefore, this will be the kind of holographic theories that we will consider throughout
the text.

Field +» operator correspondence

What we want to do now is to establish a mapping between the spectra of the two
sides of the duality. In a CFT the important observables are the correlators of local
observables O(x), whose generating functional is constructed out of sources. We can
identify the sources of these operators as the boundary values of some field ¢(z, z) of
the gravity theory. To support this claim we make use of one of the most remarkable
equations of AdS/CFT, known as the GPKW equationm

o [9(1,2 = 0) = 90(2)] = (/@O0 = Zopafo].  (287)
FT
On the left hand side we have the partition function of the gravity theory evaluated
over all functions with the value ¢y at the boundary. In the limit of weakly coupled
gravity we can just approximate by the classical action

Zyray 2 eSgtavioo (2.88)

where S [po] is the action of the gravitational theory at the saddle point, i.e. the

grav
least action associated with the classical limit, evaluated at the boundary of AdS. On

10This equation was deduced by Witten [219] and independently by Gubser, Polyakov and Klebanov
[95] around 1998.



Chapter 2. Gauge-gravity duality 37

the right hand side of we have the generating functional of correlators in the
CFT with some sources ¢o(z). This leads us to propose a correspondence between
fields in the bulk theory and operators in the boundary field theory. This mapping can
be determined based on the tensor structure, the dimension and some other quantum
numbers, some examples of this mapping are

G — T (2.89)
A, — I, (2.90)
o +— O (2.91)

where an example of operator O could be O = Tr(F*F,,).

Let us now consider the most simple example: a scalar field theory with no inter-
actions. We will consider an AdSy,; space in Euclidean signature

2
ds® = % (8, datda” + dz?) (2.92)
z
and an action given by
1

S = -5 / d" /g (0M $Org + m?¢?) (2.93)
where p,v =0,...,d —1and M = 0,...,d. The equations of motion for this scalar

field are .
—8M (\/ggMNaNqb) - m2¢ =0. (294)

V9

By plugging the metric these equations reduce to
2710,(21710,0) + 22 010,90 — m*R*¢ = 0. (2.95)

We can now perform a Fourier transform of ¢ in the x* coordinates

qzﬁ(z,m“):/(;lﬂl;deik'“”fk(z) (2.96)

and the equation then becomes

zd“é?z(zl_dﬁsz) + 22k2fk — mQRka =0. (297)
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The exact solution of this equation is given by two Bessel functions whose asymptotic
behaviour near the boundary go as a power of z, i.e. f; ~ 2% Thus, keeping the
leading terms close to z ~ (0 we obtain the equation

B(B—d)—m*R*=0 (2.98)
which has two solutiond™]
d d?

Let us express the solution as a sum of these two powers of z, back into the coordinate
space, as
o(z,2) ~ A(z) 2~ + B(x) 2°+  where z = 0. (2.100)

We will only consider real exponents, thus we will impose m? R? > —d?/4™ The role
that the functions A(z) and B(x) will have in the boundary theory can be determined
by their normalizability with respect to the inner product, i.e. to

(\Ijl, \I}2> = —Z/ dZdl’d_l\/ —ggtt(\lliatlllg — \112@\1/{) y (2101)
3¢

where >3, is a constant time slice of space-time.

There are two regions we must distinguish in order to assign the role to each function.
On the one hand we have the region m?R? > —d?/4 + 1, which corresponds to the
so-called standard quantization. In this case we have that the function B(x) is nor-
malizable whereas A(x) is not. Just as we have said above, the boundary value of the
bulk field ¢ should correspond to the source of a boundary operator O. Therefore,
since the term that will be relevant at the boundary for the function ¢(z, z) is A(x)
we conclude that this non-normalizable mode should correspond to the source of the
boundary operator and we will call it the leading mode. On the other hand, the nor-
malizable modes are elements of the bulk Hilbert space. The equivalence between bulk
and boundary theories must be applied to this Hilbert space as well, which leads us
to conclude that normalizable modes should be identified with states of the boundary
theory, and as we shall see below the mode B(x) determines the expectation value of

"This can be generalized for any p-form field of mass m, i.e. an antisymmetric tensor A, . .

2
with p indices, as: B4 = % + \/(Cl_;p) +m2R2.
12Particles in AdS spaces might have negative mass squared particles and be stable, provided the

mass is not too negative. This bound is called Breitenlohner-Freedman bound, which tells us that we
need to respect R?m? > —d?/4. This result was first derived in [49/51].
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the dual operator O. This will be the so-called sub-leading mode.

The second region corresponds to —d?/4 < m?R? < —d?/4 + 1. Here both modes
are normalizable, thus we may consider both modes to be identified with states of the
boundary [50,52], and an alternative quantization where B(x) gets to be the source
might be considered, giving rise to two different possible CFTs [133]. Even a more
general quantization where both modes are used to build the physical states can be
considered [42,107,{109}220]. For the moment we will just stick to the standard quan-
tization.

Let us now come back to the solution found in (2.100)): it is trivial to notice that near
the boundary the power that will dominate is f_. Thus we need to impose boundary
conditions on the dominant solutions at some z = €, which we will then send to € — 0,
so the solution does not diverge at the boundary

P(r,2)|,_, = ®(x). (2.102)

With this definition we have a scalar field ®(z) which is finite and will be controlled
by A(x) near the boundary. These powers S+ are of great importance for the CFT
operator O that the field ¢(z, z) is sourcing. At the boundary action we can find

Spy ~ /d%ﬂqﬁ(m,e) O(z, €) (2.103)

where v, = (%)Qd is the induced metric at the z = € boundary. By using ([2.102) we
get

Spay ~ R / dlz e ®(z) €~ O(z,€) . (2.104)

We want Shqy to be finite and independent of €, thus the operator must have the next
form close to the boundary

O(z,¢) = e P-0(x) = * O(x) = ¢ O(x) . (2.105)

The interpretation of this power A is that it acts as the mass scaling dimension of the
operator O and similarly, for the field ¢(z, z), we deduce that 5_ = d — A is the mass
scaling dimension of the source ®(x). These parameters tell us how the source and the
operator transform under scale transformations, i.e.

T Az, 2= 2/ A = D ATRD. 05 NP0 (2.106)

Thus the parameter A defines exactly the conformal dimension of the operator O. We
can divide the mass scaling dimensions in three categories depending on their values
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Figure 2.13: Relation between the conformal dimension A and m?R? in d = 3 with
unitarity and Breitenlohner-Freedman bounds represented in the graphic. Alternative
quantization belongs to the region 1/2 < A < 3/2.

e Relevant operator: for A < d. In this case the operator’s effect is going to be
significant for RG flows into the IR region. Relevant operators may be turned
on without spoiling the AdS boundary, as the bulk field ¢ will go to a constant
or zero at z — 0, or in other words, these operators will not spoil the UV fixed
point of the field theory. Here we have —(d/2R)* < m? < 0.

e Marginal operators: for A = d. Here we have m? = 0. In this case the
corrections would be, at most, logarithmic with energy.

e [rrelevant operators: for A > d. These operators will not be important in the
IR regime but might change the UV structure of the field theory. Here we will
have m? > 0.

Finally we can consider a bound to this conformal dimension coming from the so-called
unitarity bound. This bound comes from demanding that all states in a representation
of a quantum field theory have positive norm. In the case of scalars in d dimensions

one can find [151] that A > % (see Fig. [2.13).

13See [16] for AdS/CFT examples beyond the unitarity bound
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Correlation functions

As stated above, correlation functions are important in CFTs and we can derive them
by using . In general we will need to take care of possible divergences and
renormalize the gravitational action by a holographic renormalization [197], thus we
will now consider the renormalized action Sgb,, — Sgray- Using this identification it is
easy to derive that for a n-point correlation function we get

1 571 ZCFT 5n Sren

_ _ grav . (2107
Zopr 0P(21) ... P(20) |gg  OP(z1) ... P(20) |pg ( )

Notice that we are taking the derivative with respect to ®, if we want to compute a
one point correlation function in terms of the field ¢ we would need to re-scale the

expression using the relation (2.102), i.e.

(O(z1)...0(xy))

551"611
(O(z)) = lim 2% —&2 (2.108)
z—0 5gb $=0

where A is the conformal dimension of the operator O.
This functional expression can be fairly simplified. Consider that the gravity action is
given by

Sray = / dzd%x L[¢, 0], (2.109)

with a boundary located at z = e. By performing an infinitesimal change ¢ — ¢ + ¢,
integrating by parts and using the equations of motion we obtain

oL
sP o _ d
58 / ' a0 (2.110)
Let us now define
(z, 2) = __ok (2.111)
’ 9(0.9) ’

which is the canonical momentum when z plays the role of the time coordinate.

Using this we can rewrite (2.110]) as

S _ d
O Sgray = /d x1l(z,€) dp(z,€). (2.112)
Generally the full renormalized action is a combination of this on-shell action and the
counterterms, which are defined in the boundary. Therefore

5Sren

I (z, 2) = —5¢(:g;7a;) . (2.113)
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This expression in the boundary must be

oL oS,
2.114
500.0) " 300, 2) (2.114)

which using ([2.108)) leads us to a nice expression for the one-point correlation function

I (,¢) = —

(O(2)) = lim 27211 (z, 2) . (2.115)

z—0

Linear response theory

Finally we can comment the use of these correlation functions for the so-called
linear response theory (see |[108]). Let us write the one-point function as it is defined
in a QFT

(O(x)) = / AU O(x) 5B+ % 2)OW) (2.116)

where W are the different fields in the QFT. We may expand this expression as a power
series of the source ® up to linear order

(O(x)) = (O(x)) g0 +/ddy (O)O(y)) @(y) + ... . (2.117)

The two-point correlation function can be defined as the Euclidean two-point function
Gg(xr —vy) as
Gp(r—y) = (O@)0(y)) - (2.118)

Moreover, let us consider (O(x))4_, = 0. This can always be achieved as long as we
subtract to O its vacuum expectation value with no source. Using this parametrization
we can consider (O(z)) as the fluctuation away from the vacuum, so the linear response
of the system to an external source is

() = [ dy Gt~y 2(0). 2.119)

by Fourier transforming this expression we can express it as

(O(k)) = Gr(k) ®(k). (2.120)
Finally, using (2.108)) and (2.115)), we arrive to the expression

Hren
Gp(k) = lim 2242 —

lim 5 (2.121)
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Let us use these results in the example presented in (2.93), which under partial
integration and using the equations of motion we can obtain the on-shell action

S = —g / dzdz0n [\/99™ N Ond] (2.122)

where ( is some normalization constant. The boundary of this space corresponds to
z = ¢ and we can then express the action as

S = —%/dd:p NG e X (2.123)
Using we compute the conjugate momentum
II=(\9970,¢. (2.124)
and re-write the action as
5 — % / () o). (2.125)

Let us now perform a Fourier transformation like we did in (2.96)) on both ¢ and II
and express the action as

1

d
g — 5 / %Hk(z =€) fr(z=¢). (2.126)

The results from (2.100) and ([2.124)), expressed on terms of A, allow us to compute
the on-shell action in the limit e — 0

S~ R2_ / % (€725(d — AVA(—k) A(k) + dA(—R)B(R) . (2.127)

The first term €22 is clearly divergent and one can find that an appropriate coun-
terterm to the action in order to cancel this divergence is
d—A
St = ————— [ d*z\/7¢". (2.128)
2R
Performing again a Fourier transformation and adding the counterterm to the action
we derive the renormalized action

L 28 —d [ dik
ST = R > / rACE) B, (2.129)
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We would like to use the formulas we have derived to compute the one-point function
from this renormalized actions. To do that we need to take the functional derivative
with respect to the source ®(z) = A(x). Due to the coefficient B(x) also depends
functionally on A(z) we will need to define the ratio B/.A, which, as we will see below, is
uniquely determined in the deep IR (z — o0), as x = B/.A. Therefore the renormalized
action in terms of ®(x) is

B d
gren — i1 2A2 d / (;T];dtb(—k) (k) D (k) (2.130)

From this we can finally obtain the one-point function

(O(k))g = R (2A — d)x(k)®(k) = (2A — d)B(k) . (2.131)

This is a very important result: we have found that the subleading term of the field
¢ is the one that determines the vev of the operator on the boundary! Moreover, using
(2.120]) we can also compute the two-point function

Ge(k) = R™ (2A — d)% : (2.132)

It is an interesting exercise to compute explicitly the ratio of the functions A and

B. We first need to define a new function g, through the relation f;, = 2%2 g, which
solving equation ([2.97)) lead us to two independent solutions
d
ge(2) ~ Iy (k2), v=A— 5 (2.133)

where I, are modified Bessel functions. Taking the limit z — 0 these modified Bessel

functions go as
Ii, ~ 2. (2.134)

Thus, the functions in (2.100) can be identified with these solutions, so we finally get
that fr(z) is

fulz) = 29 (m — ) (g) A(k) Iy (kz) +T(1 + v) (g) Bk L,(/{:z)> .

(2.135)
The Bessel function, in the limit z — oo, goes as

ez

2Tz .

L, ~ (2.136)
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We want to impose that the function fi(z) is finite in this limit, which will force us
to impose some condition on the functions A and B. Looking at the limit z — oo of

fi(2)

V2rkz

This function will diverge in the IR unless we demand that

fule) = 22 (m ) (g) " A(R)+T(1+v) (g) - B(k)) S (2137)

which fixes the ratio of A and B. With this result we find that the Green function
scales with k as
Gp(k) ~ k271, (2.139)

Expressing this result in the coordinate space by an inverse Fourier transformation we

finally obtain]
1

And this result is also of great importance, as it confirms that A is actually the con-

formal dimension of the boundary operator O(z).
Holographic temperature

Let us now consider that our field theory is in a thermal bath at temperature T'. The
correspondence to this property in the gravity theory is given by a bulk geometry with
an event horizon (i.e. a black hole or black brane) and the Hawking temperature we
discussed in Section will be identified as the temperature of this thermal bath™}
This field theory that we are trying to identify to a gravity theory has now a scale, T',
and thus is not completely conformal invariant. The temperature of the system will
represent an IR deformation of the theory due to at energies much higher than 7', in

14Tip: to compute this Fourier transformation we need that

/ ddk eikwkn 1
(2m)4 |4+

15A finite temperature system in AdS may also be described by a solution with no horizon, the
so-called “thermal AdS”. Hawking and Page studied the transition between black hole and thermal
AdS in [106]. Here we will omit this discussion.
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the UV, this temperature will be negligible and the theory could be considered again
to be conformal.

Let us discuss the most simple example: the Schwarzschild black brane in AdS. In
this case the pure AdS space will be generalized to the next metric

= %2 (—f(z)dt2 +

dz? o
m + d¥ ) (2.141)

where f(z) is called the emblackening factor and goes as

ds?

d
fz)=1- (i) (2.142)
Zh

where z;, is the position of the event horizon, where the metric component g, will
vanish. Notice that in the limit z — 0 we will asymptotically go towards an AdS
space. This behaviour is already telling us something about the dual field theory.
As we discussed in Section [2.1.1] moving through the holographic coordinate z can
be considered as moving through an RG flow. In this case we have that in the limit
z — 0 we are going to the UV limit of the field theory, where we recover the conformal
symmetry. Inversely, when we move towards the black hole we leave this AdS space
and pointing out that there is a notion of IR deformation in the dual field theory.

We will use the definition of the Hawking temperature (see (2.6])) as the holographic

temperature
K

2
where £ is the surface gravity. There is a simple argument by Gibbons and Hawking [85]
that helps us understand this formula. First of all we need to Wick rotate our time
coordinate to 7 = it. Then, in order to avoid (conical) singularities at z, we must
demand that this new time coordinates periodically identifies as

(2.143)

47
T~T A+ —— . (2.144)
|/ (zn)]
When studying a field theory with a periodically identified Euclidean time we know the
temperature is the inverse of this period. Since 7 corresponds precisely to the Euclidean
time coordinate in the boundary theory we can safely say that the temperature is given
by the inverse of this period. Therefore in this case

T = %ﬁ)’ (2.145)
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which can be proved to be exactly 2.143@. The temperature in the case of (2.142]) is
then
d

T= . 2.146
41 2y, ( )

From this expression it seems we have a continuum of temperatures for different values
of zp,, but notice that we can always perform a scale transformation of the space-time
coordinates of as (x#,t,z) — zp(a*,t,z), which fixes the temperature to be
T = d/4m. In more general metrics the temperature can be obtained by

1 ,VHnY
ro L ] NVun Vit (2.147)
2 27 2

where n,, is the timelike Killing vector at the horizon.

In the same spirit we may also define what is the entropy of the field theory by taking
a look at Section [2.1.2] There we see that the entropy of the black hole is related to
its area. The Bekenstein-Hawking formula says then

An

g =
4G'n

(2.148)

where G is the Newton’s constant and Ay is the area of the horizon. This will deter-
mine the entropy of the dual field theory.

Finite charges

Another feature that we would like to incorporate to our models is a U(1) charge, such
as the electromagnetic charge. We are going to consider field theories that have a global
U(1) symmetry, instead of a gauged one. What this means for an electromagnetic U (1)
symmetry is that we will neglect the effect of photons in our theory. This assumption
seems to be sensible as generally the coupling of the U(1) symmetry is smal]lﬂ and the
electromagnetic interaction is screened in a charged medium.

Thus, the question now is how do we translate this global symmetry of the field
theory into our gravity theory. In order to incorporate a global symmetry in our field
theory we must impose this symmetry to be a gauge symmetry in the gravity side [57],

16The surface gravity » of a static Killing horizon is defined through the next equation EPV BV =
kk" evaluated at the horizon, where k* is a normalized Killing vector.

1"There are examples where this assumption might fail and photons are mediating a strong effective
coupling, such as [198].
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therefore let us consider an Einstein-Maxwell action, which respects this U(1) gauge

symmetry ( )
B a1 1 d(d—1 1 5

S—/d x\/—g[Q (R+ — ) 492F} , (2.149)
where F' = dA is the field strength.
We can introduce two new scales in this theory without breaking the rotational sym-
metry of our field theory. The first one is a chemical potential y = A,EO) and the other
possible scale we can introduce that preserves rotational symmetry, at least in a 2+ 1
dimensional field theory, is a background magnetic field B = Fg£2>. Just like in the
case of finite temperature presented before, here we are introducing new scales which
will deform our space away from a pure AdS spacetime as we get closer to into the IR
region.
Here we will study only the case with a chemical potential and no magnetic field for
simplicity. In this case the Einstein equations of motion are

R d(d — 1) 1

o 1 o
le - 5 uv — Q—RQQMV = 2_92 (QFIMTFV - §gMVFUpF p) (2150)

to which we need to add also the Maxwell equations
V., F'" =0. (2.151)

The solutions to these equations of motion lead us to a Reissner-Nordstrom (RN) black
hole in AdS

ds® = %2 (—f(r)dt2 + f(—% + da??) : (2.152)
d 2(d—1)
() )T e
_([d-1)¢*Rr?

where 7}, is the position of the black hole horizon. The scalar potential is

A= [1 . (%)LH] . (2.155)

From this solution we can extract already some information about the dual field the-
ory. Firstly, the background Maxwell potential of the field theory is read off from the
boundary value of the bulk Maxwell potential

Aur)y=AD+. .. as r—0. (2.156)
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From this we can see that the chemical potential is u. Moreover, the chemical potential
1 is the source of a charge response p which can be read off the subleading term of A,.
Just as it happened when we introduced the temperature, this chemical potential is
deforming the IR physics of this theory, which will not be noticeable for high energies.
The temperature can also be found here as, we discussed in the last section, and in

this case we obtain 1 (d—2) 9 9
T — d— h _ 2.157
47T7“h ( 72 ) ( )

Notice a very remarkable feature of this temperature compared with the Schwarzschild
black hole: here we can reduce the temperature continuously to zero without the
horizon vanishing. In this space-time we can still scale out 7, but in this scale we still
have the scale of the chemical potential and thus with the dimensionless ratio 7'/ p.
Due to we only have these two scales, in a scale invariant theory all dimensionless
quantities can only depend through the ratio of temperature to the chemical potential.
The zero temperature case is quite interesting and we want to point out a couple of
things about it:

e The zero temperature RN black hole has finite entropy. This seems to mean that
the ground state of this theory is degenerate (see [155] for a real example of finite
entropy at zero temperature system).

e In the limit of small temperature 7' < p we find an example of a “holographic”
renormalization group flow between fixed points. In this limit the space-time
close to the horizon may be described by an AdS, x R?! space, thus we have
an interpolation between an AdSy.; space close to the boundary to this new
AdS, x R%! space in the horizon. The presence of this AdS space close to the
horizon seems to indicate that at low temperature and low energies an emergent
scale invariant symmetry appears in our theory, which was originally broken by
both temperature and chemical potential. For more details see [80], where this
holographic flow was first discussed.

The holographic dictionary

There are many aspects of gauge/gravity dualities that have been omitted which can
be consulted in the references provided at the beginning of this section. To conclude,
let us summarize what we have learnt in this introduction about the AdS/CFT corre-
spondence as what is commonly known as a “holographic dictionary”.
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d + 1 dimensions d dimensions
g metric TH stress-energy tensor
gauge field A, U(1) current J*
scalar field ¢ scalar operator O
gauged symmetry global symmetry
Hawking temperature QFT temperature
AdS scale r RG energy scale
mass m? conformal dimension A

2.4.1 Hydrodynamics and transport coefficients

Let us end this chapter by discussing the hydrodynamic description of strongly coupled
CFTs using the AdS/CFT correspondence. It has been known for a very long time
that finite temperature systems may be well described by an effective theory called
hydrodynamics. The main idea of hydrodynamics is to consider only perturbations
around the equilibrium whose wave-length is much larger than the mean free path,
which is the characteristic length in an interacting system,

)\hydro > ‘emfp . (2158)

We can consider that the hydrodynamic description of a system is some effective theory
where high energy modes have been integrated out.

In particular, the hydrodynamic equations of a fluid are determined by the conservation
of the stress-energy tensor 7, (for an uncharged system)

VAT, =0 (2.159)

where the stress tensor, up to first order in derivative expansion, with a fluid velocity
ut is given by

T = p (G + uptty) + puyy, — o (2.160)
where the first two terms describe an ideal or perfect fluid and the third, o,,,, introduces
dissipative effects on the fluid. This dissipative term is

2
ot = preprP (Wmum + (C + gn) Jas 9) : (2.161)
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The coefficients n and ¢ are the shear and bulk viscosities, while 6 is the divergence of
the fluid velocity, 0 = V ,u".

In [44] (see also [115,[182]) it was found that the gravitational equations of black
holes in AdS space-time provided the exact same equations of a dissipative/viscous
fluid. Therefore, this black-hole is acting as some finite temperature fluid with some vis-
cosity that, through the AdS/CFT correspondence, might help us understand strongly
correlated viscous systems. This is the so-called fluid-gravity correspondence.

What we are interested in now is whether we are able to compute properties of this
fluid, such as n, by the holographic methods that we have introduced above.

First, we are going to consider the local rest frame, where the spatial part is going to
be zero u* = (1,0,0,0). This particular frame forces the stress tensor to have 7% = 0.
Notice also that taking a constant velocity does not lead us to a vanishing 7},,, as we
will have non-zero terms due to the covariant derivative of u*. Let us take the next
space-time metric

goo(t, ") = =1, goi(t,x") =0, gy(t,z") = 6;; + hi(t) (2.162)

where h is a perturbative element h;; < 1 and is a traceless tensor h% = 0. This
perturbative term only depends on time and it will vary very slowly, as we expect in
the hydrodynamic limit.

It is a trivial excercise to compute the different Christoffel symbols which leads us to
the next covariant derivatives

1
vOui - VOu() = 0, VZ'UJ' = 5 80hij, V cu=20. (2163)

With this result we can already find the off-diagonal term of the stress-energy tensor
as

() = nophis(t), i) (2.164)

which in the momentum space is
TY(w) = —inw hi;(w) . (2.165)

The source for this component of the stress-energy tensor is, then, h;;. Therefore, the
one-point function of this element is given byl

(Ty(x)) = — / Gl — ) hiy(y)dy. (2.166)

18Here we use the real time coordinate, as opposed to the Euclidean one-point function expressed

in (2.116).
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where here Gg(xz — y) is the retarded Green’s function

iGrlz —y) = 0(=" —y°) ([T;(2), Ty(y)]) - (2.167)

It is due to causality that the vev of the operator T;; is given by this retarded Green
function as it would not be possible to influence the system until the source has been
active. Now, going into the momentum space

<ﬂj<w, /2)> = —Gr(w, k) hij(w, k). (2.168)
Comparing equations ([2.165)) and ([2.168]) we can the so-called Kubo formula
| >
n=— }JILI(I) ]1212% = ImGr(w, k). (2.169)

We would like to compute this shear viscosity in the case stated above, i.e. for an
AdS black hole. For a 4-dimensional space-time the metric is going to be
R? dz? 2\’
ds? = — | —f(2) dt? + —— + di?|, N=1-[= 2.170
e 1 e =1- (< (2170)
where the boundary is at z = 0 and the horizon at z = z,. We are going to perturb the
off-diagonal term of the metric, g,, = hyy = h < 1, and obtain the Einstein equation
at linear order which is, after a Fourier transformation,

" / 2 f/ WQ 2 2f/ o
KW' +h <Z+7)+h<ﬁ_§+ﬁ)_o (2.171)

where the prime denotes derivatives with respect to z. Now a nice trick is to define a
new variable such that H = h 22, which will lead us to

1 9 w?
H'+ H fo2 H— =0. 2.172

wu(7-2)n; 2472
The interesting thing about this equation is that is exactly the one you obtain from
the action of a massless scalar field

S = g%/ddm/——g O"H 0,H (2.173)

in the limit where k — 0. Luckily, this allows us to use the results derived in ([2.115))

and (2.124)) with A = d, obtaining

<Txy>:H:C\/__ggzzH/:C /

22

H (2.174)
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and because A = d the source for this vev is exactly H, thus

GR((,UJ{J) = — — . (2175)
z=0
In principle we need to compute this term at the boundary, but it is trivial to check

that =
0.1 = —( ——w’ 2.176
3 (2:76)
thus, in the limit where w — 0 this quantity is going to be conserved (up to order w?),
i.e. we can evaluate the momentum II anywhere we want to. To find a solution for the

field H we are going to propose an ansatz which, close the the horizon, goes like

H ~ Hy (2, — 2)° (2.177)
which will be a solution when ,
3= i“’gzh . (2.178)

Only one of these solutions is going to respect causality and it is important to decide
which one we should choose. To do this let us define a new variable ¢" = (z, — z),
where the horizon will be located at » — —oo, and re-inserting the time dependence
we will have that

H ~ 7 iwtEhr (2.179)

If we consider a small time displacement t — ¢ + 6t we are going to need a positive
(negative) or if we take the positive (negative) solution of S to keep the solution
constant. What this means is that the positive (negative) solution is the outgoing
(infalling) wave at the horizon. The infalling boundary conditions are the ones that
are naturally associated with the retarded Green’s function, as in order to influence
the horizon with a source at the boundary we need to locate this source in the past
(see [176,/199] for more details).

Finally, we can compute the shear viscosity

I1
n = — lim lim Im — _ 5

= - 2
w—0F 50 wH 2=z e

(2.180)

This result is very useful to derive the famous Kovtun-Son-Starinets (KSS) bound,
which states that the ratio of the shear viscosity to entropy density is bounded by
below as /s > 1/4xn [175]. In our case the entropy density, which is given by the area

of the horizon (2.148]), is

S 11
_Ss_ 11 2.181
STV T 4Gy 2 (2.181)
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Figure 2.14: Different experimental results for the n/s ratio. All systems considered
respect the bound n/s > 1/4w. Figure from [67].

where V is the two dimensional spatial volume at the horizon. All in all, taking the
normalization constant ( = 16m Gy as the gravitational one, we arrive to

- (2.182)

which saturates the KSS bound.

In [175] they conjectured that this bound should be always respected by all systems
and it indicates how strongly coupled a system is. So far this bound has been always
been proved to be respected in all experiments [65}/142,|158,192,|196], as can be seen
in Figl2.14 However, considering more complicated theories of gravity this bound
is certainly violated, such as in the Gauss-Bonnet theory [53] or in massive gravity
theories [9], among other examples (see [65] for a review). It is because of this that
other bounds, related to the diffusion constants of the systems might be more general
than the /s ratio [27/101}224].
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Chapter 3

Condensed matter and solid physics
aspects

As we have pointed out in Chapter , one of the fields in which AdS/CFT correspon-
dence has been remarkably prominent is in the study of condensed matter physics. This
branch of physics is the one that deals with macroscopic and microscopic properties of
matter. Its main concern is the “condensed” phase of matter that appears when the
number of constituents is large and the interactions among them are strong. One of
the most familiar cases are solids (which will play a major role in this manuscript) and
liquids which emerge from electromagnetic interactions among atoms.

In this section we will focus on solid physics and more particularly on its elastic
properties. This will be a good way to introduce what we mainly studied in [7,23,
24], where we examine the physical properties of solids, either scale invariant or not,
which we will analyze in Chapters [ and 5] Furthermore, we will introduce the Coset
construction that will allow us to build up the EFT for a solid system from its symmetry
breaking pattern. Some references that have been useful for this chapter are [132}/138,
1441|152//193].

3.1 Elasticity theory

When we apply a finite stress to a solid body this will exhibit a deformation, either in
its shape or its volume. The elastic response describes necessary stress in a material
to produce a mechanical deformation, i.e. the strain. Let us define the position of any
point in the body by some vector ® = x*, which can be used as the mapping of any

26
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mechanical deformation as ' ‘ ‘
Q' =o'+ ¢'(t,x) (3.1)

giving the positions of every given solid element. The deviations from equilibrium from
this solid (which we will take as isotropic and homogeneous) is then encoded in ¢'(t, x).
These ¢ are the displacement vectors (i.e. ¢' = 2"* — 2", where 2* is the new position of
a particular element) and can be considered like a set of dynamic scalar fields. There is
a very useful way to parametrize deformations through these scalars and it is through
an object called the strain tensor

€ij = %(az‘%‘ + 0;¢i) , (3.2)

that is symmetric by construction, i.e. €; = €j;.

We are going to consider two particular types of deformation: bulk and shear
deformations. Bulk deformations physically correspond to an expansion/contraction
of a body, i.e. a change of the volume of the system. The bulk strain is defined by the
trace of the strain tensor

and can be either positive (contraction) or negative (expansion). On the other hand,
a deformation that only affects the shape of the body but does not affect its volume
are called pure shear deformations and are given by

1
€ = €k — E (5ikejj (34)
with d spatial dimensions and ¢ # k. Notice that the trace of this shear strain is
exactly zero. In general any mechanical deformation is a combination of shear and
bulk deformations.

We can now describe what response do these solid system exhibit under mechanical
deformations. At a linear level (for small external strains) we can find two elastic
moduli. In this linear response approximation the deviation of the stress tensor from

its equilibrium value is
Uij = T;;j — p@] (35)

where p is the pressure at equilibrium. Then at linear level we can define it as

1
oij = Kdijern +2G (617 — dij ekk) (3.6)
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Figure 3.1: The description of the mechanical deformations in terms of the displacement
vector ® = z¢ + ¢'. Left: The equilibrium configuration for the solid system is
simply ®, = z’. Right: An example of a shear deformation and the geometrical
interpretation of the strain tensor €;;. The configuration changes from @iq to ®* such

that &' — O = (e40 dx + €4y dy, ey, dy + €4y dx).

where G and I are referred to as the linear shear and bulk elastic moduli respectively.
We can define the elastic bulk modulus also as the inverse of the compressibility (3,
which will be a useful definition, as

1 OT;;
’C_B__Vav

(3.7)

where V is the volume of the system.

Another simple and important parameter that allow us to characterize different kind
of materials (at small deformations) is the so-called Poisson’s ratio. It parametrizes
how much a material compresses (or dilates) in the transverse direction when under an
applied axial tensile strain,

R = — Shans (3.8)
€axial

We can express this ratio in terms of elastic moduli, by re-writing the elastic strain as

Okk 1 1
€ij = W 51‘]‘ + (Uij — Eém Ukk;) E . (39)
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This may also be expressed differently, according to |208],

1
G =5 [(1+R)0i; — Rowkdij] (3.10)

where F is the Young modulus (the linear moduli for an uniaxial deformation). Thus,
the Poisson’s ratio can be defined as a function of the shear and bulk moduli
dK —2¢

R=Ja-nK-20" (3.11)

This parameter allows us to classify models accordingly to their elastic properties. By
construction, in two spatial dimensions the Poisson’s ratio is bounded as —1 < R < 1.

Notice that this ratio can be negative, giving a rather exotic type of response where
the material actually dilates in the transverse directions. Materials of this type are
called “auxetic” and have a number of applicationﬂ

3.1.1 Non-linear elastic response

The study of elasticity in solid materials must be extended beyond the linear regime,
where the Hooke’s law still holds, if we want to investigate their properties at finite
deformations. This is studied by the finite or nonlinear elasticity [81], whose theo-
retical developments were initiated particularly in the rubber industry because of the
importance of (natural) rubber in many engineering elements.

To introduce these finite deformations (either in the bulk or shear sectors) we con-
sider a new configuration for the set of scalar fields ®(¢, z), where now its deformations
¢'(t, x) are not going to be infinitesimal. If we are dealing with a two dimensional solid
we will take as the strained configuration

-
_|_

NI

N

L, =02’ O)=a : (3.12)
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From the definition of the shear and bulk strain in (3.4)) and (3.3)) we find that e plays
the role of the shear strain, whereas the bulk strain is defined through « as

k=2(a—1). (3.13)

LAn example of a “real world” auxetic material is the sole material of some types of footwear,
which allows it to expand in size while walking or running, increasing its flexibility.
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Figure 3.2: A sketch of the non-linear stress-strain curve o(e) for different type of
materials: rubber (orange), brittle (blue) and ductile (green). All curves start with a
linear regime. The red star is the breaking point at which the fracture of the material
happens.

One of the physical observables that we are going to be interested in are the stress-
strain curves that will be produced when this strain is introduced in the solid material.
We will read the stress from the off-diagonal and diagonal terms of the stress tensor
for the shear and bulk strains respectively.

Experimentally, this curve is obtained by gradually applying load to the solid and
measuring the deformation produced, from which the stress and the strain can be
determined. We show a schematic classification of the type of material we are dealing
with depending on their stress-strain curve in Figure [3.2] Therefore, from that figure
let us classify the materials into: rubber (or elastomers), brittle and ductile.

Rubber materials can sustain very large deformations until reaching the breaking
point while also being able to go back to its equilibrium position once the stress is
no longer applied. In figure the scaling is “softening”, meaning that the scaling is
smaller than linear, but this is not always the case and “stiffening” scaling may also
show up.

Brittle materials (e.g. a piece of chalk or a thin layer of glass) are materials that
cannot sustain large amounts of deformation. In these materials the breaking point is
found at small values of € while the stress needed to get there can be large.

Ductile materials (e.g. steel and many other alloy of metals), on the other hand,
start with a linear relation between strain and stress but at some point they display
plastic deformations, which cannot be reversed back as elastic deformations do.
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The type of materials that we are going to describe with our EFT and AdS/CFT
methods are elastic, with no plastic effects, and we aim to find whether rubber-like
materials are achievable. As we will see in Chapter ] and [5] there will be a clear
relation between the fact that materials are hyper-elastic and the strain scaling v,
both in the shear and bulk sectors.

3.2 Phonons

The study of phonons plays a major role in condensed matter physics. Phonons are
defined as the collective excitations of the particles that form a solid (and even some
liquids [47},/143]). Solids materials consist of atoms arranged in a lattice that interact
among each other that allow to generate mechanical waves that carry heat and sound
through the system. From the point of view of quantum mechanics a phonon can be
described as a quasiparticle which represents an excited state of the mode of vibration
of the elastic structures of these interacting particles. Phonons are useful to determine
the thermal properties of a solid, which are related to its phonon structure, in particu-
lar the phonon density state determines the heat capacity and thermal conductivity of
a crystal [71]. Even more interestingly, the phonon-electron interaction was of major
importance in the BCS (Bardeen—Cooper—Schrieffer) theory that describe certain types
of superconductors [33}34].

These elastic excitations can be decomposed in different modes, depending on how
they oscillate. In particular, there is a mode that oscillates in the same direction of
propagation, called longitudinal mode, and modes that oscillate in the perpendicular
directions of propagation, called transverse modes. The dispersion relation for these
waves in the long wave-length limit

w = ¢k (3.14)

where ¢; can be either refer to the transverse or the longitudinal mode. The fact that
for low values of k (i.e. long wavelength) this dispersion relation is almost linear means
that the speed of propagation for phonons with different wavelength propagate large
distances across the lattice without breaking apart. This is why the sound propagates
through solids without much distortion. Moreover, these speeds can be related to the
elastic moduli presented above
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K+2%1g
A =— d=—"—"4d7

: (3.15)
p+p p+p

where p is the energy density of the system.
For more details about phonon physics and its applications, such as in the Debye
model that estimates the contribution of phonons to the specific heat in a solid, we
refer to [152).

An interesting way of approaching phonon physics is by realizing that these quasi-
particles can be understood as the Goldstone bosons of some spontanously broken
symmetry, in particular of translations. This was first realized in [139] where the au-
thor studies the implications of these hidden symmetries for the properties of the sound
waves of solids. As a consequence of this symmetry phonons necessarily contain non-
linear terms, which describe phonon-phonon scattering.

This is the same mechanism that we use to study 7 m-scattering from the point
of view of an effective field theory at low energies. In that case we have that the
Lagrangian is invariant under SU(2) x SU(2) which is broken down to the diagonal
subgroup SU(2). The spontaneous breaking of the SU(2) x SU(2) symmetry leads
to a triplet of massless pions, which can be studied through a nonlinear sigma model.
This determines the form the Lagrangian must have, allowing us to know all possible
77 interactions without having to deal with QCD theoryf|

As we will see below we can build up a theory for solids by coset construction
just like it is done for pions. In this case we will assume that fluctuations around the
equilibrium value <<I>I > = 2! are the so-called phonons.

3.2.1 Coset construction

Firstly, let us state in which QFT sense we can treat elasticity theory as an EFT. The
first property that we must have is a clear separation of scales, as opposed to what we
have in a CF'T, i.e. a continuum of states. In this case we will have that the low energy
modes are going to be phonons, and any other mode above this will be integrated-out
and will not participate in the EFT. This condition allows us to exploit the fact that
phonons can be considered as Goldstone bosons of translational symmetry breaking.

2This was pioneered in [54,61]. See [193] for a more recent discussion.



Chapter 3. Condensed matter and solid physics aspects 63

When we have a symmetry broken spontaneously we can make use of the coset con-
struction that allows us to define a non-linear description of our theory just by knowing
the breaking symmetry pattern.

Consider a continuous global symmetry G that spontaneously breaks down to a
subgroup H. This means that the vacuum will be invariant under this subgroup H but
not under the rest of G, which in group theory is known as the coset and is labeled as
G/H. The Goldstone bosons of this symmetry breaking will transform linearly under
the unbroken subgroup H but non-linearly under the coset G/H.

As we have already commented, the iconic example of these type of theories is the
EFT of pions and we will summarize it here following [193]. Let us start by writing
the QCD Lagrangian (including only up and down quarks)

L= —i( @) + iulpu + idPd — myuu — madd (3.16)
where we use the notation ) = D,v* where v* are the Dirac matrices. This Lagrangian
is symmetric under a global SU(2) transformation that rotates up and down quarks
into each other only if the masses of these quarks are the same. These masses are
actually not equal, but they are very small compared to the QCD scale Agcp, so let
us take the limit m, = my = 0. In this case we have actually two independent SU(2)
symmetries, since left-handed and right-handed quarks are completely decoupled. We

can see this by writing the Lagrangian as a function of left and right handed spinors,
e, W = 1(14 440,

. . _
£ = —(F) + i Pu” + iw" Pu® + id"Pa" + id" pa* (3.17)

This will be invariant under

(5 )=o) () =on( i) 318

where g, € SU(2), and gg € SU(2)g.

At some point this SU(2) x SU(2) symmetry spontancously breaks. Presumably
this happened around 14 billion years ago, when the temperature of the universe cooled
below some critical temperature T- ~ Agep. Below this scale the thermal energy of
quarks was smaller than their binding energy, leading to the appearance of hadrons.
The ground states would be now quark bilinears

(uu) = (dd) = V?. (3.19)
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This cannot be proven by QCD itself, but the strength spontaneous symmetry breaking
is that we do not need to understand exactly how this works in QCD to be able to
describe an effective theory for the pions. This vacuum expectation value breaks the
symmetry SU(2) x SU(2) down to the diagonal subgroup, i.e. the unbroken symmetry
is now rotating simultaneously left and right-handed spinors the same way.

The idea now is to forget that pions are actually composite particles of quarks and
just focus on the symmetry breaking pattern.

We will model this breaking with a set of scalars ¥;;(z) that will transform under
SU(2) x SU(2) ad]

¥ — gLZgL, »h— gRZng. (3.20)

Thus, an effective Lagrangian for this field is
A
L =103 +m?xX|* — Z|2|4 (3.21)

where |X* = % ET This Lagrangian is commonly named linear sigma model and is
invariant under S U ( ) x SU(2) transformations.

The potential in is usually named “Mexican hat” potential and the interesting
point is that depending on the signature of the quadratic term the minimum of the
potential is either at ¥ = 0 or at a finite value as can be seen in Fig. [3.3] which
spontaneously breaks the symmetry of the Lagrangian. Specifically, in this case the
potential is minimized for

<zij>:%(é (1’) v:% (3.22)

which breaks the SU(2) x SU(2) symmetry down to the diagonal subgroup SU(2).
What we need to do now is expand our field around this vacuum expectation value
in terms of a modulus field o(x) and some angular fields 7(z) as

S(x) = L\/%(“") exp (22' %@) (3.23)

where 7% are the Pauli matrices, which are the basis of the Lie algebra su(2), and used
F. = 277; so the kinetic terms are normalized. If we transform our field as in (3.20)) with
gr,r = exp(i0f p7) in the infinitesimal limit we get that o does not change whereas

F, 1
7 (0 = 05) — S SO+ ) (3.24)

3Notation: the superscript t means that we take the conjugate transpose of the matrix.
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Figure 3.3: Left: “Mexican hat” potential. The center point is an unstable point and
the equilibrium position is now away from it, sponteaneously breaking the symmetry.
Figure from . Right: The quadratic term changes its signature and a new vacuum
expectation value arises. Figure from [64].

where fa% = ¢4 is the structure constant, which in the case of SU(2) is the Levi-Civita
symbol. Notice that for transformations with 6% = 07, which are the transformations
of the unbroken diagonal subgroup SU(2)y, the 7 field transforms linearly at lead-
ing order but non-linearly for transformations with 6% = —6¢, which form the axial
transformations.

Due to the field ¢ does not transform under these symmetries we can consider it
irrelevant for this discussion, therefore we may take the limits m — oo, A — oo and
keep F) fixed in order to decouple the field . Thus, let us change our initial field as

V2

v

S(z) — M(x) = exp {22- WFZ} — exp {F% ( \g; ‘/_57:; )} , (3.25)

where we have used 7% = —5(n' £ in?) and 7° = 7°. The field II(z) transforms as

Y(x) in (3.20) and fulfills ITTIT = 1.

The idea now is to construct the most general Lagrangian invariant under a SU(2) x
SU(2) transformation. This is usually called a non-linear sigma model, and particularly
in this case a chiral Lagrangian, which is

Fﬂ? T + 2
L :ITr [(DuH)(D“H) ] + oy Tr [(DMH)(D“H) }
+ ayTr [(D,I1)(D,11)"] T (DI (D 1I)] (3.26)

+ o Tr [(D,IT) (DM (D) (D] + ...

Due to the field II fulfills IITIT = 1 only derivative terms appear on the Lagrangian,
which forbids 7 to acquire mass. We may expand the leading term in (3.26)) to obtain
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the Lagrangian for the 7 fields

2

T (DDA = 2 (8,m°)(@7) + (D) (D)’

1 1 111
+F_7% —§7T7TOD7T+DM7T + . :|+F_7%|:18(7T 7T+) DMTFOD“WO‘F-.- + ...
(3.27)

We have chosen the appropriate normalization so that the kinetic terms are canonically
normalized while the interactions will be suppressed by powers of =5. On the other
hand, interaction terms of the field H have four or more derlvatlves and thus at low
energies are suppressed by powers of . Then, at low energies, interactions among 7
fields are completely fixed from the leadmg term expansion, and we have determined
these interactions by knowing the symmetry breaking pattern!

To construct the EFT of a solid system we are going to need a similar approach
to what we have shown for the pion Lagrangian, which is precisely what is done in
[163,164]. There, they exploit the fact that phonons can be considered as the Goldstone
bosons of translational symmetry breaking and build up a Lagrangian by using the
coset construction. The dynamical degrees of freedom that will be responsible for the
spontaneous breaking of translations that take place in solids are the ones we already
introduced in (3.1)). These fields acquire a vacuum expectation value given by

(@) = 2", (3.28)

in the equilibrium configuration, while the phonons are identified as the perturbations
around this background.

We can formalize the EFT more sharply if we define these scalar fields with an
‘internal’ index, i.e. by defining them as ®!(x). If we are working in d space-time
dimensions we will need d — 1 scalars, thus the internal index runsover I = 1,...,d—1.
By introducing this index we can consider that there is an internal symmetry group
given by an Euclidean group, 1SO(d — 1), acting on ®! like standard translations and
rotations in the internal space. With this new definition let us re-write the vev from

(3-28) as ,
(@) = 2' 67, (3.29)

this vev breaks the symmetry groupf] 7SO(d —1) x ISO(d —1,1) down to the diagonal
subgroup, i.e. by transformations on both ®! and z* which leave (3.29)) invariant, i.e.

4The group 1SO(d — 1,1) is the d dimensional Poincaré group.
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150(d—1,1) x ISO(d — 1) = R, x ISO(d — 1). (3.30)

What we find is that the action describing this EFT of solids must be constructed
out of the matrix B!/ = 9,®/0"®”/, which in d + 1 dimensions can only build up a
limited amount of independent terms. If we define [B"] = Tr((B!7)"), then for we can
obtain the next d independent terms

X, =[B], X, =[B?, ..., Xqg=[BY, (3.31)
then the action must be

S = /dd“xF(Xi) ci=1,...,d. (3.32)

It is also interesting to note that this method can also be applied for a perfect fluid
system. For a perfect fluid we demand that the action for the scalars is invariant under
internal volume preserving diffeomorphisms, i.e.
®' — x'(®7) where det O _ 1 (3.33)
0P’ ‘ '
In this case we are restricted to an action that depends on the determinant of the
matrix By, thus

S = /dd“x F(2), (3.34)

where Z = det(B;;). Notice that this is a subset of actions that can be considered for
solids, as the determinant can be expressed as a function of the different X; traces, e.g.

for d = 2 and d = 3 we find that

det(B) = % (X7 — Xy) (3.35)

1
det(B) = 2 (X} = 3X, X, + Xa). (3.36)

In conclusion, in order to describe the low energy dynamics of a solid system we will
be able to do it by using the action (3.32)), which may also be constructed with the
determinant Z and the set of traces X; wheret=1,...,d — 1, i.e.

S:/dd“:cF(Z,Xi)Jr...,z':l,...,d—l. (3.37)
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The function F' will depend on the physical properties of the solid, such as the
equation of state, while the dots indicate that there could be higher derivative terms
which are negligible at low energies.

This will be the kind of action that we are going to consider throughout Chapter [4

3.3 Quantum criticality

A quantum phase transition is a phase transition between different matter states at
zero temperature [186]. Classically phase transitions are driven by temperature, but in
this case the transitions occur due to the variation of other physical parameters, such
as pressure or magnetic fields. The point between these phases is called a quantum
critical point and it is of major importance in condensed matter physics and its relation
with AdS/CFT.

Due to we this phase transition occurs at zero temperature the fluctuations that will
dominate are going to be quantum fluctuations rather than thermal ones. As in classical
phase transitions the correlation length of the system ( diverges when approaching to
the point, so we can say there is a long range quantum entanglement in the system.
Moreover, as the continuous quantum critical point is approached, the energy of the
first excited state (the so-called mass gap) vanishes. Therefore, a quantum critical
theory is a scale invariant theory that needs to be treated with a CFT. Typically the
quantum critical theory is strongly coupled which makes it a very interesting candidate
to be treated by AdS/CFT methods.

Experimentally we cannot obtain an absolute zero temperature system, but this is

T

quantum
critical

classical
critical
disordered
state

>

ordered
state

QCP

Figure 3.4: Typical phase transition diagram controlled by pressure and temperature.
Above the quantum critical point (QQCP) there is a region where there is still a notion
of criticality and, thus, scale-invariance. Figure from [218].
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not important as the effects of this critical points are still present at finite temperature
T > 0. As long as we are in a region where quantum fluctuations, Q, are bigger than
thermal fluctuations @ > T we are still in a “critical region” where the effects of the
quantum critical point are still noticeable (see Fig. |3.4]).

There are a variety of metallic (anti-)ferromagnetic materials that develop a quan-
tum critical behavior at very small temperature controlled by pressure, chemical doping
or magnetic fields. Their metallic properties change abruptly by the critical fluctua-
tions, departing from the Fermi liquid behavior to a state called non-Fermi liquid or
strange metal. These kind of materials have been studied deeply because they are
believed to exhibit superconducting properties. In particular, these strange metals
could be related to high temperature superconductors as is pointed out in [194] and
holographic examples have already been proposed [80].

N bk Strange metal
wT (non-Fermi liquid)
Tx.

Pseudoga
sap Metal
. (Fermi liguid)
., Optimally doped
Underdoped " Overdoped
T

Antiferromagnet

Insulator Superconductor

Figure 3.5: Phase diagram for a cuprate superconductor controlled by a doping pa-
rameter and temperature. Notice that the quantum critical region above the super-
conducting phase is described by the non-Fermi liquid/strange metal state. Figure
from [183].
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Chapter 4

Effective field theory of solids

In this chapter we will introduce and study a description of a solid system applying
Effective Field Theory (EFT) methods with the action presented in Section The
theory of elasticity is an outstanding and early example of an EFT, providing us a
continuum limit description of a solid’s mechanical response, including its sound wave
excitations, the so-called phonons we introduced in Section [3.2] (see [59,138]). The EFT
for this solids will be expressed as a derivative expansion of the displacement vector of
the solid elements with respect to its equilibrium position.

We prove the predictive power of these methods applying them on a particular case
of solid materials, i.e. those solids that display a power-law scaling in the stress-strain
relation o ~ €”.

The results that will be shown here are based on [7] and [23].

4.1 Elastic response

With the EFT action in our hands we can already start looking at the physical proper-
ties that these kind of systems have, in particular with the linear elasticity which has
been introduced already in Section

In order to study the mechanical response we must compute the stress-energy tensor
of the action which has a rather simple forml|

B 2 05 ov Ia &J
TMV = ——_g W = —nm,V + 2 W au(P 8Vq) . (41)

!Many computations presented in this Chapter are explained with more detail in Appendix
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If we consider a potential that is a function of the determinant Z and the traces
r, = X,,/Z™? (which will simplify the expressions) we will get that the second term
can be expressed as

oV 07 OV = (8Tr(B”) 1 07 m xn> 1% (12)

957 ~ 357 97 " 2=\ aB 77T B d-17) om,

The first thing we can extract from the stress-tensor are the elastic moduli of the
material, which tell us how the system responds to small deformations. For a pure
shear strain our background changes to

®' = (6] + €)' (4.3)

where the tensor €/ can be taken to be symmetric. Taking a look at equation (3.6]) we

see that we must look at the component T;;, with 7 # j, at first order in the deformation
ejl- . The term 0Z/0B'’ that appears twice vanishes when is contracted with 9;®9;®7,
thus we are left with

d—2
ov
Therefore the shear modulus is
d—2
oV
=2 2 . 4.5

On the other hand, for a bulk deformation we will use
d' = a2 (4.6)
and thus, the bulk strain is
k= (d—1)(a—-1). (4.7)

Looking at the diagonal component of the stress-tensor, T};, we can arrive to a simple
form

Ty, =-V+22V,. (4.8)
Finally, we obtain the bulk modulus through either of the definitions given in (3.6]) or

1} , thus we arrive to

_ dTw o dTn o 3/2
= -Vl = T =z, (\/ZVZ) . (4.9)
d

2For the second definition we use the fact that the volume scales as V o« a9,
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Therefore, we see that the potential that we choose to define our EFT already defines
the elastic moduli of the system. These moduli are related to the speed of the phonon
modes as we have seen in (3.15]), which must be confirmed in this EFT.

We can, indeed, derive the speeds of the phonon modes from the action we have
considered assuming that the phonons are the perturbations around the background
configuration of the fields ®!, i.e. & = &} + 7! where 7! play the role of the phonons.
We must take a look at the action at quadratic order in 7/, which is given by

5S® = — / A’z (—N 72 + & (9ymf)? + (0! )?) (4.10)

where we have split the perturbation into transverse and longitudinal modes 7! =

7k + 7l i.e. modes that satisfy
O] =0, dmji=0. (4.11)

What we found in Appendix [B]is that

N=2Vy, (4.12)
2
2 (6] 2VZZZ 2(d—2) 2
=1 =1 4.13
CL N VZ d_ 1 CT’ ( )
2 322 n2Vv
2 2 -737L
== 4.14
CT N e ZVZ ( )

Thus from here it is easy to check that the speeds of these phonon modes fulfill the
relation introduced in (|3.15)).

Up until now we have restricted ourselves to the infinitesimal limit of the defor-
mations, but we can go beyond this regime and explore what happens to the elastic
response at finite deformations. At this level of deformation we want to find what is
the stress-strain relations of both the shear and bulk channels which encode several
response parameters such as the proportional limit or the failure point (see [170] for
definitions) which are properties of materials that define their behavior deep into the
nonlinear response regime. These parameters are not easily derived from a microscopic
theory but from the EFT methods we can better understand these elastic phenomena.

In order to determine what potential characterizes the material that we want to
study we should look at the shape of the stress-strain function, taking into account that
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the materials that we can describe with these EFT methods are restricted to materials
without dissipative or plastic effectsﬂ such as the so-called Cauchy hyperelastic solids
[169]. Ideally one could construct the potential describing a solid just from the shape
of the stress-strain function.

Another property that is inherent to real world solids is the fact that they can get
deformed up to a point of fracture or elastic failure of the material. One should then
wonder how is this breaking apparent in the EFT of the solid. Maybe the potential
becomes singular for some finite deformation? Or does the breaking show up in the
EFT as some dynamical process (e.g., an instability) that can be found in a regular
potential? As we shall see the latter possibility arises, allowing us to extract information
between the parameters of the potential that control the large deformation regime and
the point of fracture of this solid.

What we are going to do is analyze the stability properties of the strained configu-
ration, similar to what we did in but this time allowing the strain to be finite.
Thus we would set our scalar fields to be

o' =L +r! (4.15)
and expand the action for small perturbations !, where ®, is defined at ([3.12)). What

str

we find is that the speeds of the phonon modes, ¢, and ¢y, depend on the deforma-
tion of the solid. This dependence is long known and it is the so-called acoustoelastic
effect (see [1,099,/116,|157,205,1209]). From the relation between these speeds and the
deformation of the solid we can find that eventually the action undergoes some kind
of instability. When increasing the deformation we usually find that the speeds either
become imaginary or greater than the speed of light. The value of €,,,, shall be under-
stood as an upper bound on the maximal strain that the material can support, since
other effects not included here can enter before, thus lowering the actual maximum
deformation. For instance, typically in solid materials we expect plastic/dissipative
effect to enter at some point. This would only alter our results if €plastic < €max-

In the case where €, is determined by gradient instability one expects that, like in
any instability, it is physically resolved by a transition to another ground state, most
likely described by a different EFT. The nature of this transition is hidden to the low
energy EFT presented here.

Regarding superluminality, we must emphasize that in constrat to ghost and gra-
dient instabilities the issue of superluminal propagation relates to the possibility of
a Lorentz invariant UV completion, not to the stability of propagation [2|. In order
to apprehend the physical picture, it is instructive to recall a classic in field theory:

3There have been attempts to incorporate such effects to EFT-like models as can be seen in
[18,137,38.,/68,/70,/881/92,/96198.(126,/127,210,/211].
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the example given by high spin fields where the problem of superluminality is known
to arise [214]. As discussed in [177,/178], there are two ways to resolve the problem,
which require to augment the EFT either by higher order operators or with additional
light degrees of freedom. Any of the two resolutions makes it manifest that the naive
EFT truncation breaks down. The possibility that higher order operators (with more
derivatives) can fix the superluminality problem while keeping the rest of the elastic
response properties is nontrivial and we leave it for future research. On the other hand,
the possibility that one needs to supplement the benchmark model with other light de-
grees of freedom seems quite reasonable — after all in real world materials phonons do
couple to many other modes. If this is the resolution, then the physical interpretation
of the bound given by superluminality is that €., can be understood as an upper limit
on when these light degrees of freedom have to be taken into account.

4.2 Benchmark potentials

From symmetry conditions we cannot restrict the action of the solid much further that
what we have in , so in principal any potential that we want to choose should be
conceivable. However, in order to obtain results we are going to need to specify what
potential, or family of potentials, do we want to study. Therefore, we will consider
a particular class of materials, which are those whose stress-strain functions have a
power-law scaling at large deformations

on~e fore>1, (4.16)

where the exponent v is what we are going to call strain exponent.

An example of elastic materials that display this type of stress-strain relation are
elastomers which are polymers that have very weak intermolecular forces and a high
failure strain (e.g. [1141134]). The classical example of synthetic material that is made
of elastomers is rubber. The shape of the stress-strain function of these types of mate-
rials is very characteristic and constraint the type of potentials that we might employ.
Our goal is to test whether by imposing this constraint to our solid system we might
be able to derive non-trivial results such as the possible relation between the elasticity
bounds and the strain exponents.

We will restrict ourselves to two different types of potentials whose stress-strain
function achieves something similar to what we have in (4.16)). For simplicity we are
going to consider only theories with two spatial dimensions so the potentials that we
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can consider can only depend either on (X7, X3) or, equivalently, (X, Z). We are going
to choose the latter variables and the two type of potentials studied are the same ones
considered in [7]:

e Monomial potentials: These are potentials consist only of a single monomial

term, i.e.
B—A

V(X,Z) = po XA 72 (4.17)

where we have X = X;/2 and py is the dimensionful energy density set by the
equilibrium configuration. This potential displays a stress-strain curve of the
same nature of and there are many phenomenological models [21}[84,119]
128]/153./167,|168],212] that reduce to this particular kind of potentials at large
deformations. Notice that there are two particular limits of this potential that
must be mentioned: when A = 0 we are dealing with a perfect fluid [741/163,/164],
as we saw in , and for A = B = 1 the model reduces to two free scalar
fields.

e Non-relativistic potentials: One caveat of the monomial potentials is that, as
we will see below, for generic values of A and B the speeds of the phonon modes
are of order of the speed of light. However, the typical speed of phonons is, at
most, of order 107* the speed of light (e.g. see [63]). The potential that we call
non-relativistic is of the form of

V(X,Z) = po (x/Z 4o XA ZBE“‘> (4.18)

where v? < 1 in order to obtain a small phonon speed. This potential ensures
that the stress-strain curve is still of the form (4.16|) while keeping a small phonon
speed, due to the term v/Z does not contribute to the spatial components of the
stress tensor Tj;.

4.2.1 Monomial potential

The first physical properties that we can compute now that we have chosen the form
of the potential are the elastic moduli, which have been found in and , where
we need to take into account that now the potential is not a function of z; = X;/ N
but X, which brings us to

Q:szpoA, (419)

K=22ZV,+472°Vy; +4X ZVxy + X?*Vxx = po B (B — 1), (4.20)
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where we have evaluated these quantities in the equilibrium configuration, i.e. at X =1
and Z = 1. We can observe that, indeed, for A = 0 the shear modulus is zero, which is
consistent with the interpretation of V' (Z) being the potential of a fluid system rather
than a solid one.

Another elastic parameter that allows us to determine what kind of material we are
dealing with is the so-called Poisson’s ratio, that we defined in , which in d = 2
(spatial dimensions) takes the simple form of

K-¢6 B(B-1)-A4
K+G BB-1)+A°

(4.21)

From this expression we can see that for large values of B the system resembles to that
of a perfect incompressible elastic material. However, when A is larger than B (B — 1)
then the Poisson’s ratio R becomes negative, which is typical of exotic systems (“aux-
etic”) as we have commented in Section . In Figure we can see that in general
the allowed values in this model are around —0.5 < R < 0.5, which is a common
Poisson’s ratio in steels and rigid polymers.

The monomial potential has only three free parameters that we can vary: A, B and
po- However, due to this potential is a monomial the parameter p, is only useful to
specify the dimensions, so it will only act as a re-scaling parameter. Therefore, we want
to know what constraints the values of A and B, which will come from demanding some
consistency and stability conditions: (i) no negative kinetic energy (i.e. no ghosts)
(ii) no imaginary sound speed (i.e. gradient instability) and (iii) no superluminal
propagation (i.e. modes that propagate faster than light).

Let us then evaluate the speeds and the kinetic term coefficient (see (4.12))-(4.14)

for the monomial potential, which take this simple form

Nz%V@J% (4.22)
A

2 = 4.2
A

2 -4+ B-1. 4.24

CL B+ ( )

With these expressions we can impose stability and consistency conditions to our theory

(i) No ghosts: This condition requires the sign of the kinetic term (4.22)) to be
positive. Thus, demanding N > 0 gives us the condition of no ghosts, which is
fulfilled whenever B > 0.
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(ii) and (iii)

No gradient instability and subluminality: For these two conditions we must take
a look at the speeds of the phonon modes. These two speeds are given by ¢ = %
and ¢} = B—144. The gradient condition requires these speeds to obey ¢, > 0,
thus this leads usto A >0and B -1 > —%. On the other hand the condition

that requires no superluminal modes leads us to A < B and A > B(B — 2).

There is an extra condition that we will impose which is not strictly necessary
for the stability of the model, which is the positivity of both elastic moduli. The
positivity of the bulk modulus requires that B > 1 while the shear modulus
needs A > 0 (which is already fulfilled if there are no gradient instabilities).
Notice that there is a region where we could have negative bulk modulus while
being perfectly consistent from the EFT perspective: as long as K > —G we
will have ¢4 > 0. The negativity of the bulk modulus has been studied in four
dimensional models , and observed experimentally , however we will
be conservative here and require K to be positive.

In summary we find that the parameters A and B are only allowed in the region

0<A<1,1<B<1+VI—-A. (4.25)

as can be seen in Fig. [4.1}

2.0

1.8

0.0 0.2 0.4 0.6 0.8 1.0
A

Figure 4.1: Poisson’s ratio R values within the allowed parameter region. The values
range between R = —1 (at B=1) and R =1 (at A =0).

We can go beyond the linear limit and explore what happens for large deformations.
In order to do so we can use the configuration presented in (3.12) for a system under
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strain, which we repeat here for clearness

2

14 <

N

dL =052 O) =a (4.26)

SRV

When the shear deformation is large enough the quadratic action gets more
cumbersome as interaction terms such as Np 7 7 and Ay ,0;mp0;mp, will appear, so
we will not show the full expression here (see [7] for the full expressions). Nonetheless
we are able to find something remarkable, which is that for some finite value of € we
eventually will encounter either a gradient instability or a superluminal mode, giving
us an upper bound to the maximum deformation the system can sustain, i.e. an €y,y.
This is indeed what we see in Fig. [£.2] where we observe the upper bounds to the
maximum shear deformation as a function of the parameters A and B. Notice that we
are not considering a maximum bulk deformation «, just the shear one. This is because
the potential is a monomial and performing a bulk deformation can be interpreted
just as a re-scaling of the potential, i.e. if we take the configuration to change as
®! = z* — &' = a z’ then the potential just changes as V(X,Z) — o?PV (X, Z).

2.0

1.8

1.6

1.4

1.2

Figure 4.2: Maximum shear deformation within the allowed parameter region. The
red line separates the regions where €, (maximum shear deformation) is determined
by gradient instability (below the red line) and by subluminality condition (above the
red line).

Let us explore now the full non-linear response in both the bulk and shear channels.
We are going to study the shear response through the off-diagonal term of the stress-
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energy tensor, T;;, which we have computed in (4.4). In the case of our potential this

reduces to
€2 €2
os(e) =Ty =€y /1+ 1 Vx <1 + 5 1) (4.27)

2 62 A-1

From here it is trivial to realize that for small deformations the shear response starts
Os
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Figure 4.3: Stress-strain curve og(e) for the benchmark model for B = 1.6
and A = 0.05,0.2,0.35,0.5,0.61 (from bottom to top). The black dots represent the
‘breaking’ points of the material arising due to the onset of gradient instability. The
red star indicates the onset of superluminality. A and B are related to the non-linear
scalings as (vs,vp) = (24,2 B).

linear with e. However, at large deformations the stress scales as
o5~ At (4.29)

so the shear exponent is vg = 2 A. The curves of the stress-strain relation that this
potential can mimic includes a large diversity of materials such as fibers, glasses or
elastomers [119]. The shear response that we have in describes Neo-Hookean
systems that follow Hooke’s law at small strain (that is, it starts linearly) but at large
deformations it exhibits a power-law scaling [170].

The allowed range of values of this shear exponent is bounded to be 0 < vg < 2 as
can be seen in Fig. Moreover, notice that the closer we are to the point (A4, B) =
(1,1) the larger is the deformation that can be performed on the system before it breaks
down.
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Demanding that there are no gradient instabilities we can actually find the analytic
solution for €,,,,, which has a different expression depending on what region of A and
B we are considering. In particular we find that for a region that includes the limit
A = 0 the expression is rather simple and it is given by

_ (B-1)B v (ve =2)vp .
Emaz = V2 (A(l—A)—B(l—B)> =2 <Vs(2—VS)_VB(2_VB)) (4.30)

where this expression only applies to certain values of A and B (see Figure [4.4). Sur-
prisingly we find that in the fluid limit (in the limit in which the shear exponent goes
to zero, vg = 2 A = 0) the maximum shear deformation has a universal value

€maz = V2 for A —0 (vg—0). (4.31)

Figure 4.4: Analytic solution for €,,,, without imposing subluminality constraints. The
simple expression (4.30]) applies in the shaded area above the blue line.

The expression outside the blue area from Figure is too large to be expressed
here, but it allows us to find that close to the point (A, B) = (1, 1) the maximum shear
deformation grows as

9 1/4 4 1/4
= <
Emaz ~ (1—A> (2—V5> for A<1. (4.32)
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Figure 4.5: Bulk stress op at large deformation for the monomial potential for A =1
and B =1.1,1.4,1.7,2.0. The large deformation regime is determined by a power-law
scaling vg = 2 B.

We may also explore the non-linear response due to a pure bulk deformation k,

which in this case we will read from the diagonal part of the stress-energy tensor.
From the definition (3.5 we obtain

K\ 2B
o5(k) = po (B — 1) {(1 + 5) - 1} . (4.33)
Again we see that for small deformations (i.e. k¥ < 1) we obtain a linear dependence
on the strain. On the contrary, when this bulk deformation is large the stress-strain
dependence is a power-law dependence, just like in the case of the shear deformations.
In particular we find that at large strain

og~ (B—1)r?5. (4.34)

Notice that this scaling appears for compression processes, i.e. for positive bulk strains
k > 0, but not for expansion processes, i.e. negative bulk strains k < 0. As we have
mentioned, there is no limit in the bulk strain from consistency and stability conditions
as it happens for the shear strain.

4.2.2 Non-relativistic potential

The monomial potential has an important downside if we want it to be a model for
realistic solids, which is related to the speeds of the phonons. These speeds have been
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computed in (4.23) and (4.24)) but let us write them down here making explicit the
dependence of this speed with the speed of light ¢, which we have set to ¢ = 1 in most
part of the text:

A
G = (B —1+ E) c, (4.35)
A
o = 5 . (4.36)

From these expressions we can readily notice that for generic values of A and B the
speeds are of order of the speed of light. The only region that is safe from this issue
is around (A, B) — (0, 1), which substantially restricts the values of the power-law
scaling vg and vg due to realistic values of the speeds should be bounded by above
as ¢ p < 1078 ¢? (needless to say, this concern does not affect relativistic solids such
as neutron star interiors [35]), thus we would conclude that materials are restricted
to have scaling of order vg ~ 107 for the shear deformations and vz ~ 2 for bulk
deformations. This does not seem to represent what we find in solids generically so we
expect that the monomial potential is a very restricted one.

The first proposal that deviates from the monomial potential is the one introduced
in (4.18)). This potential has the nice property that speeds become much smaller than
, while keeping the stress-strain function unaffected.

What we do is we add a new term to the monomial potential which is §V o« v/Z
with a coefficient in front much larger than the one in front of the monomial. This
potential has some very interesting properties that must be commented. First of all,
the extra term can be understood as the mass density of the material [139]. This fact
may explain why the coefficient in front of v/Z is much larger than the one in front of
the monomial: the mass density contributes to the Lagrangian weighted by a ¢? factor
and in principle it should be much larger than the typical stresses in solids.

Moreover, we can check in and that the extra term contributes neither
to the shear response T;; nor the bulk response T}; so the stress-strain function is not
altered at all. The only component where we will notice this term is in the energy
density Tyo. This is not surprising as this term contributes as some inertial mass and
thus acts as a pressureless fluid (or “dust” in the cosmologist lingo).

Therefore we consider this potential to be a good candidate to mimic the response
of a solid while still retaining some predictive and constricting power of the EFT while
just including a new parameter to vary, i.e. v2. At zero strain we find that the speed
of propagation of the phonon modes are

v? (A+ B(B —1))
1+ Bv?

: (4.37)

2
Cr, =
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Figure 4.6: Allowed parameter region for the non-relativistic potential with v? = 0.2.
Below the red line the maximum shear stress is restricted by gradient instabilities
while above this line is constrained by subluminal conditions. The green dashed line
shows A = B. Above this line the maximum shear stress is always determined by
subluminality. A and B are related to the non-linear scalings as (vg,vg) = (2 4,2 B).

v A
1+ Bv?’
Demanding that there are no gradient instabilities nor superluminal modes we find
that the parameter region allowed for A, B and v? is given by

(4.38)

2 _
CT_

v’ (A+B(B—-2)) <1 (4.39)

with A > 0 and B > 1. This region can be seen in Fig. for a potential with v? = 0.2,
where we can already see a significant difference with the monomial potential. This
region is pushed away to maximum values of the parameters A and B of the order
of A ~ VB ~ v?, allowing materials to acquire very large exponents vg = 24 and
vg = 2B. In Fig. this limit is way out of the scope of the graphic due to the
smallness of v2.

In Fig. we can notice that for A > B the maximum shear strain is always
determined by subluminality conditions while for A < B there are two separate regions
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Figure 4.7: Allowed parameter region for the non-relativistic potential with v? = 1078.
The limits on A and B are pushed away to maximum values of the order of B ~ 10*
and A ~ 10%. A and B are related to the non-linear scalings as (vs,vg) = (2 4,2 B).

governed by gradient instability and subluminality respectively. The most remarkable
result about the maximum shear deformation is that we only find sectors with very
large deformations close to the line A = B: a narrow line for A < B (whose thickness is
independent of the v? parameter, as it does not affect the gradient instability condition)
and a larger region for A > B which is larger the smaller the value of v? is. Thus,
generically very elastic materials should display similar exponents both in the shear
and bulk deformations, i.e. vg ~ vg. Such maximum deformation is given by

94 \ M4 9 1/4
€max ™~ (m) = (I/B—isys> for Vg S vp. (440)

In equations and we see that phonon speeds are of order v? when the
strain deformations are infinitesimal. In this way it makes sense to call the potential
defined in as “non-relativistic” whenever we are in the limit v? < 1. However
the speeds of these phonon modes change substantially when we increase the strain
e and they might not be small for finite values of the deformation. In particular we
can see in Figure that there is a smooth transition between regions where €,,,, is
determined by gradient instability and regions where is determined by subluminality
conditions. This must mean that while one of the velocities, let us call it ¢_, decreases
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Figure 4.8: Speed ratio constraints for r = 10, 102. Dashed lines show where €4, = 3,5
(Green, Red).

to small values (until reaching a gradient instability ¢ (€,,4.) = 0) the other speed, c,,
is actually growing. Thus, we need to look at the value of the speed that is growing
when we encounter this gradient instability so we can be sure that the speed can still
be considered to be small, i.e. we want to know how big is ¢ (€mqq)-

For this purpose let us define a parameter that will control how ¢, grows from € = 0
t0 €maz, Which is
.+ (€max)
ci(e=0)
Let us demand this ratio to be small, of order r ~ 10 — 102, in order to be considered
realistic. This ratio only makes sense in A < B, asin A > B the maximum deformation
is not determined by gradient instabilities but from subluminal conditions.

We determine this ratio in the limit v* < 1 which close to the region A = B scales

r (4.41)

as
r~ (B—A)~4%, (4.42)

This ratio r is shown as a function of A and B — A in Figure In this figure we can
see a finite region of values A and B that overlaps with a region with large values of
€maz, Which then can be considered to be a region that could define realistic hyperelas-
tic materials.
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Finally, we should note that because this potential is not a monomial, here the
bulk strain does have a limit which can also be found by demanding consistency and
stability conditions at finite k. However, to keep the discussion simpler, we have only
considered the maximum shear strain, €,,,;.

4.3 Three-phonon interaction terms

To further illustrate the predictive power of the low energy methods, we show here
another nontrivial powerful statement that follows from the EFT construction which,
as explained above, applies when translations (and possibly scale invariance) are broken
spontaneously.

The nontrivial statement contained in the EFTs is simply that once the
stress-strain relations are known then the full Lagrangian is fixed. Let us illustrate now
how this impacts for instance in the determination of the cubic phonon interactions.
Assuming that the stress-strain relations both for bulk and shear deformations are
known, then one can reconstruct the full form of the function V(X,Z), up to an
irrelevant additive constant.

Then, the cubic phonon interactions (around the homogeneous, isotropic equilib-
rium configuration ® = x) are obtained by expanding our Lagrangian around the
background solution, i.e. ®/ = 2! 4+ w!. At third order in 7! we obtain

V(X,Z) = Ci(0im})’ + Co (0imy) (705)* + Cs (8y,) (95mi)?

) | (4.43)
+ C4 7t 7! 82‘7'(']' + C5 (8171'2) (8j7rk) (8k7rj) >
where 7! = 7! + w1, The terms we find are
1
C = G (8Vzzz+12Vxz72 +6Vxxz + Vxxx) +4Vzz +2Vxz +Vy, (4.44)
1

Cy = =2Vzz — 5 Vax —4Vz = 2Vxz, (4.45)

1
Cs = 3 Vxx + Vxz, (4.46)
Ci=2V,, (4.47)
Cs=-2Vy; —V; —Vxz. (448)

In these expressions, the X, Z- derivatives of V' are evaluated on the undeformed
configuration. Moreover, by obtaining the relation between V (X, Z) and the stress-
strain curve (such as e.g. Eq. (4.27)) one can relate all these V(X,Z) derivatives
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to derivatives of the stress strain curve at the origin, o%(0), 0%(0), etc, which are
measurable quantities. For instance, the bulk modulusis I = 4V, +2V,4+4Vx,+Vx x,
G=Vxand e+p=Vx+2V,.

This illustrates that the realization of symmetries implies nontrivial relations be-
tween distinct low energy observables. In this example, the strength of the phonon
cubic interactions are determined by the shape of the stress-strain curves.

We can write the 5 C’s as a function of these quantities and we would just need two
independent new parameters

K

C, = 5+N, (4.49)
€= (3G —K—3(c+p)), (4.50)
cg_i(g+K—(e+p))+M, (4.51)
Ci=ct+p—G, (4.52)
C5:i(g—iC—(e+p))+M. (4.53)

where the independent new parameters are

1 1
N = 5 (8Vzzz +12Vxz7 +6Vxxz + Vxxx) —2Vzz — 2 Vix, (4.54)
1
M = 1 Vxx = Vzz. (4.55)

We can compare our results with Ref. [139]. There he concludes that there are

3 independent new parameters, but we think the difference comes from the fact that

he is working in 3 space-dimensions instead of 2. Moreover, in Ref. [139] there are

6 independent operators in the cubic expansion. It is trivial to check that in two
dimensions the extra operator can be expressed as a function of the others

(0)

(0im5) (Dym) (Oym) = (Bim") (Oy7h)? + ~—5—

5 (7m0 (@) — (0m')?) . (4.56)

In the case of scale invariance these terms simplify considerably. Allow us to foresee
the form of the potential in the case of a solid action with a spontaneously broken SI,
which will be presented in (5.4). The potential will have the next form Vspgr(X, Z) =

Z3tw f (\% , therefore we can express the parameters C; as
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clzg(@+6w+4waﬂn—3fu», (4.57)
(3=%(—@+8w+4&)ﬂn+3fﬂn, (4.58)
C=wf'(1), (4.59)
Co=(1+42w) f(1) = (1) (4.60)

Cs =w(f'(1) — (14 2w) f(1)). (4.61)

This implies that for a scale invariant potential there are no free parameters: we
can identify f(1), f’(1) and w with IC, G and € + p

G =/, (4.62)
K=2w(l+2w) f(1), (4.63)
e+p=(1+2w)f(1). (4.64)

Therefore cubic interactions are all fixed by these background or linear elasticity
quantities. This is true both for general SI as well as conformal solid limit (which, as
we shall see, is just a particular value of w).
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Chapter 5

Scale 1nvariant solids

In Chapter 4] we described how the elastic response of a solid can be described through
EFT methods. In this chapter, however, we will go beyond these methods in order to
describe certain types of solid systems, which we will name as scale invariant solids.
This type of solid exhibits scale invariance (SI) in addition to the broken symmetries
of a regular solid system. The question of whether we can describe the behaviour of
these solids is interesting per se, but this SI solids seem to be quite close to real world
materials that exhibit criticality in the form of a quantum critical point (see Section
3.:3). As we will see, in order to deal with these kind of materials we will employ both
the solid EFT methods and the AdS/CFT correspondence.

When we cope with a scale invariant system we may consider two possible ways in
which SI can be realized generically. The main division that we can think of between
different SI solids is whether their low energy dynamics are controlled by a nontrivial
infrared fixed point (IRFP). In such a case, at low energies we would have an unbroken
symmetry of SI due to this IRFP. However, in the absence of this fixed point, the SI
can only be a spontaneously broken symmetry which is non-linearly realized, as we
discussed in Section

Following this logic we assume that generically there are two possible cases of SI
solids, which are:

e Solids with spontaneously broken SI: In this kind of SI solids we expect
to have a gapped spectrum, thus at low energies phonons can be considerate as
isolated degrees of freedom. Due to existence of this energy gap EFT methods
should be applicable in order to describe the lightest excitations in the mechanical
sector as the Goldstone bosons of the spontaneously broken spacetime symme-
tries. The methods necessary for this are summarized in Chapter |4 but in Section
[5.1] we will expand on aspects related to this SI behavior.

91
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Solids with Solids with
spontaneously broken Si manifest Sl
B B
< 7 >
EFT methods CFT methods

Figure 5.1: Generically we can divide scale invariant (SI) solids in two separate groups
using the beta function f = pd\/dp where A is some coupling of the theory. We
indicate the direction of the flow towards low energies with an arrow.

e Solids with manifest SI: Here we will assume that there is a dynamical IRFP.
Contrary to the spontaneously broken case, here the spectrum is a continuum
rather than being gapped. Thus phonons cannot be treated as isolated degrees
of freedom and we expect that the dispersion relation of these phonons develop an
imaginary part. To cope with this type of solid we employ bottom-up AdS/CFT
methods, which are helpful to construct models with these kind of properties.
This will be fully developed in Section

Due to we are talking about fixed points it comes very handy using renormalization
group (RG) terminology. One of the most important parameters in RG is so-called
beta function, which we already introduced in (2.2]), which is

0

9(n), (5.1)

where p is the energy scale and g is some coupling of the theory.

The two different cases of solids that realize SI can be identified depending on how
this function behaves as a function of the coupling. On the one hand the spontaneously
broken SI case can be understood as an RG flow from some UV fixed point caused by
the vacuum expectation value of some operator that breaks the SI symmetry. This
case is depicted in the left part of Fig. 5.1l On the other hand we have the case of the
solids with manifest SI, which can be linked to the presence of an IR fixed point. This
case is depicted in the right part of Fig. [5.1]
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One could propose a third option to the list, which would be a combination of both
cases, that is, a combination of both IR and UV fixed points. In this case we would have
some UV fixed point where the SI is spontaneously break but when going towards a
low energy regime we would encounter another fixed point, i.e. an IR fixed point which
would realize some emergent SI. Thus, we would have a combination of spontaneous
breaking and a manifest realization of SI. There are different examples that realize this
possibility in various ways including both Lorentz invariant and non-invariant theories
which are easily constructed through bottom-up holographic models.

In the case of Lorentz invariant theories we find both spontaneously broken SI, such
as in [45}/150], and a mixing of spontaneous breaking and emergent SI, like in [31,/113].
These examples of Lorentz invariant theories have a particular feature that non-Lorentz
invariant theories lack, which is the appearance of a massless dilaton. The appearance
of this massless dilaton requires some fine-tuning of the theory, but assuming this
tuning it can be found that the dilaton pole must show up.

However, in condensed matter set-ups we do not consider theories that respect
Lorentz invariance, as symmetries such as Lorentz boosts are broken, and therefore, in
such scenarios, the dilaton will not appear even if SI is broken spontaneously [79,[141].
These theories realize conformal symmetry nonlinearly without this dilaton, as the
phonon fields 7! will play the role of Goldstone bosons for various broken symmetrie
[164]. As far as we know, the only previous example of a SI solid effective theory is
presented in [79], but this model has a crucial problem which is that the speeds of
phonons are necessarily relativistic. If we are trying to study a real world material we
need to solve such issue.

The cases we study in this text are of the second nature: we will consider realizations
of SI in solid materials, which break Lorentz invariance, at low energies, with either a
SI spontaneously broken or as an emergent symmetry.

5.1 Solids with spontaneously broken scale invari-
ance

This type of solids can be implemented with the solid EFT described in Chapter
without much effort. We will demand that the solid EFT Lagrangian respects scale
invariant transformations, which will not be respected by the ground state of the the-
ory. In this model we can differentiate between two objects that will play the role of
coordinates in scale transformations: the (“external”) spatial coordinates z* and the

!Generally when we are spontaneously breaking space-time symmetries there will be fewer Gold-
stone modes than broken symmetries [141].
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internal space coordinates (the solid element positions) ®!. Scale transformations act
on coordinates as a rescaling and in this scenario we will consider the possibility that
the scale transformations act differently depending on the coordinate itself, meaning
that the way external and internal coordinates transform might be distinct. Specifically
let us define the scale transformation as

o = Nt (5.2)
O (5.3)

where A is some weight of the scale transformation on the internal coordinates ®/.

The solid EFT that we considered in Chapter |4 demanded that the Lagrangian
describing the solid must be constructed out of the matrix B’/ which for a d dimensional
space-time can form d — 1 independent terms as we see in equation (3.37]). Imposing
that the Lagrangian must be invariant under the scale transformations and
we find that the potential has to be of the next formf|

14w

Vspsr =272 F(x1,...,2,) , n=d—2 (5.4)

where w is some constant value that will depend on the weight A and z,, = X,,/Z™/(¢=1),

which was already introduced in to simplify the expressions. The virtue of the
terms x,, is that they are already manifestly SI for any value of A, so we will only need
to play with w and A to define a potential that respects SI. Moreover, the function
F(z,) is an arbitrary function (up to consistency and stability conditions that we will
apply afterwards).

In order to have a SI potential we need to fulfill a specific relation between w and A.
Demanding SI uniquely fixes w as a function of A by the relation (1+w) (d—1) (1+A) =
d, which can be expressed in two ways, depending on what we want,

C1—(d-1)A 11— (d-1)w
“d-nBa+y Y ST U D)

(5.5)

The relation between the two terms is displayed in Figure [5.2] for the case of d = 4.
The w parameter has a physical meaning that can be readily found by computing
the ratio between the pressure p and the energy density p
p —V+22Vy

p — = (5.6)

2As we shall see below, this theory represents a new example of SI theory that does not realize
conformal invariance, other examples of these type of theories can be found in [159].
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Therefore w plays the role of the equation of state of the system. Note that this relation
is true for arbitrary values of the pressure and the energy density and even out of the
equilibrium configuration of the scalar, thus the relation between p and p will always
be a linear relation

p(p) =wp. (5.7)
Let us now apply consistency conditions to this equation of state parameter, such as
the Null Energy Condition (NEC), which demands that we must have w > —1, as a
condition to be free of any ghost instability. This can be easily confirmed checking
equation (4.12).

Interestingly, the equation of state can be used to relate the speeds of the phonon

modes (4.13) and (4.14]) as

da—2 ,
cr. 5.8

d—1 T ( )

From here we derive how w and A are restricted by stability constraints on the phonon

speeds. Demanding these constraints to the transverse sector places no constraints on

w or A, only that

3 =w+2

0<gG<p+p. (5.9)
However, if we require that ¢2 > 0 then we obtain that
d—2
w> 20— 5 (5.10)

which for the A parameter translates to an upper bound A < 1/(d — 1).
Requiring also that this speed is not superluminal, ¢2 < 1, we find that we need

w<1(or A> —%). Altogether we summarize the bounds for the weight A as
d—2 1
—— <A< —. 5.11
2(d—1) d—1 (5.11)

Focusing now on the weight A we may also interpret it as a parameter that plays a
similar role as the scaling dimension for the field ®/, just like scalar operators in a CFT
(see Eq.). However we need to be careful when we compare this theory with a
CFT because is not in any way clear that is actually defining a relativistic CF'T,
as we shall see.

Thus, we wonder whether we can apply standard logic and results from CFTs. The
potential defined in is formally relativistic and the fields ®/ play the role of some
scalar operator, so maybe we are actually dealing with a relativistic CF'T. Nevertheless,
our impression is that this it not actually true.
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Firstly, this theory does not have a well defined Poincaré invariant ground state,
such as ®' = 0 (or, using the shift symmetry of the theory, ® = const.). Studying
perturbations around this vacuum we realize that there is no analytic kinetic term for
the field ®7 (see the perturbation expansion in ([4.10))). Thus, we need to demand that
the ground states have some finite gradient d®! in order to be able to quantize the
theory. The ground state that we take is of the form ® = a ! 4§, where now due
to SI the parameter o has only two possible values: either & = 1, which breaks part
of the Poincaré group but admits perturvative quantization, or a = 0, which would
be relativistic but is not well-defined. Therefore, we cannot approach the unbroken
symmetry case continuously in a controllable way by varying the parameter o and we
are restricted to take the non-relativistic solution.

Secondly, but related to the first point, there is an inquiring detail of the EFT that
makes us realize is not a relativistic CFT. By taking this configuration for the scalar
field we are in some way making the field ® play the role of spatial coordinates. Thus,
to some extent, for A # 0 we have that time and space transform differently for scale
transformations, which is in contradiction to what one would expect from a CFT.

Beyond these aspects about the non-relativistic nature of the theory we may also
look at the trace of the stress-energy tensor, which is related to the equation state by
T'r=01-(d-1w)p. (5.12)
This trace is generically non-zero, as it must be in a CFT (see ([2.37)). As we already
pointed out in Section it is not true that all scale invariant theories must have
a traceless stress energy tensor, whereas conformal invariant theories do. In order
to see this, let us consider a conformal transformation in D dimensions of the type
dzt = v#(x) that obeys

2
Ouvy, + 0yv, = D Guw 0. (5.13)

This conformal symmetry leads to the current (for D > 3) [171,173]
JOB =T £ 9. vK* + 0,0 - vL™ (5.14)

where K* and LM are constructed of local operators. The conservation of this current

is equivalent to
T =-0,K" and K"=-0,L"™ (5.15)

which combined lead us to
TZ = 0,0,L" . (5.16)
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The interesting point is that the stress-energy tensor is not unique, we can propose
another tensor that still defines the same four-momentum and Lorentz generators.
Specifically

T;,w =T +0°0°Y 100, (5.17)

where Y),,,, is antisymmetric on o and on vp, but symmetric under the exchange of
po and vp. Thus, as long as our stress energy tensor trace has the form of we
can promote our stress-energy tensor to an improved tensor [55,(62}/75,/124}[159,/173,/185]
of the form

O = T+ (5.18)
ﬁ (aﬂaaLg + 8uaaLz - 82Luu - guuaaaBLaB> + (519)

1 N N
(D—2)(D —1) (gﬁwa2La - auaVLa) (5.20)

which will obey ©/, = 0.
Let us now consider the current of the dilatation transformation, which has the
form of

JP=2"T,, =V, (5.21)

The conservation of this current implies that the trace of the stress energy tensor must
be
Ty =0"V, (5.22)

where V), is known as the virial current [62] and is the same as K* plus some conserved
current. Therefore, we may have a theory that is scale but not conformal invariant with
a non-traceless stress-energy tensor if we have some current V), that is not conserved,
0,V* # 0, and that cannot be expressed as a total derivative, like in . In scalar
theories where the ground state is Poincaré invariant and are perturvative around it
this cannot happen [173], as the only D — 1 dimensional term that we can write is
~ 0,¢%, which is indeed a total derivative. However, this is not our case, just like in
the potential discussed in [171], where they find that that for a particular potential
V(X) = X™ the virial current is

K* = An X" 1 9re? (5.23)

which is not a total derivative (except for the case n = 1) and is only zero for A = 0.
In their case they consider a SI superfluid where the scalar field’s vev is ¥ = at, but
the solutions can be considered analogous, as the computations do not differ much.
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Figure 5.2: Equation of state parameter w as a function of the weight of the scalars A
for d = 4, following the relation . The gray shaded area on the right is where by
the naive unitarity bound A > 1 is fulfilled. In the red shaded area we have that the
longitudinal speed ¢y, is superluminal and should be excluded. The red dot corresponds
to the Weyl invariant case, i.e. T} = 0, where A = 0. The blue circle includes the
free theory, where an improved stress-energy tensor that is traceless is admitted. In
the blue region the theory suffers from gradient instability in the longitudinal mode if
cr < 1.

Before discussing this SI superfluid theory let us mention that the case of A = 0
(and therefore w = 1/(d — 1)) in our model is a special one indeed. We can verify that
this case is invariant under conformal (or Weyl) transformations of the metric

G — AQ(:CU)gW (5.24)

where A is an arbitrary function. This theory is the one considered in [79], and here is
just a particular case which we point with a red dot in Fig. [5.2

Next in order we have the case of n =1 in , which in our model can be gener-
alized to A = 42 (and thus w = —%=2) with F(z;) = 21, where the theory admits an
improved stress tensor that is traceless. This type of potential is basically the one of a
free theory of scalar fields and is marked with a blue disk in Fig. 5.2 which is known
to admit this improved stress tensor |124}159,/185]. Indeed, in equation we see

that the current is a total derivative in the case of n = 1.

In Figures [5.2] and we have another shaded region, in grey, for the cases where
A > 1. This area shows how large the scaling dimension of the scalars should be if
this theory was actually a true CFT in order to obey unitarity conditions. For a gen-
eral d-dimensional CFT this bound is A > (d — 2)/2. It is interesting to notice that
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Figure 5.3: Here we show the same relation displayed in Figure [5.2] for a SI superfluid.

the range where our potential obeys the NEC and the absence of gradient instability
corresponds to a considerable range in A < 1. Moreover, not even the conformal solid
case (A = 0 or w = 1/(d — 1)) is safe from this constraint. However, we must not
take this condition to be strictly necessary for us due to this theory does not have full
Lorentz invariance nor conformal invariance, which indicates that we should alleviate
this bound.

For completeness and in order to include the case discussed in |[171] let us comment
that we can easily realize an “SI relativistic superfluid” by just considering a different
ground state for the scalar fields. In particular we take a single scalar field with
U =t 4 9 whose most general action at leading order in derivatives is

S = / d'rP(Xy) (5.25)

where Xg = 0"V0,¥. Due to scaling invariance we need to restrict this potential to
just power laws of Xy, i.e. P(Xy) = X{§ and this invariance allows us to define a
scaling dimension of ¥, Ay. The relations between the scaling dimension Ay, w and
the power n follows a different relation to what we have for the solid case. Similarly
to the solid case, the action must have a power n = HT“’ and a relation between the
equation of state and the scaling dimension

(d—1w-1 1—(d—-1)Ay

which we show in [0.3] for the case of d = 4 dimensions. In this case we also need to
demand that A = 0 in order to have Weyl/conformal-invariance, outside the naive
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bound of unitarity. To end the comparison we can look at the sound speed of sound,
which only consists of one speed ¢, = w. Therefore, restricting the potential to one
that has neither gradient instabilities nor superluminal modes we need 0 < w < 1, and
thus —1 < A < %.

5.1.1 Benchmark potentials and non-linear elasticity

Here we will concentrate in the case of a two dimensional solid system and particularly
in its non-linear elastic regime.

Firstly, the non-linear bulk scaling is determined by w and is completely independent
of the function F'(x). This scaling is given by

vp=2(1+w). (5.27)
Moreover, the bulk strain x is unconstrained, as opposed to the shear strain ¢.
The results related to the shear response are potential dependent, so we will need

to specify what type of potential we want to study. In particular, we will take the two
cases considered in [7], which are:

1. The first possibility we will study is the case where F'(x) is a monomial, i.e.
F(x) = 2vs/? (5.28)

with w as a free parameter. This simple potential realizes a power-law scaling
in the stress for large deformations. This potentials will display a power-law
behaviour in the stress-strain relation for the shear channel, which will be deter-
mined by vg, i.e. we will have that at large deformations og ~ €”s.

2. The second possibility we are going to consider is taking both
F(z) =1+ v?a¥s/? (5.29)

and the limit w — 0. The advantage of this potential is that the speeds of the
phonon modes will be realistic (i.e. much smaller than the speed of light) as long
as v? < 1, whereas the monomial potential has relativistic modes for generic
values of vg and w. The shear response will only come from the z-dependent
term, so the power-scaling of the shear response will be determined by vg.

Looking at Fig. we can see that the case of a monomial potential the bulk
scaling is restricted to satisfy 2 < vg < 4. For a more general F'(x), we can find that
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Figure 5.4: Left: The maximum allowed strain &,,,, within the allowed region for
the monomial EFT case F(z) = xs/2. The left, bottom and right edges are respec-
tively given by: gradient instability, positivity of the bulk modulus and subluminality.
The red line separates the region where ¢,,,, is controlled by gradient instability and
subluminality. This figure is the same as Fig. Right: The maximum allowed
strain €,,,, within the allowed region. SSB case in the particular case where w = 0 and
F(z) = 1+ v?2¥s/2. The left and bottom edges are respectively given by: gradient
instability and positivity of the bulk modulus. The maximum shear strain is deter-
mined by gradient instability for vg < 2, subluminality for vg > 2 and unconstrained
for vg = 2.

the limit is still the same, i.e. we cannot have w > 1 without gradient instabilities or
superluminal modes. Thus, neither the non-linear bulk scaling nor the constraints of
it depend on the shape of F(z).

The discussion about the shear scaling vg of the spontaneous broken scale invariance
(SBSI) case is of course sensitive to the form of the function F'(x). The simplest non-
trivial example of potential one can think of is a monomial, ie. F(x) = xs/2, which
is shown in Fig[5.4l In this particular scenario both the bulk and shear scalings are
constrained, in particular we find that 2 < vg < 4 and 0 < vg < 2. The most elastic
region is found close to vg ~ 2 and we find that for this scaling ¢,,,, reads as

] 1/4
Eman = V2 ( ) for vg <2. (5.30)
2 — Vg
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As we saw in Chapter 4| the problem with this kind of potentials is that the speeds
of the phonons are excessively large. Typically one would expect that the speeds of
these modes are not bigger than ~ 10™* times the light speed in ‘earthly’ materials.
This constrains very much the possible scalings one can realize in a realistic scenario,
specifically we would be restricted to vg and vp — 2 not bigger than 1075,

If we do not restrict ourselves to the most simple case, we can describe a solid with
slower phonon modes. For this, we are going to take w — 0 and F(z) = 1 + v? z¥s/?
with v? < 1 as proposed in Chapter Because we are taking the limit w — 0
we see from that the bulk scaling is forced to be vg = 2. Moreover, this form
of potential ensures that the speed of the phonon modes are small at least for small
shear strain. The shear scaling is forced to be positive vg > 0 and the maximum shear
scaling is ,

mae 21+
vg'*t = —( 2 ), (5.31)
thus vg'** > 1 for v? < 1. The region with €,,q, large is found around vg < 2 and also
in the region where vg > 2 and v? < 1, specifically

1 1/4
Emaz ™~ V2 ( ) for vg<2, (5.32)
2 — Vg

1

2 vs
Emaz = V2 | ——m— fi > 2, 5.33
V2 (UQ(I/S—Q)) or vg 2 ( )
where we have taken the limit w — 0 and the last €,,,, is valid for vg > 2 not necessarily
close to vs = 2 as long as v? < 1, as can be seen in Figl5.4]

5.2 Solids with manifest scale invariance

So far we have focused on EFTs that describe the behavior of solid systems, but in order
to realize a solid with manifest scale invariance we are going to employ the holographic
tools that we introduced in Chapter[2] This is because the low energy dynamics of solids
with manifest scale invariance are controlled by an IRFP, and therefore EFTs lose their
strength. It is a necessary condition for an EFT to work having a gapped spectrum
in order to integrate out heavier modes. However in a CF'T the energy spectrum is a
continuum and the analysis gets more complex. Due to this the phonon modes are not
isolated energy modes we thus expect them to show some diffusive behaviour. This
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translates into the dispersion relation of the phonons acquiring an imaginary part
w = csk — i A(k), (5.34)

where the diffusive part, A(k), scales as k? at low momentum and thus in this limit
we can consider this dispersion relation as real, linear and propagatingﬂ Therefore we
will assume phonons to propagate without taking into account diffusive modesﬂ

5.2.1 The holographic model

Similarly to what we did with the EFT solid here we would like our theory to realize
some sort of translation symmetry breaking to describe our solid. It has been long
known [8] that in the bottom-up gravitational duals that can easily accomplish this
are massive gravity theories and more precisely Lorentz violating massive gravity.

The massive gravity theory that we are going to consider can be expressed as a the-
ory of general relativity coupled to some scalar fields. This type of formalism used in
these holographic theories was initiated in [17,[207] and was contributory to identifying
these scalar degrees of freedom to phonon modes [6]28], as we shall see below. These
models were originally proposed, however, to introduce momentum relaxation in the
holographic theories in order to obtain a finite DC conductivity.

The scalar fields that we will introduce in the gravity theory are some set of fields
®! which live and propagate in the bulk space. For simplicity we are going to consider
that the CFT that describes the solid is 2 + 1 dimensional, and thus we are going
to need an (asymptotic) AdS, gravity dual. The scalar fields ®! have an equilibrium
configuration ® = ¢/ 2% that breaks the 2 + 1 Poincaré group as in the EFT case,
breaking both translations and rotations, and also breaking SI.

The action of this gravity theory is given by

S = /d4x\/—_g E A —m2W(X, Z) (5.35)

with B/ = 9,®'0rd7 X = %TIB, 7 = det B and a cosmological constant fixed to
A= -3

3This will be true until the momentum reaches some value which depends on how strong is the
dissipation. See [12] for more details.

4Using hydrodynamic techniques this modes can be considered to include these dissipative terms.
See [|10L[72L|146] for more details.
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Let us then consider that the gravitational theory ([5.35]) lives in a space-time with
the metric of some some AdS black brane geometry

o 1 ([ , , du? i
ds® = " ( f(u)dt” + ) —i—da:ldx) (5.36)
Up __Tn2 U2 U4
flu) =u® / dv k Z( V%) (5.37)

where we have assumed that this function f(u) vanishes at some u = w;, where the
event horizon of a black brane is located, while the boundary is located at u = 0. We
have also taken the AdS radius to be ¢ = 1.

Following we can determine the temperature as

~ f(u)
47

_3- m? W (u2, uj)

47ruh

T —

(5.38)

U=up,

and the entropy density is, according to (2.148)), s = 27 /u3.

It has been confirmed in [5}6,10,[25] the presence of gapless phonon modes in this
theory by computing the quasi normal modes (QNMs) of the system in both shear
and longitudinal sectors. These phonons modes coincide with the poles of the T;;T},
retarded’s Green function at finite momentum k. The conclusion that they arrive to is
that for potentials that fall-off faster thanﬂ W ~ u® the theory contains gapless phonons
with a dispersion relation of the form of for both transverse and longitudinal
modes. Moreover, it will be necessary that potentials fall off faster than W ~ u3 in
order to have positive shear modulus.

For some particular forms of the potential W (X, Z) the holographic interpretation
of the Lorentz and SI breaking is that it is spontaneous [6]. This holographic model,
constructed through an AdS dual, represents the IRFP that controls the quantum
critical material at low energies. Thus, the AdS dual is acting as the effective theory
that controls the low energy dynamics where a new symmetry emerges, i.e. scale
invariance.

5.2.2 Linear elasticity

In Section|2.4.1]we introduced a gravitational theory consisting on an AdS Schwarzschild
black brane, which was useful to study the nature of conformaly invariant fluids. This

°This requirement might be avoided using alternative quantization [11}20,27].
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kind of gravity theories, however, are not suitable for solid systems due to their re-
sponse to static shear deformations is zero. The system only has a finite response in
the stress-energy tensor for dynamical shear deformations due to the shear viscosity 7,
i.e. the shear response came from

Tij ~ 1) €ij (5.39)

where ¢;; is the strain tensor .

As we shall see now, the gravity theory does have a finite response to static
shear deformations, in this case due to the shear elastic modulus G. In such a case, for
a static deformation we would essentially have

Oi5 ~ Qeij for ¢ # ] . (540)

Just like we did in the case of the shear viscosity, here we may also derive the so-called
Green-Kubo formula for the shear modulus, which according to [§] is given by the
retarded two-point function of T, T},

T R
G = wl}cgo Re (Tyy Thy) ™ (5.41)

In order to compute this correlator we are going to need to study the perturbation
that sources Ty, which is h = u?dg,,. The quadratic action for this perturbation of the
metric for an homogeneous mode is

11 1 .
2) _ 4 2 2 2 2 4\ 72
From here we can derive the equation of motion for this metric perturbation
f 2) 2m? Wy (u?, u?)
h”+(——— h' — h=0 5.43
i 7 (5.43)

where we have taken the limit of static perturbation, i.e. w = 0. In order to extract
the retarded Green’s function we need to impose infalling boundary conditions, like we
explained in (see 9] for details). Near the AdS boundary the shear perturbation
goes as

h(u)=ho(1+...)+hgu(1+...). (5.44)

On the one hand we can identify hg, the leading mode of this shear perturbation, with
the source of the T}, operator, and on the other hand the subleading mode hg plays
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the role of the expectation value of such an operator, i.e. the vev of the stress tensor
(Tyy). Finally we can use (2.132) to determine the Green function

2A —d hs 3 hy (5.45)

A R B

where the conformal dimension is A = 3. What this relation is telling us is that the
shear modulus of the system is derived by considering some geometrical deformation
ho. However, from the physical point of view we would like to consider the response of
the stress-energy tensory hs in terms of the mechanical shear deformation ¢,, that we
defined in (3.2). In [28] they find that there is actually not much difference between
the two notions of shear deformation. This is a consequence of the fact that the gauge
invariant shear strain is in fact a combination of €,, and hy. In particular we may use
the next change of variables

hs hs

— = — .

ho 2 €xy

Thus, we can choose between both interpretations of the shear deformations, either
coming from geometrical or mechanical origin. When we study deformations at the
non-linear level it will be much more convenient to treat the shear perturbations just
from the scalar perturbations and thus we will fix Ay = 0, but for the moment we will
stick to the linear level.

In the limit where m = 0 we know that the shear modulus is zero, therefore we can
compute this elastic modulus perturbatively in the limit m < T

(5.46)

Up W 2 4
ot [ WD o, 5
0 ¢
where the potential must fall-off faster than ¢ in order to have a positive shear modulus.
To compute the shear modulus out of this small m /T regime we are going to need to
employ numerical computations.

In the case of the elastic bulk modulus the computation is much more trivial. First

we need to take into account that the pressure (7;; = p) and the energy density (Ty; = p)
in a conformal system are related as

p

= 5.48

p="~ (5.45)

due to the tracelessness condition of the stress-energy tensor. This fixes the equation

of state of the system to be w = 1/2. With this information we can already derive

what the bulk modulus is going to be. In general, we may consider an homogeneous
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system with equation of state w and box volume V. In an adiabatic process the energy
density scales with the volume as p oc V~1=%. Thus, in our case we should have

poc V32 (5.49)
Finally, we can use (3.7]), which leads us to

3
k=70 (5.50)

These elastic moduli determine the speed at which the phonon modes travel through
the system, according to . Therefore, the speeds that are found in the QNMs of
the T;;T;; should coincide with these values. Indeed this is what is found [5}6} 10} 25]
and is what allow us to identify these modes as phonons.

In equation (3.15)) we can restore the dimension of the speeds in the phonon speed
formulas by taking back the speed of light ¢. Thus, using the result in (5.50) we get

2 g 2 2 K > s, C
CT_erpc’ CL—CT+p+pC—CT+§- (5.51)
In the form of the longitudinal speed we already detect a similar issue to what
we found in the solid EFT: we will have relativistic phonon speeds. Thus, we have

considered a possible way-out to this issue.

It is reasonable to consider that SI is not the only symmetry that emerges at low
energies, but we could also contemplate the possibility of having Lorentz symmetry as
an emergent symmetry in the low energy regime. Such a possibility has been already
studied in the past (see [14}36,[58,87,91,/117,165,/179,213]), where the field theory is
characterized by a well defined light-cone c,., which in principle can be different from
the speed of light ¢ but always ¢, < ¢ in order to obey the fundamental principles of
relativity. We will not prove that this is the case here but rather assume that it is a
reasonable premise in order to construct our model.

Consequently we may consider that the theory does not only have the usual Minkowski
metric 7, but it also contains (or is produced dynamically) a spin-2 object, that we
may call 77, such that all CF'T operators couple to it, acting as an emergent Minkowski
metric. This object allows us to define an emergent light-cone structure as

ds® = —c2dt* + dx; dx’ . (5.52)

We may re-define this light-cone with the usual space-time coordinates z* = {ct,z'}
where all components have the same dimensions. In such a coordinate system the
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space-time metric will then be

. c?
N = diag (—C—2 L., 1) : (5.53)

When we say that the CFT is invariant under this emergent Minkowski metric we mean
that, for instance, the operators of the theory will be constructed by objects such as
the distance as Az#Axz"ny,. This has evident consequences when defining operations
such as the trace, where now would be defined through this emergent metric. Let us
take as an example the trace of the stress-energy tensor 7). This particularity lead
us to re-define the notion of tracelessness in a conformaly invariant, due to now this
traceless now is defined through the new metric

T e, =0. (5.54)

Using this we want to know how this new Lorentz invariance would affect the speeds
of the phonons. We can translate the result to the new Minkowski metric (5.52)) by
re-scaling the time coordinate in the dispersion relation ag

0 d c c

— = = — —w—. 5.56

ot  ote’ worw Ce (5.56)
Using this we can get to the conclusion that

cLr = CLT C_Ce ; (5.57)

from where it follows that the relation between the transverse and the longitudinal
phonon speeds now are related between each other as

1
= 5 4 c. (5.58)
The re-scaling ((5.56)) also affects the form of the stress-energy tensor in the momentum
and energy density terms but not the pressure ones. Therefore, the speeds take the

next form

g 2 g + ,C 2
a2 o Ce e Cer
(ce/c)*p+p (ce/c)*p+p

6We may also derive this result by noticing that the denominator of the phonon speed is the
momentum susceptibility xpp [6], which is computed as

= ;= (5.59)

Xpp = wl;lcgo (TyoTp)® (5.55)

and therefore would scale as xpp — (¢/ce) Xpp, while the elastic moduli remain constant.
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Let us now re-express this speed in terms of the physical mass density, which is com-
monly defined as

pm = p/ct. (5.60)
This definition allows us to re-express ((5.59)) as
K
A = LZ A = g;2 (5.61)
pm + 1/ pm + D/

In the case of the solids with spontaneously broken scale invariance this expression has
a similar form
g G+K

pm +p/c* pm +p/c*
Comparing and we notice that in the case of a manifest SI solid with a
small emergent light-cone speed ¢, < ¢ the pressure contribution in the denominator
of the sound speed formulas gets considerably enhanced, which ultimately means that
the sound speeds get reduced. On the contrary, the spontaneously broken SI solid gets
a large suppression on the pressure p.

This is the moment to go back to the tracelessness condition (5.54)) with the emer-
gent Minkowski metric. In such a metric the tracelessness condition for a homogeneous
solid, which has a stress-energy tensor of the form of T = diag(p,p, ..., p), is

g = 5 = (5.62)

2
T“”nZV:—z—eer(d—l)p:O, (5.63)

where in our case we have been working in d = 3 dimensions. Using this relation the
transverse speed of the phonons simplifies to
d—1 2
g = — g _29 for the manifest SI solid. (5.64)
d pm 3 pm

On the other hand, let us consider the spontaneously broken SI solid in the non-
relativistic limit where the speeds of the phonons are small. In this limit the pressure
is much smaller than the mass density p,, (i.e. the equation of state must be very small
w < 1 as we can see from ([5.8])) we obtain

g = 9 ~ g for the spontaneously broken SI solid, (5.65)

Pm 4D/ pm

up to corrections of the order of O(p/p,,c?), which are small in the non-relativistic
limit.
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The difference between the expressions in (5.64) and ((5.65) is completely indepen-
dent of the value of the emergent speed c.. This could indicate that discrepancy in the
form of the two speeds depends on how SI is realized in the system. It is an intriguing
question whether from the relation among the values G, p,, and c¢r from a SI solid one
could actually infer how SI is realized in the IR. Moreover, we should note that this
type of discrepancy between the speeds is also present in the longitudinal sector.

There is one possibility that we have not considered yet. It is conceivable that in
the framework of the EFT solid we might also have a Lorentz invariance with some
light-cone speed c, different from the light speed c¢. In such a case the coset construc-
tion of the theory would be build up taking this different Lorentz group as the one
that is ultimately broken by the ground state. This scenario is beyond our scope, but
we would expect to have a speed of the form of . However, in the spontaneous
broken SI case the pressure is not determined by the tracelessness of the stress-energy
tensor, although its value would be enhanced by the c;? factor that comes with it.

Benchmark potential

After having discussed the model for generic potentials W (X, Z) now we would like to
have some quantitative results. We are going to consider a monomial potential as the
benchmark potential throughout this section

b—a

W(X,Z)=X"2" (5.66)

Just like we did with the solid EFT, here we are going to demand some requirements
to the potential in order to be valid. We must demand that the theory has no ghost
and no gradient instabilities. The study of these stability conditions are analogous to
the ones performed for the monomial EFT case, i.e. we need

a>0 and b>1. (5.67

As we shall see, in order to have positive energy density and elastic moduli (see ((5.70))
and (5.71))) we must impose more restrictive conditions on b

b> 2. (5.68)

NNV

Furthermore, as we said earlier, the potential should fall-off faster than ~ u° close to
the boundary in order to have gapless phonon modes, which in this potential translates

to .
b> 5 (5.69)
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For potentials with smaller b the phonons will acquire some finite mass and thus the
dispersion relation ([5.34]) will have some gap. The presence of this mass in the phonon
modes might be due to the presence of some explicit breaking of translational invariance
[12].

These are requirements that we demand to the bulk fields, but on top of this con-
ditions we must also take into account that the phonon modes on the boundary should
obey 1 > c%’T > 0, i.e. no gradient instabilities and no superluminal propagation (e.g.
see . Notice however that we are allowing bulk modes to be superluminal as they
do not give a physical phonon speed.

We can finally compute different physical properties of the system for the benchmark
potential (5.66]). The expressions for the energy density and the pressure are

1 o up? 1
_ L _ ! 5.70
Pty P af (5.70)
where the energy density is derived from the emblackening factor as p = — f"(uy) /6.

The elastic moduli, on the other hand, may only be derived (analytically) in the limit
of small m/T for the case of the shear modulus

a 3
g:2b_3m2u,21b_3+(9(m4), IC:Zp. (5.71)

From this result we may already derive an interesting conclusion: the a parameter
determines whether the system is describing a solid of a fluid, as for a = 0 we have a
zero shear elastic modulus. We may also determine the form of the Poisson’s ratio R,
defined in (3.11)), for this holographic model. In Figl5.5 we can see how the Poisson’s
ratio R depends on the values of a,b in the low temperature limit, where we need to
compute G numerically.

In the limit 7'/m > 1 the Poisson’s ratio generically goes to R = 1, which means
that the system goes to a fluid state. This indicates that independently of the potential
W(X,Z) the systems tends to become a fluid at large temperatures. This can be
explained by noticing that in the limit 7'/m > 1 the mass of the graviton, and thus
the additional structure provided by the scalar fields ®/, become negligible in this limit
and then the gravity theory passes to be the dual theory of some strongly coupled fluid
system. On the other hand, in the low temperature regime the Poisson’s ratio is highly
dependent on the form of the potential W (X, 7), taking it away from the fluid limit
R = 1. We can see this in Figl5.6] where the values of the Poisson’s ratio for different
values of (a, b) are represented. In this figure we also see that the value of the ratio G/
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Figure 5.5: Left: Elastic moduli ratio G/K for a potential with (a,b) = (3,3), i.e.
W(X,Z) = X3, as a function of T/m. Right: The value of the Poisson’s ratio for
different potentials as a function of 7'/m. The values of (a, b) are indicated by the color
of the lines just like in Fig[5.6] In the large temperature limit the Poisson’s ratios go
to the fluid limit R = 1.

goes to zero as we increase the ratio T'/m, so we can consider this as some “melting”
process that the system goes through.

From Figl5.6) we may derive some conclusions about the properties of the system
depending on the (a, b) parameters:

e For small a we have the Poisson’s ratio close to the upper fluid-like limit R = 1.
These type of models represent thus incompressible and elastic materials such as
rubber.

e For values a ~ b the Poisson’s ratio is of order —0.5 < R < 0.5. This Poisson’s
ratio is typical in steels and rigid polymers.

e In the large a and small b we find the most auxetic materials, i.e. we get closer
and closer to the lower limit of R = —1. As we can see in Fig/5.7)in this region
we generically have to deal with superluminal phonon modes.

The classification of different materials depending on their Poisson’s ratio presented
above is based on [89,/156].

The elastic moduli are related with the phonon speeds, as we have explained above.
However, in a narrow sense, the formulae presented in is only applicable for
massless phonon modes, with a dispersion relation w = cr 7k, which is only the case
for b > 5/2. In Fig we can see how these speeds depend on the ratio 7'/m and on
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Figure 5.6: Left: Poisson’s ratio R for the benchmark potential at low tem-
peratures T'/m < 1. From orange to blue, the ratio becomes smaller and smaller, to
the point it gets negative and thus auxetic. Above the purple line the phonons are
gapless. The red dashed line represents the potential W (X, Z) = X*. Below the black-
dashed line the bulk fields are sub-luminal (see Fig[5.7] for the boundary speed values).
Right: Poisson’s ratio as a function of X/G for the benchmark potential . These
plots are made by varying 7'/m for some fixed (a, b) and all lines eventually get to the
fluid limit R = 1. In the inset we show, with colored dots, the values of (a,b) for its

correspondent plot.

the parameters (a,b). The first result that we can remark is that there is a relation
between the speeds that is conserved at all temperatures, which is

;= % +c3. (5.72)
This relation can be explained as a consequence of the theory being conformaly invari-
ant, as already proved in [79]. Therefore, this means that the longitudinal speed has a
minimum given by ¢2 = 1/2, which as we can see is found at a = 0 and any b, exactly
where the shear modulus vanishes. At the same time, we may also find this result in
the large temperature limit, T/m > 1, where the speeds will change towards ¢2 — 1/2
and 2 — 0.

There is also a white region depicted in the right Fig5.7 which shows where the
phonon speeds get superluminal, i.e. ¢ > 1. Interestingly, it is also in this white region
where the materials get more and more auxetic. This restriction can be surpassed if
we take into account that the light-cone speed can be the emergent one ¢, and thus
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Figure 5.7: Left: We show the longitudinal (thick) and transverse (dashed) speeds as
a function of the ratio 7'/m. We take three different cases of (a,b): (3,3), (3,4) and
(4,4) for the red, blue and green lines. Right: Longitudinal speed as a function of a
and b for the limit 7/m < 1. The purple dashed line indicates the limit of massless
phonons, b = 5/2. The red dashed line indicates the potentials V (X, Z) = X®. In the
white region we have c;, > 1.

we may consider as a possibility that ¢, > c.. The relation between the longitudinal
speed and the Poisson’s ratio can be found to be

02

2 e

L= R (5.73)
This shows us that in order to have an auxetic solid we will need to consider ¢, < c,
otherwise the theory would have superluminal phonon modes. The limit on how much
auxetic the material can be is then restricted by the value of c./c. This relation is
shown in Fig[5.8| where we show the relation between ¢, and R depending on the
value of ¢.. A similar plot could be done for the case of spontaneously broken SI solid,
but replacing the ratio ¢2/c? with the equation of state w (e.g. see (5.8)).

5.2.3 Non-linear elasticity

Next in order we are going to proceed as we did with the solid with spontaneous broken
SI, analyzing the behavior of the system when deformed by a finite strain. The strain
configuration will be determined by the scalar fields ®/ as

O (u,z") = OJI- ! (5.74)
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Figure 5.8: The longitudinal speed ¢2 as a function of the Poisson’s ratio R for different
emergent speeds c,. The ratios are ¢,/c = 1,1/+/2,1/4/10 for the orange, blue and red
lines, respectively. The orange line coincides with the values expected for a conformal
solid EFT, shown in green dots. Negative values of R are achieved for c¢./c < 1. A
similar plot could be obtained by varying w instead of ¢./c for a spontaneously broken

ST solid.

where O]I. is the same matrix we used in . Just like in the linear case, we must
now find what is the stress-tensor produced by this strain deformation O]I- . In order
to do this we must find the solutions to our gravity + scalars theory with a nonzero
tensor mode, which plays the role of the strain tensor in the gravity theory. Thus, the
spatial part of the metric g;; can no longer be just ~ d;; so that it contains finite shear
deformations.
This system can be solved by using an ansatz of the space-time metric for a non-
linear staticﬂ deformation, which has the form of
2
ds* = % (—f(u) e X g2 4 % + Yij (u)dwidxj) (5.75)
where 7;; is a d — 1 dimensional tensor with unitary matrix. We are interested in the
d = 3 case, thus we can parametrize 7;; in terms of the usual tensor polarizations x
and +, i.e.
y =exp [hs(u) o4 + hy(u) 4] (5.76)

where 0, 1 are the Pauli matrices, which are commonly called &, 3 respectively and
thus the only u-dependent terms are the h, 4 functions.

"For a case of non-linear oscillatory deformations see [26].
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These two polarizations x and + are coupled only at the non-linear level, this
is why we could just focus on one of the two polarizations when treating the shear
deformations as infinitesimal. In order to simplify the problem we can switch variables
to

hy =hsin@ | hy ="hcosf (5.77)

where both A and 6 depend on the coordinate w. This variables are handy if we
want to separate the direction of the spin-2 mode polarization, dictated by 6, and
the magnitude, dictated by the function h. Physical solutions must have a vanishing
leading mode of h(u) at the boundary, while the subleading mode will encode the stress
tensor. We will see below that this leads us to a constant function of (). Thus, in this
variables 6 will be the polarization direction of the stress tensor and h the magnitude
of the response.

This same parametrization can be applied to the strain matrix O]I- of the scalar field

~

Q
O =« exp ) (cosby by +sinbyoy)| , (5.78)

where the a term determines the bulk strain whereas the magnitude and direction of
the shear strain are encoded in €2 and 6, respectively. In particular, the shear strain
for the case 0y = 0 is given by

€ = 2 sinh(£2/2) . (5.79)

The equations of motion for the metric in d = 3 take the form of
2x" — u (sinh?(h) 6" + 1) = 0, (5.80)
uf' — A —m*W(X,Z)— (6+ux)f/2=0, (5.81)

f(2u®h" — u?sinh(2h) 0" —ul (A+uy)) + 2u® '}
—4m?*W,(X,Z) =0, (5.82)
f(2u?0” +4u® coth(h)0'W —uf' (4 + uyx')) + 2u® 6’

— 4m*Wy(X, Z) cosech®(h) = 0, (5.83)

where we have fixed the cosmological constant to A = —3 and indicate the derivatives
with respect to € and h with subscripts. The potential W is evaluated at the background
values

7 = o™, X = a*u*(coshQ coshh — cos(fy — 0) sinh Q sinh h).
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From equations and we notice that the functions h(u) and 6(u) determine
the form of the functions x(u) and f(u). Moreover, we can check that equation
reduces to (5.43) when the function h(u) is treated as infinitesimal, as expected. We
assume there is a horizon located at u = uy, defined by f(uy) = 0 where the function
h(u) reaches a value h(uy,) = hy. The entropy density does not vary from the one in
the linear regime (i.e. s = 27 /u?) but the temperature changes due to the new function
in the time metric component

/
T = —%Zh) e X(un)/2. (5.84)

On the boundary we impose that f(0) = 1 and x(0) = 0. When approaching the
boundary the function h(u) takes the form of (5.44)), i.e. there will be a constant
component hy as a leading term and a cubic component h3 as the subleading term. We
will consider that the leading term is zero in order to have zero external space-time
deformation source, thus

ho=10. (5.85)

Taking this as a condition the only source of strain for the system will come from the
scalar field ®, encoded in the terms o, Q and 6.

As mentioned above, we expect that for a zero space-time deformation we must have
a constant polarization direction #(u). This is what one expects from a homogeneous
and isotropic material, where the elastic response is such that the strain and stress are
aligned in the same polarization direction. In our holographic model this translates to
having 6 = 6.

Let us look at the §(u) equation . Because there is a cross-coupling between
h and 6 in the second term, the two modes of # near the AdS boundary will depend on
the value that h takes at the boundary, i.e. on the value of hy. In the case of hy # 0
the 0 function has a constant mode and a cubic mode, like the h function. On the
other hand, if we have hy = 0 the boundary mode changes and we would find that
6 has a constant mode and a u~ mode. Demanding regularity at the AdS boundary
requires that the coefficient of the =3 mode vanishes. In such a case we are left with
a constant mode and from it is easy to notice that this constant function is
forced to be O(u) = 6. This result indicates that the elastic response in this model is
isotropic, since the strain in a given polarization only sources stress tensor in the same
polarization.

Thus, from now on we are going to consider § = 6, = 0 as a condition. Using this
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result the equations (5.80))-(5.83) are simplified substantially

2% = uh”,
2(uf’—A — m2W(X,Z)) —f (6+u2h'2/2> =0,
f (2u2 B —uh' (4 + h’2/2)> F2ulh f — AmPWi(X, Z) = 0, (5.86)

where now X is

X =u*a*cosh(h — Q), (5.87)

which indicates more clearly that €2 acts as a ‘source’ term for the function h.

We are going to consider the same potential we presented in ([5.66)) which we expect
to display a power-law scaling stress-strain relation, o ~ €”, as the one we considered for
the spontaneously broken SI solid. We will see below that there appears two different
scalings for both the bulk and shear deformations, which for the sake of clarity we are
going to specify here as

vy, vy, vE b, (5.88)

where the 1 and 2 subscripts denote which one appears first and second and the su-
perscripts B and S denote that these are scalings for the bulk and shear strains,
respectively.

On top of the restrictions we imposed on the potential at zero shear deformation
(e.g. no ghosts, no gradient instabilities) we are also going to demand that this remains
to be true at finite shear deformations € # 0, similarly to what we did in Chapter [ for
the longitudinal and transverse speeds of the phonon modes.

Shear deformation

The nonlinear shear response is derived from the metric off-diagonal component g,
from its subleading term

3
Toy =05 =5 05y (5.89)

when expressed in Fefferman-Graham coordinates, where the holographic coordinate
must be replaced with the next coordinate transformation
dz? du?

= . (5.90)

2w f(u)
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It can be checked in Appendix [C] that the final result for the case hg = 0 is
3
o5 =5 hs. (5.91)

where hj is the subleading term of the function h(u) close to the AdS boundary
. On the other hand the shear strain is produced by the difference between the
background configuration of the scalar field and its equilibrium configuration
®! = §!x%. Using the definition of the strain tensor we get to

Q
€ =2¢€, =2 sinh (§> . (5.92)

Now we can already derive an analytic expression of the shear response in the limit of
small m?, similar to what we did in (5.47)), which should be a good approximation to
the shear response for not very large strains Q > 1. At first order in m? we find that

up, 1 2\ 2 4
| WX(Q(QZQC’C)dcw(m‘*). (5.93)

As we mentioned, for the benchmark potential we are going to find two different scalings
for the shear stress-strain relation. Let us compute the integral for the benchmark
potential

os(€) =~ W‘_g) m2a?P uP e vA 4+ €2 (2 + €2)0 ! (5.94)
which in order to have a convergent integral we must demand b > 3/2, the same
condition we demand for the positivity of the linear bulk modulus. In fact, in the limit
of infinitesimal shear strain € < 1 we obtain the same result as in (}5.47)).

In (5.94) we can deduce that if u; does not vary significantly with e then we must
find that the shear scaling is
Oy~ 2= (5.95)

but numerically, for larger values of €, a second scaling will show up, which this ap-
proximation does not anticipate, as we can see in Figure [5.9
In order to obtain the full non-linear response we need to use numerical methods.
To do so we are going to use shooting methods, integrating from the IR horizon towards
the UV boundary. At the horizon we are going to impose as a boundary condition, to
ensure regularity, that [2u?h' f' — 4m? Wy (X, Z)]., = 0 and h(uy,) = hy, which will
play the role of the shooting parameter.
The numerical results are shown in Figure for different potentials at different
values of m/T. At infinitesimal values of the strain we find that the shear response
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Figure 5.9: Left: Shear stress-strain relations for different potentials at fixed m /T = 1.
The chosen potentials display both stiffening and softening: vy = 2a = 4,2,2,0.2 and
vy = 3a/b = 3/2,1,3/5,1/7. The black dashed lines show these scalings. Here we
do not impose constraints on the potential. Right: Shear stress-strain relations for a
potential with a = 2 and b = 3 for different values of T/m (T'/m = 0.1,0.5, 1 for blue,
orange and green, respectively). Black dashed lines show the analytic result derived in
. As we expected, it coincides the closer we are to the limit m /T < 1 for some
finite range of e.

scales linearly with the shear modulus G ([5.47)) as the slope. For larger values we find
an intermediate power-law scaling og ~ €1 of the shear response with

vy =2a. (5.96)

. . S
For much larger values of the strain we encounter a second power-law scaling og ~ €2,

in this case with a

b
Interestingly, the intermediate scaling does only show up when the temperature is high
enough, whereas at low T'/m the shear stress-strain plot interpolates directly from a
linear relation to the second scaling v5 as we see in Figure Note that the interme-
diate scaling v can be either softening or stiffening (smaller or larger than 1), but the
second scaling is always smaller than the first v§ > v5 due to the restrictions on the

potential (5.68]).
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Although the second scaling cannot be derived from the analytic approximation in
(5.94) we can actually obtain the result taking an asymptotically large strain € > 1 in
the equations of motion. Applying a large strain translates to taking a large 2 in our
system, which in addition implies that the function h(u) must explore a large range of
values from the black brane horizon to the AdS boundary, where it vanishes. In order
to simplify the analysis we are going to define a new variable

h(u) = Q — h(u) (5.98)

which is the combination the potential depends on. Due to near the boundary h(u)
vanishes, we expect that for a Q > 1 we will also have i > 1. Therefore, taking the
limit & >> 1 we may also substitute the expressions sinh i and cosh A for its asymptotic
limit ~ e /2. Furthermore, we also expect that in this limit the derivative of the
function i’ (u) must be large (e.g. compared to f'(u)) somewhere in the bulk. Taking
this into consideration we can assume that there is a region where the function f(u) is
mostly constant, which at the same time implies that the shape of the function iz(u)
must be logarithmic. In particular we find that the equations of motion admit
a solution close to the boundary as

~ fo = sa R(w) ~ —2 2 log [ “ 5.99
f0) = h= mrpaare MW=-2rls(S). 6
where m?u2® = 362%/(a% 4 b). This behavior for the functions f(u) and h(u) shows
up for 2 > 1 for some finite region of u, as is clearly displayed in Figure [5.10

We know that when reaching the boundary the function h(u) vanishes, therefore h(u)
must reach a large but finite value determined by h(0) = Q. Thus, at some value u,
the function B(u) must deviate from the logarithmic shape from and stay at a
value €. Then, let us consider that through the region between u, and the horizon wy
the (u) function goes like

~ b u
h(u)~Q—2-1 — . 5.100
=02 1o () (5.100)
From this equation we can derive what should be the value of the coordinate around
the “transition”

hi(un) — Q)) ~ 1y, exp (—% Q) (5.101)

Uy ™ Up €XP <2b(

where we have considered h(uj) < €, as the function h(u) will go from zero at the
AdS boundary to some large value close to the horizon (see Figure|5.10)). From (5.101)
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Figure 5.10: Metric functions f(u) and h(u) as a function of u at fixed u, = 1 for
the benchmark potential with @ = 2 and b = 4. We take 2 = 0.24,2.93,10.29 and
temperatures T'/m = 0.15,0.02, 107> for green, orange and blue, respectively.

is clear that the larger is the value of €2, the closer is the transition point u, to the
boundary. Since u, represents the value where h(u) changes its shape from a constant
value to a logarithmic one we then can assume, by dimensional analysis, that the
value of the subleading term hs must scale as hs ~ u_3. Finally, if the shear strain is
€ = 2 sinh /2 ~ exp(2/2) then we arrive to the conclusion that

3
05~ hy ~u;> ~ exp <_2_a Q) ~ 30/0 (5.102)

which is precisely the power-law scaling that we found numerically for very large shear
strain, i.e. 15 = 3a/b, as we see in Figure [5.10}

Beyond proving how this intermediate scaling shows up it is also interesting noticing
how the space-time metric changes in this limit. Consider the coordinates  and y where
the metric is diagonal, then in the limit where f(u) and h(u) asymptote to the
geometry goes as

1 [ du?

ds® ~ — [ — —u 2% @t 4 420 47 + w2 4 ) (5.103)
u? \ fo

We note that in this geometry there is a Lifshitz scaling between time and space and

also between the two spatial coordinates & and g, namely there is an anisotropic scaling.

Due to the large strain applied to the system it is natural to see that this anisotropy
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between spatial coordinates shows up. The geometry in is acting as a new UV
(Lithitz) fixed point. This fixed point seems to be attractive towards the UV, and the
configurations with large strains get close to it for a significant range of logu.

The fact that this Lifshitz scaling between the spatial and time coordinates shows
up might be surprising at first glance. We may explain why this happens if we remind
ourselves that the gravity theory we are considering a massive gravity theory in ({5.35)).
We can readily see this by going to the unitary gauge, where our scalar field takes the
configuration ® = §/x%, thus we get the terms X = Trg¥ and Z = detg~! as the
variables of our potential W (X, Z), which now will play the role of the the potential
of the spatial components of the metric. We know that 1-spin massive theories serve
as theories that provide a Lifshitz geometry [66,(129,206], therefore it does not seems
surprising that in a 2-spin massive theory this kind of geometry can also arise.

Having solutions of the type is somewhat dependent on the choice of poten-
tial W (X, Z). By studying these equations of motion we first see that in order to have
f(u) = constant we are going to need a logarithmic h function. As a consequence the
potential W (X, Z) has to be either mostly constant or vanishing towards the bound-
ary. Thus, with this condition we take a look at the second equation of motion, which
requires that W), (which at large h we can substitute by X Wy) also to be constant.
In order to keep both W (X, Z) and X W (X, Z) to be constant we are going to need a
special form for our potential in which the dependence on X and Z goes through the
combination X? Z7 with p and ¢ constant values, just like it happens in our benchmark
potential . Nevertheless, any potential of the type W (X, Z) = Wy(X? Z9), with
Wy an arbitrary function, should also do the Workﬂ Although we do not expect this
Lifshitz UV fixed point to appear for more generic potentials, it is conceivable that
some anisotropic solution might exist and dominate the large form of the response in
the large shear strain regime.

Nevertheless, these (near)-Lifshitz solutions are expected to influence other features
of the theory such as transport properties like the electric conductivity at finite strain
(e.g. see [43]). Such features hint the possibility of testing the appearance of this
anisotropic Lifshitz regime on real materials.

Other models where anisotropy has been considered by using a unidirectional scalar
field ¥ = az have been studied broadly in the past [125,/148,|184]. Such models could
share some features with the holographic model proposed here in the limit {2 — oo for
the scalar field configuration ®* = ae? and ®¥ = a e as long as we keep a e fixed.

Let us also mention that the models have an extremal near-horizon geometry

8To be even more general we could also add terms to the potential dependent on Z that vanish
when moving closer to the boundary.
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Figure 5.11: Shear stress-strain relation for an adiabatic process where we consider
up = 1,0.2 (blue, red), which at zero strain have a temperature T'//m = 0.16, 1.19. We
use the benchmark potential with (a,b) = (2,4).

of the type AdS, x R? (we discussed a similar case in Section . This represents the
additional emergent scale invariance, this one with with Lifshitz dynamical exponent
z — oo, and isotropic character. This scaling is expected to be manifested in the
lightest excitations, governed by the near horizon geometry.

Finally, let us comment that the shear deformations that we have considered above
have been studied in the case of constant temperature 7'/m = constant, meaning that
we have only considered isothermal processes. We can also apply this shear deformation
but instead of maintaining the temperature constant we will take a constant entropy
(or adiabatic) process S/m = constant, or equivalently u,/m = constant. What
we find is that the stress-strain relations are equivalent to those taken at constant
temperature. As we can see in Figure [5.11| we can observe both the intermediate
scaling v¥ and the large deformation scaling v§. While we are increasing the shear
strain € the temperature decreases, thus it will depend on the value of u; that whether
we find the intermediate scaling vy or not: if the initial temperature is low enough,
there will not be an intermediate scaling.



Chapter 5. Scale invariant solids 125

Bulk deformation

Just like we have extended the study of shear deformations beyond the linear level we
can do the same for the case of bulk deformations. As we just want to consider pure
bulk deformations we are going to restrict ourselves to the case of ¢ = 0 and use « as
the parameter that controls the bulk strain, or more concretely x = 0 - ® which is the
bulk strain and is related to a as k = 2 (v — 1).

Due to conformal invariance we can relate the pressure to the energy density as
p = Tpp = Ty /2. This will allow us to express the longitudinal stress as a function of
the bulk strain. In particular we define this longitudinal response as o5 = Thy — Too?.
For the benchmark potential this reduces to
m? (£ + 1)% unt? — uii;?’o 1 ( 1 1 >

op — + = 3 (5104)

2(2b6 —3) 2 \up, U

k=0

where uy, . denotes that the position of the black brane horizon depends on the value of
, while u, ,—o is the position of the horizon at zero bulk strain, or equivalently o = 1.
The sign of the bulk strain x can be either positive (a compression) or negative (an
expansion).

At large bulk strain we find a universal power-law scaling in the longitudinal re-
sponse
op~K atk>1, (5.105)

as we see in Figure[5.12] This universal scaling is a consequence of conformal invariance
and it can be generalized to D space-time dimensions at the boundary theory as og ~
kP, Tt is straightforward to derive by noticing that if we take large x and
we want to keep T'/m constant, then we are forced to have u;, ~ 1/k. Comparing to
the case of the spontaneously broken SI solid the scaling coincides exactly if
we consider the conformal limit of the EFT (see (5.27), where the conformal limit is
w=1/2).

Thus, just like it happens for the shear deformation, there are two different scalings
that show up when increasing the bulk strain. One of the two scalings is an intermediate
scaling that only is present in the case of having a high enough temperature, while the
second scaling is always present at large enough deformation. Using the definitions in
(5.88]) we then conclude that

vP=2b , P =3, (5.106)

where due to the constraints on the benchmark potential (5.68) we always have that
the bulk response always gets stiffer, i.e. vF > v2.
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Figure 5.12:  Left: Nonlinear bulk stress for different temperatures: 7/m = 0.01
(blue lines) and T'/m =1 (red lines). We take different benchmark potentials (a, b) =
(3,3),(2,4),(1,5). At large bulk strain there is a universal scaling ~ x*. At large
temperature and finite, but not large, strain the scaling goes as ~ (£ + 1) = o®.
Right: Absolute value of op for a negative bulk strain  for (a,b) = (3,3) at T/m =

0,1 (blue and red lines).

For completeness let us also explore what is the bulk response for the negative bulk
deformations (expansions). In this case the range of values that x can explore is limited
by the lower limit a« = 0, which coincides with x = —2. In this case, taking a look
at 15.104: we see that at low temperatures we would have a response that scales as
op ~ (@ —1) = ((§ + 1) — 1), whereas for high temperatures the scaling would be
2b instead of the cubic one. Unfortunately, due to the short range of values where
k can be extended we do not get to see these scalings in the stress strain plots. A
couple of examples for high and low temperatures are displayed in Figure [5.12] where
a linear response dictated by the bulk modulus determines the small x regime and the
response ultimately gets saturated at some finite value at Kk = —2. Thus, we see that
the amount to stress needed to produce a full expansion is finite.

Notice that just like for the shear deformation here we may also consider either
an isothermal (7" constant) deformation or an adiabatic (S constant) deformation, but
the discussion here is a bit trickier. This is because for a bulk deformation there is
a difference between the entropy and its density due to the volume of the system is
changing (either growing or reducing). To convince ourselves of this we just need to
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realize that ' ' ' ' ' ‘
' =2'>P'=az’ and 2 — 2’ (5.107)

is equivalent to the next transformation

. ) . ) . 1 .
' =2 - P =2 and ' — —1', (5.108)
a

as both X and Z (and the equations of motion) will take the same form in either case.
Therefore, as the entropy is proportional to the area of the black brane horizon it is
easy to find that the total entropy scales as

s _
S="n~(upa)?. (5.109)
V
Thus, in order to ensure that this process is adiabatic we must impose that the position
of the black brane horizon scales as
1 1

Uy ~ — =
"Ta T 1+

(5.110)

R

Using this relation we can simplify ((5.104) to

20 2
U}, —0 m 1 1
= — 1 — — 5.111
o5 2 ( " 2b— 3) <ui31,fi u%,n:ﬂ) 7 ( )

where up, ,, ~ a~!. From this expression it is evident that in the case of the adiabatic
bulk deformation the only scaling that appear is the cubic scaling v, whereas the
intermediate scaling v does not appear for any value of uj,. Moreover, from this
expression it is evident that the bulk modulus for an adiabatic process is

dUB
K=

=), (5.112)
s 4

just like we showed in ({5.50)).

Elasticity bounds

Lastly, after having studied what are the nonlinear relations for both bulk and shear
deformations, we want to take a look on whether we can place a limit in the maximum
deformation a solid with manifest SI may sustain, just like we did for the EFT descrip-
tion in Chapter [d] The methods that we are going to employ are actually analogous
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to the ones presented for that case. We are going to demand to have stable perturba-
tions around our strained configurations and find whether there is a €,,,, where some
perturbation becomes unstable.

In order to be completely correct one should compute the dispersion relation of
the QNMs for the gravity theory considered. However, this was beyond our scope
in 23] and we decided to restrict ourselves to the so-called decoupling limit, which
already provides some intuition on what could be the limits for the deformations we
can perform on such models.

Therefore, what we will do to extract this limit is, on the one hand, computing
the speeds of propagation c(; of the fields though the bulk. By increasing the shear
deformationﬂ we will eventually find that ¢? < 0, i.e. a gradient instability. One
could argue that even though we have an instability at some point in the bulk space
of the type c(;) < 0 this does not necessarily mean that the QNMs are unstable, and
thus the physical speeds of the perturbations on the solid. However, we assume that
this constraint is expected to place a conservative upper limit on the maximum shear
deformation €,,,.

Due to we are going to work in the decoupling limit we must neglect the mixing
between scalar perturbations 6®/ and the metric perturbations. Therefore, the com-
putations are going to be completely equivalent to those we performed in Chapter 4| for
the EFT case. What we found in that case was that there were two different phonon
speeds

c+(€,0,u) (5.113)

where ¢ is the angle direction in which the perturbation travels (with respect to the
principal axes) and the 4 subscript indicates which one is larger and which one is
smaller. There is a third speed we could consider, which is the speed at which the
perturbations travel through the u direction, which is always 1. Notice that the speeds
now could depend on the holographic coordinate u, but because of the benchmark
potential that we have chosen is a monomial, the u-dependence disappears from the
equations of motion and the speeds become independent of it.
The limit we are going to impose to our speeds is

>0 (5.114)

for any direction ¢. The dependence of the speeds with respect to the parameters of

the potential a and b are going to be exactly the same as the dependence on A and
B for the EFT potential in (4.17), and thus we will have the same relation among

9Because we are considering a monomial as our benchmark potential there will not be instabilities
due to bulk deformations, as we saw in the case of monomial potentials in Section m
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parameters in ((5.114)). However, the physical role that these parameters represent is
different in these two different theories, so the relation to terms such as the scalings v
will differ. Therefore, the discussion and comparison between the relation of €., in
the two different SI solids will not be phrased using the parameters a,b and A, B but
with the physical parameters v and v°.

Figure 5.13: Left: Maximum shear strain €, as a function of the scalings Vf and
vB. Close to vy = vP there is a region where €., asymptotically grows. Left and
right of this line the maximum shear strain is determined by the absence of gradient
instabilities and ghosts, respectively. White area shows where the longitudinal speed
becomes superluminal at the boundary. Purple line shows the massless condition of
the phonons . Right: Maximum shear strain €,., as a function of the scalings
v and v5. Close to v5 = 3 there is a region where €,,,, asymptotically grows, see

(5.115).

So far we have already mentioned the constraints placed at zero shear strain for a
and b in ((5.67)) and ([5.68]) but now we want to place limits on the maximum deformation
€max as a function of (a,b). In Figure we can see the bounds on this maximum
deformation, where the first thing we can comment is that the shear scalings fulfill
v¥ > vy, as we already expected. We can split the regions in this Figures depending
on the value of v5: for v5 > 3 (or a > b) the limit on the shear deformation will be
due to the appearance of ghosts, whereas for v5 < 3 (or a < b) it will be determined
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by gradient instabilities. There is a special case just in the middle of these two regions:
for a scaling 5 ~ 3 the maximum deformation grows asymptotically. More specifically
we can find that close to this line the maximum shear strain goes as

1/4
€max ™~ (L) s (5115)

vy — 3]

where we use the relation v5 = 3v7 /vP in order to explain the large strain region in

Figure for v¥ ~ vB. Surprisingly, the expression in (5.115)) does not depend on

whether we are below or above the v5 = 3 line and does not depend on 7.

There is a final detail that must be taken into account, as it was done for the
EFT case, which is the subluminal constraint on the phonon speeds. Firstly, we allow
superluminality on the local bulk speeds (5.113)) as they are not strictly giving any
physical speeds to the phonons. Again, we should work out the computations on
the QNM dispersion relation at finite strain in order to place a more exact limit.
What we can do is use the QNM dispersion relation which has been computed at
zero strain [10,25] in order to place some restriction. Thus, we display as a white
region in Figure [5.13| where the longitudinal phonon speed ¢y, travels faster than light.
Nevertheless, we can guess what effect could have the more exact computation on the
physical phonon speeds. We can assume some continuity between the white area and
the colored one, smoothing out the values of €,., close to this area, such as close to
the large strain (blue) area around vy ~ vB ~ 6 for instance. Still, this does not
necessarily mean that the whole blue region should vanish, so we expect a large region
of hyperelasticity persisting.

5.3 Comparison

Let us end up this chapter comparing the results we have obtained for the case of
solids with spontaneous broken SI and manifest SI. For the purpose of simplifying the
comparison we are going to use as a comparison the physical non-linear scaling v, both
in the shear and bulk deformations, and compare the bounds we have obtained for
both. In the manifest scenario we have found that there are actually two different
scaling for both bulk and shear responses, thus let us restrict the comparison to the
first (or intermediate) scaling V{B % as the second scaling will show up at very large
deformations (at finite temperature)m We are going to restrict the comparison to the

10Moreover, another advantage of restricting to this intermediate scaling is that they allow for a
continuum range of bulk exponents v whereas the second one is fixed by conformality to be v = 3.
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monomial potential in the case of the spontaneous broken SI solid, as the model would
depend on an extra parameter in the case presented in Section [5.1.1]

Emax

2.00
1.50
1.25

1.00
0.50

Figure 5.14: Elasticity bounds for a spontaneosly broken (left) and manifest (right)
scale invariant solid. In both cases the response displays power-law stress-strain rela-
tions o ~ €” for pure-bulk and pure-shear deformations. There is a significant difference
between the two cases.

We summarize the results of these scaling and its elastic bound in Figure
where we basically repeat the plots in Figures and in a comparable size, in
order to facilitate the comparison. It is straightforward to realize that the results found
make manifest that the universal elasticity bound that are obtained from low-energy
effective methods are significantly different depending on how SI is realized (either as
a manifest or spontaneous broken symmetry).

Observing the Figure we already notice that there is a significant difference
both in the range of possible values for the scaling vg and vg with a finite maximum
deformation (€p.x > 1) and in the regions where the material becomes hyper-elastic
(€max > 1). As a matter of fact, if we limit the analysis of the CFTs to the ones
with massless phonons (i.e. v > 5) then the the areas allowed for vg and vp are
completely disconnected from the ones found in the EFT example, where the bulk
scaling is restricted to be in the range 2 < v < 4.

Remember also that the second shear scaling is related to the intermediates as v5 = 3 vy /vf
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Likewise, in the case of the shear response we find that for the EFT the range is

0 < v¥ < 2, whereas for the CFT there seems to be no limit in the shear scaling.

Another important discrepancy between the two cases is that the manifest case has

a significant area of very elastic models (the blue area in Figure which is found
near the region where

vB o~ b (5.116)

The solids that are in this region are dubbed as black rubber in [23] due to their very
large elastic bounds. There are two points that we can highlight from this solutions:

e The area of large elasticity begin around 1/{B S 5, which is denotes a very
stiff behavior. We should note here that this bound might be alleviated if we
considered an emergent light speed ¢, < 1, but we will stick with the case of
¢. = 1 in order to not introduce an extra parameter.

e This area is far away from the free scalar case (a = b = 1, or equivalenty vy =
vB = 2). Therefore, black rubbers require the presence of scalar with non-
canonical kinetic terms.

On the other hand, in the case of the EFT the area of hyper-elasticity becomes much
more narrow and it merely represents a ‘dot’-like area. In this case this area could also
be enlarged if we considered the second potential of Section Notice that here the
very elastic region is also located where vg ~ v and in this case the closer we are to
the free scalar action, the larger is the maximum deformation sustained by the solid.
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Chapter 6

Discussion

The first main result presented in this manuscript is that it is possible to extract
non-trivial information and bounds on the nonlinear elastic response of solid materials
by using low energy effective methods. We have shown that this is possible basically
because the (measurement of the) stress-strain relations already fix the nonlinear La-
grangian for phonon fields, at leading order in a derivative expansion. Among the
observables that are fixed once the stress-strain relations are known we may mention:
all n-point correlation functions, the phonon-phonon self-interactiond’| and, most re-
markably, how these depend on the applied stresses (being the first example of this
the acoustoelastic effects, i.e. how the phonon speeds on an elastic material depend
on the stress). Such results are most directly relevant for materials that admit large
deformations and where dissipative effects are not important?}

The EFT methods presented in Chapter |4/ show how just from the symmetry break-
ing pattern of a solid system we are able to derive non-trivial bounds on the non-linear
elastic properties without any information about the microscopic composition of the
material. These effective low energy methods (which usually go under the name of solid
EFT) allow us to extract elasticity bounds of these solid materials, which we believe
is the first time such a computation has been performed. The results we obtain allow
us to relate different non-linear physical observables of solids, such as the maximum
stress tolerated by the material and the scaling of the stress-strain relation.

We illustrate the predictive power of the EF'T methods through a specific type of
solid materials, studying how large can be the maximal strain sustained by a given
material and how it is constrained by the EFT. In particular we assume a class of

1See Section where we compute the three-phonon interaction terms for the solid EFT.
2For recent EFT-like efforts to include dissipation in fluids and viscoelastic materials, see |18,37,
38,68,70,/88,92,9698,/126,,127,210,/211].
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Stress (o)

Strain (g)

Figure 6.1: As an illustrative example we choose potentials that display a power-law
scaling in the stress-strain relations at large deformations. The red star denotes the
fracture point of the solid.

materials which display a power-law stress-strain relation at large deformations o ~ €”
(such as the one in Figure . This leads to interesting relations between intrinsically
non-linear response parameters, such as the maximum strain €,,,, and the strain expo-
nents vg and vg. We define the maximum strain €,,,, of the material as the point where
some pathologies (gradient instabilities, ghosts or superluminal propagation) appear in
the theory.

We notice in Figures [4.2] and a result that is common in the different
potentials presented, which is that close to the region vs = vg we find the solids
with very large maximum stress. Additionally, in the region vg < v we see that the
maximum stress has a simple form related to the power-law scalings

9 1/4
Eomax ~ (i) . (6.1)

vp — Vg

On the other hand, away from this region (at values vg < vg) the maximum stress is
usually €y ~ O(1). Therefore, solids with this non-linear scaling will not actually
display a power-law scaling in their stress-strain relation as we expect them to become
unstable before reaching the non-linear strain regime. For example, in (4.31)) we find
that materials in the limit vg — 0 have a universal maximum stress €. = V2.

It is worth spending some words on whether this behavior is similar to what is
found experimentally, even though a proper analysis of the experimental data on real
world solids is well beyond the scope of this work. The classical results summarized
in [222] shows some similarities to our results. The fits to the measured stress-strain
relations in the most elastic rubber-like materials indeed show properties in agreement
with our results. The best fit to rubber materials are the ones that at large deformation
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have vg ~ vg. This similarity is promising because it confirms that the models near
the region vg = vp could actually correspond to these type of rubbers. It would be
interesting to check whether or hold in such materials, but we leave these
questions for the future.

We present another computation to exemplify the predictive power of the low energy
methods by extracting another non-trivial result of solid materials. In particular we
show that from the shape of the stress-strain curve it is trivial to determine the cubic
phonon interactions, as we see in —. Interestingly, in the particular case of
SI being realized in the EF'T we only need information from the linear elastic properties
to determine the cubic interactions of phonon modes, as displayed in —.

We should also highlight the difference between the example of the Chiral La-
grangian presented in Section to the solid EFT construction. In the case of the
Chiral Lagrangian we saw that the symmetry breaking pattern fixes the nonlinear La-
grangian up to one (or a few) constants, which are fixed experimentally. Naively, it
seems that the solid EFT action cannot be so predictive, as the symmetry arguments
seem to fix less the Lagrangian: up to some free functions. Nonetheless, we have re-
alized that the stress-strain curve of the solid fixes this function. Therefore, the solid
EFT model is much more predictive than it looks at first sight.

Another topic that we have addressed concerns the non-relativistic limit of phonon
modes to obtain realistic speeds. For generic values of vg and vg in the monomial poten-
tial presented in Section we have speeds of order of the speed of light. However, it
is common that phonons propagating in solid materials have speeds much smaller than
c. Recall that typical bounds on the phonon speeds are of order ¢y, ~ 107 ¢, which
would restrict the monomial potential significantly. Thus, in Section [4.2.2| we propose
another potential that allow us to control the speeds of the phonons while leaving the
stress-strain curve unaltered. This is achieved by introducing a term ~ v/Z, which is
proportional to the mass density of the material. This explains why the coefficient in
front of this term must be large in non-relativistic materials. Comparing Figures 4.2
and we see that only in the non-relativistic potential we have a large region of
parameters where €,,,, > 1, whereas in the monomial potential the region with very
large deformations is reduced to a ‘dot’ in the area close to (vg,vg) = (2,2).

Next in order we introduced the scale invariant solids, which we assume to be either
solids with spontaneously broken SI or with manifest SI, and studied the mechanical
response of such solid materials.

For the first case, it is consistent to consider that the mass-spectrum is gapped
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and then use the EFT methods mentioned above to study the gapless phonons as the
Goldstone bosons of the spontaneously broken space-time symmetries. The potential
of the most general solid with spontaneously broken SI in three space-time dimensions
is
Vspsr = 275 F(z) (6.2)

which is a free function of only one variable (z = X/v/Z) and the equation of state
parameter, w. This family of EFTs includes the previously studied conformal solid EFT
[79] as a particular value of w, however for other generic values the theory nonlinearly
realizes SI but not the full conformal group. We must mention that the theory presented
in (5.4]) is a novel example of a SI theory that does not realize the full conformal group.
This is yet another example of SI theory, such as the ones presented in [159]. The
theory of the spontaneously broken SI solid avoids being conformally invariant since
its ground state breaks the Poincaré symmetry, as we discussed in Section

The sub-case of the manifest SI solid needs to be treated with holographic methods
due to the dynamics of the phonon modes are controlled by an IRFP. In particular,
we use a massive gravity theory in an asymptotically AdS, space-time, whose elas-
tic response was shown to be associated with the presence of massless propagating
phonons [6]. Contrary to the spontaneous case, here the phonon modes are part of a
continuum spectrum instead of being isolated degrees of freedom. This is the reason
why the EFT methods used in the first sub-case cannot be applied here.

We have found that the phonon speeds can be slow compared to the speed of light in
the SI solids, as long as we have w small. In particular, we found that the longitudinal
and transverse speeds are related as

2(d—2
g =wc+ %C% (6.3)

with w being the equation of state and d are the space-time dimensions. It is a necessary
condition, as we can see, that the equation of state parameter is small in order to have
slow phonon speeds, which would be needed if we wanted to describe realistic materials.
This result shows that it is possible to have a SI solid with realistic (small) phonon
speeds, while conformal solids, such as the one presented in [79], are restricted to have
relativistic phonon speeds. Even in the case of the manifest SI solid we have proposed
a way to obtain non-relativistic speeds but further research in this direction is needed.

In both SI solids we compute several linear elastic response parameters, such as the
elastic moduli, the Poisson ratio or the propagation speed of the phonons in function
of the various parameters of the model. We find that in both cases maximally auxetic
solids (i.e. most negative Poisson ratio) may only arise in the limit of w < 1, otherwise
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the theory will have superluminal phonon modes (e.g. see Figure .

In the case of the holographic model it is straightforward extract the temperature
dependence of elastic properties, which allows us to show that these models interopolate
between a fluid phase and a solid phase by decreasing the temperature. The crossover is
continous and very analogous to what happens to some extent in glasses and amorphous
materials. The behaviour of the vibrational modes in these holographic systems has al-
ready produced some developments in the study of the latter [29,30]. In the Appendix[A]
we also discuss some aspects involving the thermodynamic properties of the holographic
model, which we would like to extend in the future to introduce more acoustocaloric
effects, which seem to be having growing interest recently [78,|118}/140,/166,221]. Fur-
thermore, it would be desirable to introduce dissipative and thermal effects within the
EFT picture of condensed matter systems [77,210].

In addition to the linear elastic properties we analyzed the non-linear mechanical
response of SI solids from both perspectives. In the case of the solids with spontaneously
broken SI we already worked out the stress-strain relations and the elasticity bounds
in the generic solid EFT case. For the case of the manifest SI solid we showed how
the elastic response can be extended to the full non-linear regime by obtaining the full
stress-strain curves. To our knowledge, this is the first time that the full non-linear
response of an AdS black brane geometry is presented by extracting the corresponding
stress-strain curve. Previous studies already discussed the linear approximation of this
elastic response, while [15,26] discussed the viscoelastic oscillatory (i.e. non-static)
response and [46] an out-of-equilibrium similar set up. Let us highlight the three main
differences between the two SI solids in the non-linear response:

e The elasticity bounds for the two types of solids differ substantially from each
other as we clearly see in Figure [5.14] The range of the accepted strain scaling
are almost decoupled and the values of the deformability €.« disagree by O(1)
factors. This discrepancy seems to be physical and due to the fact that SI is
realized differently in the two cases considered, thus the non-linear constrains for
the theories must be different.

e The holographic model presents an interesting feature in the stress strain curves:
it exhibits two different regimes of power-law stress-strain curves. At finite tem-
perature we find a scaling at moderately large deformation (of order 1 < e < 10)
and a second scaling at very large deformations, which is always smaller than the
first one. In the case of very low temperature only the second scaling controls the
stress-strain curve. The fact that this scaling appears is because these models
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contain a UV anisotropic Lifshitz fixed point. Whether this feature is specific to
the present model or whether it would appear in more generic elastic solids with
manifest SI remains unclear. However, we should note that for finite temperature
this second scaling could be rather irrelevant, as it appears at extremely large
deformations (i.e. € > 10) where most solutions show already some instability.

e Similarly to what happens in the case of non-relativistic solid EFTs the holo-
graphic models that exhibit highest elasticity share features similar to familiar
real-world elastomers. Indeed, we find that the model allows black brane solu-
tions to be stable under large deformations where bulk and shear scalings are of
the same order vp ~ vg (see Figure . This is similar to what happens for
natural rubber and other elastomers [81], thus it motivates us to call these type
of solutions black rubber.

There are some applications that could be derived from the study of these sys-
tems. We know that the electric transport properties of quantum critical materials
have been subject of recent efforts especially in connection to the anomalous scalings
found in strange metals. More recently there has been interest in whether phonons and
elastic properties can display surprising and interesting characteristics in these quan-
tum critical materials. In particular there are preliminary indications that phonons
in quantum critical systems may exhibit glassy or viscoelastic features [120]. Further-
more, the role of such viscoelastic properties of the materials has been discussed in
connection to the possible implications on high-T, superconductivity [195] and some
experimental reasearch has also explored the elastic properties of high-T,. cuprates su-
perconductors [187].

There has been a particular interest recently related to the non-linear mechanical
characterization of critical materials (such as the high-T, superconductors) due to the
technological applications these materials have [190,/191]. Hopefully the holographic
methods presented here may provide useful insights in the properties of these materials.
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Appendix A

Thermodynamic properties of solids
with manifest scale invariance

These results are not part of any publication.
Heat capacities

Due to this model of solids with manifest SI has a finite temperature description it is
worth taking a look at some of its thermodynamic properties, such as the heat capac-
ities of the system.

In thermodynamics, the heat capacity ratio is the ratio of the heat capacity at con-
stant pressure, C'p, and the heat capacity at constant volume, Cy,. The heat capacity
of a system tells us how much heat AQ we need to add in order to raise its temperature

AT

. AQ

This heat capacity can be defined also depending on the kind of process the system is
undergoing, whether we are doing it at constant pressure or constant volume. Thus,
let us define these two heat capacities (per unit volume) as

T (08 47(3 —m2ul®)
_ T [fo5) _ A2
=y (8T>V w2 (3+ (26— 1)m2u2®)’ (A2)

v \ a7 (A.3)

where we have used the second law of thermodynamics 6¢) = T'dS. These heat ca-
pacities grow with temperature, just like is expected for solid materials, and have a

o _T (05 3wy (3 — m2 ) (<3 4+ 26 + m?ul®)
P L, bm?(—3+3b+ m2u2®)
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quadratic scaling for Cy and a scaling of v¥ +2 = 2 (b+1) for Cp, as we can observe in
Figure [A.1] However, in solid materials it is also expected that at large temperatures
these heat capacities saturate at some constant value as we can see in [22].

C

105;

10*L

1000} i
;_' T2 (b+1)

100}

10}

T/m

T o 50 — TIm - 005 0.10 0.50 1
Figure A.1: Heat capacity at constant volume Cy (left) and constant pressure Cp
(right) for a benchmark potential with b = 2,3,4 (blue, red, green) as a function of
the temperature T'/m.

From these two heat capacities we can also construct another interesting thermo-
dynamical relation: the heat capacity ratio v. The heat capacity ratio is defined as the
ratio between the heat capacities and for our benchmark potential we obtain

Cp  3(2b—3+m*u;®)(3+ (2b—1)m?u;®)

=— = ) A4
7=y ui®4bm? (=3 +3b+ m2ui®) (A4)

This heat capacity ratio is exactly v = 1 for T'/m = 0, as solids have very similar
pressure and volume heat capacities Cp ~ Cy, and grows with temperature with a
power-law scaling of v = 2.

Interestingly, this « is related to two different notions of bulk moduli. Up until now
we have just considered the adiabatic bulk modulus (e.g. see ([5.49)-(5.50) or (5.112))
-which now we are going to label Kg to avoid confusion- but there is a second notion of
bulk modulus which is the isothermal bulk modulus. This second definition considers
a constant temperature process instead of an adiabatic one

dp

Kr=-V —| . A5
T VdVT (A.5)
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However, the bulk modulus that controls the speed of phonon modes is Kg as noted
in [13§].
With this definition we can check that both the ratios of the heat capacities and the
bulk moduli are exactly the same, as expected,
Y= % _ % | (A.6)
1% T

We should note here that the definition we are employing here is in tension with the
one considered in [11}19], where the bulk modulus is defined through a so-called lattice
pressure p;, an extra contribution to T,, as a result of working around a uniformly
strained equilibrium state. Therefore, using that definition for the bulk modulus the
form of the longitudinal speed changes substantially from (3.15]).

The interested reader may read [19] for the exact definition of this lattice pressure.
Let us point here that p; is related to 7)., and to the so-called thermodynamic pressure
pen, Which is defined through the thermodynamic potential ) as

pin-V=-Q=-TS (A7)

where Sg is the Fuclidean on-shell boundary action. This pressure fulfills the thermo-
dynamical relation
ptn+p=sT (A.8)

and differs from 7,, as discussed in [9]. All in all, the relation among these three
pressure is

b= sz =P+ pr- (Ag)

There is another thermodynamic relation that indicates us that working with the
mechanical pressure T, seems to be the sane choice. According to [138] we should
have

Cp — CV = TOé% ICT (Al())
where aq is the thermal expansion coefficient
1 /0V 1 ap
=_ () = — (=£ , A1l
=y (8T)p Kr <8T)V (A.11)

It is easy to check that (A.10)) only holds if we consider the mechanical pressure p = T,
Using this definition we may obtain the thermal expansion coefficient
C2(2b=3)mu, (=3 +m?up)

bm? (=3 +3b+m2ui®)

(A.12)

T =
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which is positive and grows with temperature with a power-law scaling of 2 — 1 =
2b — 1. This result is completely different from the one in [19], where the thermal
expansion they obtain from is negative, decreases with temperature as 1/7" and
is independent of the potential chosen.

Griineisen parameter

In solid state physics, the Griineisen parameter v was originally introduced to study
the effect of varying the volume of a crystal lattice in its vibrational frequency [135] and
has been used to investigate the characteristic energy scales of systems with respect to
changes of external potentialdl|

The original formulation of 74 was proposed by E. Griineisten for the Einstein
model [9394] and it was used to quantify the degree of anharmonicity of the structure
of the energy spectrum in volume changes:

% 8w0 % oS OéTV 810gT
__ _ Y (92) _ __ Al
E= T Y T Oy (av)T oy KT (8logV)S (A.13)

where the excitations in a solid are described by N phonons with the same frequency wy
(notice that for an harmonic model phonon frequencies would be volume independent).

The Griineisen parameter for our model is remarkably simple, it is quite easy to
find that

1

e =5 (A.14)

so it does not depend on temperature or even the potential.

We should note that in [136}227] it was found that due to the temperature scaling of
C, and ar the Griineisen parameter diverges when approaching to a quantum critical
point.

1See [223] for a review on the Griineisen parameter.
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More on solid EFT in d dimensions

In order to compute the speeds of the phonon modes we need to calculate the quadratic
action on the perturbations around the background of the fields ®/ = « (! +7!) which

give us
I]J = a2(61J+817rJ+8J7r[+8“7r18#7rj).

The most relevant expressions up to quadratic order are summarized below

Tr(Z") =o' ((d—1) —n7a” +2nd;m)
+n(2n —1)(0; 75)* +n? (0; m)?),

Z = a2 (14 20,7k — 32 + (9,7)?)

Tr(Z™
xnzr(—i):d—l—i—nQ(aiﬂjT)Z—i—

7/ d-1

2(d — 2)
d—1

where we have split the perturbation into longitudinal and transverse modes

n® (0;w))?,

oml =0 8[<7T-L] = 0.
The action at second order is then
(55(2) = — /ddx (— N7T12 + C% (@ 7TiL)2 + Cg (81 7TJT)2)
where

N=2V,,
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C%_ +2szZ+2(d—2) 2

g =—==1 v, T T (B.8)
2 d—2 o
2 _ G _ N~ Ve,
CT—N—Z A (B.9)

We would like to relate this to the bulk and shear moduli. The stress-energy tensor is

2 48 ov

T = — = o = 0 V2o
S T g s e T g

Our potential is a function of Z and z,,, so

ov 0Z oV

0Tl — 0Tl 07

+‘§<0Tr(zn) 1 9Z = x_n> oV
oIl Zn/dat 9Tl d—1 Z )0z,

9,®" 0,0 (B.10)

(B.11)

Let us start computing the shear modulus. The shear strain changes our background
to

e et (B.12)

where we can take €}, = &7 with no loss of generality. We assume that £/ # 0 for
¢ # 7 and look at the component 7;; at first order in 5{ , and extract the shear modulus
comparing with equation (3.6). Notice that the term 2% cancels with 9;®'9;®”. To
check this, first we make the derivative of Z with respect to Z'/ using Jacobi’s formula

= adj’ (7). (B.13)
Contracting this with
0,0'0;07 = (515J+515‘7+5" Na? + 0(?). (B.14)

At linear order we find that adj”(Z);; = —2¢;a?** (with i # j) and adj” (Z); =
a?=4(1 4+ O(e)). Therefore

07 57 o 51T 4 57:0) o2
aIU((S(S +d;e5 +05¢e;) a

= adj’ (Z);; a* + 2024 Ve, = 0. (B.15)
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The only non-zero term is then

oV OTr((Z%H)™) 1 7 J
Ty =2 Z T gt 001 ;. (B.16)
For the derivative of the traces,
Tr(Z") =227l Tl Tl one finds
0Tr(Z) OTr(Z?%)
W:51J7 WZQIU;
and .
agrz(i) = pZtB gl glhealnghhd (B.17)

for n > 2, where we have used the cyclic property of the trace. Since 7!/ = o?(6;; +
el + /), finally we can find that at linear order

d—2 ) oV
,T%j = 461‘]‘ Z n o = 25ij Q (B18)
n=1 n

For the bulk modulus we consider a purely volume deformation (zero shear), which can

be parametrized as
K

d—1
where k is the bulk strain, and we look at Tj;.
Notice that V,, does not appear here as we can easily check using 9;®! 9,07 =

a=1+

(B.19)

a?6l 67
oTr(Z™) 1 0Z n  m,\
— — — — = 0. B.20
( oTi  zZn/d-1 ~ JTii d— 1 Z) “ (B:20)
Therefore we arrive to
T, = -V +22V, (B.21)
and from the equation above we can already find the important result
p+p=22Vy. (B.22)

Finally, using the definition of the bulk modulus (3.7) together with ¥V o o'~¢ and

(B.19), one arrives at
dp dp ATy
k=-V W dk dk

(B.23)
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From (B.21)), then, one finds
K =22V, +4722V,, =42%20, (x/ivz) . (B.24)

It is also possible to rewrite, the bulk modulus in terms of the equation of state
of the solid, understood as the functional dependence of the pressure on the energy
density, that is P(p)|,, by changing only the density — that is at zero shear strain. Note
that

dp dp dZ dp
= 2= _ Xozv, B.25
dp dZ dr ~ dp 7 (B.25)
where we use p = V. Therefore we find
KDy (BB.26)
p+p dpls

which leads to (5.8). The subscript |, stands to recall that the derivative is at vanishing
shear deformation.



Appendix C

Holographic Stress Tensor

We can explicitely compute the boundary stress tensor 7" following [32]. In particular,
for asymptotic AdS, spacetime, we have:
1

T = o= (O — OF — 22" — GL) (C.1)
™

where we set the AdS length [ = 1. The metric Z,, is the boundary metric and ©*”
the extrinsic curvature of the boundary surface, with © its trace. Our boundary metric
is given by

1 e X f(u) 0 0
Bij=— 0 cosh h(u) sinh h(u) (C.2)
Y 0 sinh h(u) coshh(u)

and it is clearly flat, implying G&Z" = 0. We can define the normal vector to the
boundary as:

n”: (0,0,07\/%>, (Cg)

where ¢"* = u?f(u). The extrinsic curvature can be defined as usual

O = %(vu"v + Vony), (C4)
and it reads , ,
g ) = () (6 + w'(w) )
2v/ f(u)

Close to the boundary, we can expand the function h(u) as in (5.44) and f(u) =
1 — M(u)u® (where M(0) would correspond to the energy density of the system) and
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find that the off-diagonal component of the stress-energy tensor is
1
Ty = 5 (3Cscosh (Cy) + M(0)sinh(Cy)) (C.6)

This result is a direct manifestation of the presence of a strain deformation in our
background and it will encode the corresponding response, i.e. the shear component
of the stress.

Interestingly one can also notice that

T — gcg. ©.7)

T

Using the standard holographic renormalization techniques [197] we can also identify

3
T,uzz = 59;(3/)7 (CS)

where g,(fy) is the sub-leading term of the induced metric expressed in Fefferman-Graham

coordinates. As a first step we have to rewrite our ansatz in the FG form using the
coordinate transformation 12 2
z u
— = — (C.9)
2 v f(u)
where z will now be the holographic (FG) coordinate.
Again, using that the asymptotic behaviour of f(u) is 1 — M (u)u
4
for small z we have u = z — %. Now we can already look at our metric and derive
the stress-energy tensor. For instance, for the off-diagonal term, we are interested in,

we have

3 we can find that

1
=5 (sinh(Co) + (3C3 cosh (Co) + M(0)sinh(Cy)) 2°), (C.11)
where higher orders in z have been suppressed. We can identify T, easily in this
expression and see that the result is the same we found before in [C.6] This result
give us a robust definition of the non-linear stress in our system which can be indeed
identified as:

- = %(303 cosh (Co) + M(0)sinh(Cy)) (C.12)

Since we impose the boundary condition Cy = 0 the stress, we use in all our com-
putations, is simply defined by ¢ = %C:»,.
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