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Abstract

We discuss a holographic model consisting of a U(1) gauge field and a scalar field
coupled to a charged AdS (anti-de Sitter) black hole under a spatially homogeneous
chemical potential. By turning on a higher-derivative interaction term between the
U(1) gauge field and the scalar field, a spatially dependent profile of the scalar
field is generated spontaneously. We calculate the critical temperature at which the
transition to the inhomogeneous phase occurs for various values of the parameters of
the system. We solve the equations of motion below the critical temperature, and
show that the dual gauge theory on the boundary spontaneously develops a spatially
inhomogeneous charge density. In addition to that we discuss the zeroes and poles
of the determinant of the retarded Green function (det Gg) at zero frequency in
a holographic system of charged massless fermions interacting via a dipole coupling.
For large negative values of the dipole coupling constant p, det G possesses only poles
pointing to a Fermi liquid phase. We show that a duality exists relating systems of
opposite p. This maps poles of det G at large negative p to zeroes of det G at large
positive p, indicating that the latter corresponds to a Mott insulator phase. This
duality suggests that the properties of a Mott insulator can be studied by mapping
the system to a Fermi liquid and then for small values of p, det Gr contains both
poles and zeroes (pseudo-gap phase). Finally, we study holographic fermions in the
spontaneously generated holographic lattice background defined above. We solve the
equations of motion below T, (critical temperature) and analyze the change in Fermi

surface due to introduction of the holographic lattice. The band structure of this

vii



fermionic system was also analyzed numerically and it was found that a band gap

was formed due to lattice effects.
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Chapter 1

Introduction

Recently ongoing studies have revealed that gauge/gravity duality makes possible to
understand the strongly coupled quantum systems. Gauge/gravity duality relates
string theory with the observable world by using the Maldacena’s idea of the
correspondence of strongly coupled gauge theories to weakly coupled gravity. The
correspondence is defined by using two different ways of defining the string theory
structures, branes. Omne perspective is to consider the branes as solutions to
supergravity, low-energy theory of open strings and the other perspective is to consider
them as low-energy theory of closed strings in which the gauge theory lives on the
brane. The origin of gauge/gravity duality is string theory but it has become a
powerful tool to study the strongly coupled systems such that rather than focusing
on string theory itself it focuses on the properties of strongly coupled systems like
condensed matter systems, and heavy-ion collisions. In this thesis gauge/gravity
duality is used to analyze condensed matter systems. Since the gauge theory
lives in a higher dimensional space the word holographic is used for these kind of
condensed matter systems, e.g. holographic superconductors, holographic superfluids,
holographic charge density waves etc.

In this thesis some particular condensed matter applications of gauge/gravity

duality are presented in the following organized fashion. In Chapter 1 we start



with providing some background information about the condensed matter systems
like superconductors, charge density waves, and the band structure of the electrons
moving in periodic potential. The purpose of this introduction is to give the readers
of this dissertation an opportunity to understand the fundemantal concepts and
theories related to work presented in this dissertation. Then we continue with a brief
overview of gauge/gravity duality and AdS/CFT correspondence. In Chapters 2 and
3 we present our previously published work in Physical Review D [12], [13] and in
Chapter 4 our work in presubmit stage in collaboration with James Alsup, Eleftherios
Papantonopoulos, and George Siopsis. In Chapter 2 a holographic superfluid with
spatially inhomogeneous background was explored. The inhomegeneous phases
were spontaneously generated by the higher order derivative coupling between the
electromagnetic and the scalar field. The system was studied above and below the
critical temperature. In Chapter 3 the zeroes and poles of the Green’s function were
studies in a holographic system whose bulk has an AdS-Reissner-Nordstrom black hole
with a dipole coupling. As a result, we show that the dipole coupling acts as an order
parameter in Mott physics. As we vary the dipole coupling parameter we observe
the transfer of the spectral density between bands. In Chapter 4 we put holographic
fermions to the system that we studied in Chapter 2. We study the spectral functions
of the system to see holographic lattice effect which is spontaneously generated by
high-derivative coupling between the electromagnetic and scalar field. To be able to
analyze the system we solve the equations both analytically and numerically by using
perturbation theory. The findings of our study reveals the band gap structure at the

Brillouin zone boundary which is discussed in section 1.1.3.



1.1 Background: Superconductivity, Charge Den-
sity Waves, and Holography

1.1.1 Superconductivity

In 1911 Kamerlingh Onnes observed the disappearance of the electrical resistance of
some metals like mercury, lead, and tin in a small temperature range at a critical
temperature 7., which depends on the type of the metal. There are two important
indications of the superconductivity. The one which might lead to the potential
applications of superconductivity, such as high-current transmission lines or high-
field magnets is the perfect conductivity. The second one is the perfect diamagnetism
which was discovered by Meissner and Ochsenfeld in 1933 [14|. The Meissner effect
is defined through perfect diamagnetism which means that any magnetic field that is
present in the bulk of the sample when 7" > T. is expelled when 7' is lowered through
the transition temperature [1]. The transition from the superconducting state to
the normal state can occur at a critical magnetic field H,., which depends on the
difference between the free energies of the normal and superconducting states. This
energy difference is called the condensation energy of the superconducting state and
given by
HE(T)

2ed = fulT) - 1(T) (1.1

Also experiments showed that

(1.2)

as seen in Fig.(1.1).
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Figure 1.1: Temperature dependence of the critical magnetic field of a typical
superconducting material [1].

London Equations

In 1935 London brothers published a paper to give a theoretical explanation to the
persistent electric currents in the superconductors [15]. The derivation of London
equations is the following. The equation of motion of a dissipationless electron in

superfluid is

— = —ek 1.3
m— € (1.3)
then the current density is given by
j: —nsel_))s (14)
then we obtain,
dj dvs  nge® -
o pee—2 = £ . 1.5
at — a T m (1.5)

Eq.(1.5) tells us that in stationary conditions there is no electric field in the
superconductor and this equation is called the First London FEquation . Then from

Faraday’s Law,
1=

VxE=--B (1.6)
c
by integrating Eq.(1.5) we obtain the solution
- - ngets S
V xj+ B=C (1.7)
me

4



where the constant vector C is to be determined from the initial conditions. To
satisfy the Meissner effect London brothers proposed this constant vector C to be
a zero vector. This leads to so called London gauge, ie. j = —%ff Using this

information we find the Second London Equation.

2
Vxj=-1pH (1.8)

mc

nse o g phenomenological parameter which only depends

Here the constant A\;, =
on the type of the material. This parameter is called the London penetration depth.
The applied magnetic field to the superconductor decreases exponentially with the
distance from the surface of the superconductor with an exponential factor of the

London penetration depth, i.e. é(a:) = Bappﬁe*I/AL. The temperature dependence

of this penetration depth is experimentally found as the following.

AL(T) ~ A (0) [1 - (%)4

~1/2
(1.9)

2

where Ap(0) = %5,

Landau-Ginzburg Theory of Superconductors

Although London and Pippard theory was good enough to explain the phenomeno-
logical behavior of the superconductors these theories also had some deficiencies to
be fixed. For instance, in London’s theory the superfluid density ng was assumed to
be constant in time and uniform in space and since it is treated to be given there
was no way to understand the dependence of ng on parameters like temperature or
applied magnetic field within these theories.

In 1937 to resolve these deficiencies of London theory Landau introduced the
idea of order parameter to describe the phase transitions [16]. This order parameter
that Landau introduced was constant in time and space. The main point of the

Landau’s theory was to describe the free energy in terms of the order parameter and



then find the phase transitions by minimizing the free energy with respect to the
order parameter. To cover the spatially non-uniform densities Ginzburg and Landau
included the gradient terms in the free energy as well [17]. We write the functional
for superconductors as the following.

2 2

B
+ —

o (1.10)

Flv. Al [ [aw +opt

(’iv _ gA) y
7 C

where the kinetic momentum and energy density of the magnetic field term are the

terms added to the Landau functional. Minimizing this functional F' with respect
to the order parameter 1) and the vector potential A respectively we obtain the

Ginzburg-Landau equations as the following.

2
21* (EV—QA) Y+ ay + By =0 (1.11)
m 1 C
= CUxB=i T vy - vy - LA (1.12)
J 47 2m* m*c ' '

As one can see from Eq.(1.12) in the case of uniform (r) current j reduces to the

form of the London equation, i.e. j = —ejn—”CSA,
20,12

jo Py (1.13)
m*c

Therefore, we can deduce that

20,12 2
ol _ens (1.14)
m m
Setting ¢ = —2e and m* = 2m, the superfluid density ng becomes

20,12 20,12
m q*|y] m 4e?|1| 5
- = — =92 . 1.1
ns =5 i 9] (1.15)




Finally, the penetration depth is

mc?

A:

(1.16)

4me2ng

There are two characteristic length scales in Ginzburg-Landau theory of super-
conductors and superfluids. The penetration depth () is associated with the vector
potential A and the coherence length (£) is associated with the order parameter
field |¢(r)|. They are the minimal spatial scales over which they can vary with their
respective fields. The dimensionless ratio of these two length scales is called Ginzburg-

A(T)

Landau parameter (FL = @) Depending on whether « is less than or greater than

1/ V/2 superconductors are called Type-I or Type-1I superconductors respectively.

BCS Theory of Superconductors

In 1957 Bardeen, Cooper, and Schrieffer [18] published a paper on the theory of
superconductivity which is also known as BCS theory. In the BCS theory, they
showed that there is an instability in the Fermi-sea ground state of the electron gas
due to the weak attractive interaction between electrons. This instability occurs for
the formation of bound pairs of electrons which are in the states with equal and
opposite momentum and spin [14]. These bound pairs form charged bosons which are
called the Cooper pairs. BCS theory predicted the minimum energy to break a pair
is £, = 2A(T") and as a result two quasi-particle excitations are produced. The value

of A(T') increases from zero at 7T, to
L(0) = 2A(0) = 3.528k5T, (1.17)

in the limit of T" <« T, where kg is Boltzmann constant. This value of gap is close
to the values measured for simple elementary superconductors. On the other hand,

the superconductors with stronger coupling and for unconventional superconductors



this value do not match with the experimental results. For instance, for mercury the

gap ratio 2A(0)/kpT. ~ 4.4.

High 7, Superconductors

In 1986 high temperature superconductivity in layered materials dominated by
copper oxide (CuQOs) planes was discovered by Bednorz and Miiller [20]. After
this discovery superconductors with 7. higher than 40K are classified as high-T.
superconductors. Although BCS theory, which is based on the weakly-coupled
Fermi liquid description [29], suggests that the superconductivity is induced by the
electron-phonon interactions in high-7, superconductors it is believed that strong
electronic correlations play the key role. The underlying physical mechanism for
high-T, superconductivity is not clear yet but some models (e.g. Hubbard model) are
used to study these type of materials. So far the highest critical temperature measured
is T. ~ 133K [21] for a mercury, barium, calcium, copper, oxide (HgBayCasCu30s).

For cuprates, a type of high T, superconductors, the crystal structures share
the two-dimensional Cu-O planes. Although the mechanism behind it is not well
understood yet for high T. superconductors the superconducting state is formed by
Cooper pairs. Another difference between the conventional superconductors and the
high T, superconductors is that they former has s—wave and the latter has d— wave
symmetry for their Cooper pair wave function.

In the presence of many competing and mutually frustrating interactions a rich
phase diagram can appear in quantum many-body systems. For example, the
quantum critical behavior of the heavy fermion systems is summarized in Fig.(1.2).
In these systems, the ordered phase that terminates at the quantum critical point
(QCP) is magnetic, and is clearly visible in experiments. The phase diagram of
cuprate high-T. superconductors (see Fig.(1.3)) is another example of one of the
richest and most interesting phase structures has been known to appear in strongly
correlated materials. The phase diagram of a hole-doped high-T,. superconductor

starts with an insulator phase with the antiferromagnetic order (Mott insulator) in the

8



Quantum
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Figure 1.2: Quantum criticality in heavy-fermion systems. The temperature is
plotted with respect to the control parameter, e.g. pressure. Figure taken from [22].

underdoped regime which has strong electron-electron correlations is then followed by
the superconductor phase. Adjacent to the Mott insulator and superconductor phases,
there appear the pseudogap and strange metal phases, where transport properties
are highly unusual. For example, strange metals or non-Fermi liquid show linear
resistivity which makes weakly coupled description insufficient [29]. The underdoped
regime also exhibits a variety of spin and charge orders that can be static or fluctuate
in addition to the pseudogap phase, which suppresses spin and charge excitations
below a temperature T*. As we increase doping x beyond the superconductivity
phase, there is the fermi-liquid phase. One of the properties of the Fermi liquid phase
is that the resistivity is proportional to T?. Due to short superconducting coherence
length, low carrier densities, and quasi-two dimensionality the transition temperature
relative to its mean field value due to phase fluctuations favor a suppression. It
is hard to identify which competing orders are essential to the description of high-
T, superconductivity. Some questions still beg for an answer in understanding the

pseudogap phase [22].
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Figure 1.3: Doping temperature phase diagram of the hole-doped cuprate
superconductors. Figure taken from [22].

1.1.2 Charge Density Waves (CDW)

Electron-phonon or electron-electron interactions result in the development of the
density waves ground state in low-dimensional metals [23]. A periodic spatial variation
of the charge or spin density can be observed in the ground states which are coherent
superposition of electron-hole pairs. The spatial variation of charge density is called
the charge density wave (CDW). The resulting ground state consists of a periodic
charge density modulation accompanied by a periodic lattice distortion. Both periods
are determined by the Fermi wavevector kr . The charge density of the collective mode
is given by [24]

p(r) = po + p1cos(2kp - r + ¢) (1.18)

where pg is the unperturbed electron density of the metal. The formation of the charge
density waves results in a strong modification in both the electron and phonon spectra.
The phenomenon is usually described by discussing the behavior of a one-dimensional
coupled electron-lattice system, with the electrons forming a one-dimensional electron

gas, and the ions forming a linear chain.

10
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Singlet superconductor electron—electron S =0 g=0 gauge
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500 eyl
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er,a,h_,—a
Charge density wave electron—hole S=0 q = 2kp translational

ey h—so

Figure 1.4: Various broken symmetry ground states of one-dimensional metals.
Figure is taken from [25].

The consequence of the electron-phonon interaction and of the divergent electronic
response at ¢ = 2k in one dimension is a strongly renormalized phonon spectrum
generally referred to as the Kohn anomaly. This identifies a phase transition to a state
where a periodic static lattice distortion and a periodically varying charge modulation
with varying charge modulation with a wavelength \g = 7 /kr develops.

The ground states of different broken symmetries carry similar characteristics
with superconducting state. One of these common properties is that for all of the

condensates there is a complex order parameter which can be written as
A = |Ale™ (1.19)

Although the gauge symmetry is broken for superconducting ground states the broken
symmetry for the density wave ground states is the translational symmetry. This
difference between the superconducting and the density wave ground states is the one
which makes them have different collective excitations and different coupling of the
collective modes to applied electromagnetic fields. In Fig. 1.4 the different ground
states of one-dimensional metals is given depending the total momentum, total spin,

and broken symmetry.

11



The charge density waves’ collective excitations occur below a single gap which has
an amplitude of |A|. This single particle gap occurs at £kr and doesn’t contribute
to the DC conductivity due to the presence of impurities and lattice imperfections.
Therefore, instead of causing a supercurrent as in the case of superconducting states
the collective modes lead to semiconductor behavior below a transition temperature
[23]. Frohlich (1954) pointed out that the absence of these pinning and damping

supercurrent of the condensate is lead by the collective modes [24].

1.1.3 Electrons in periodic potential

Although in simple free-electron models like Drude and Sommerfeld models the
electrons are assumed to be in an empty box, to explore the properties of the metals
we need to consider the crystalline structure of the ions since the conduction electrons
move in the periodic potential formed by the ions.

The Fourier transform of the periodic potential felt by the electrons is [1]
V(r)=> Vke™~, (1.20)
K

where K is the vectors of the reciprocal lattice. Using the relation K-R = 27 x integer

between reciprocal vector K and translation vector R we can write
Ve +R) = 3 Viee® R = Sy ) (1.21)
K K

due to the periodicity of the cyrstalline structure. The Bloch’s theorem states that
in a lattice-periodic the Hamiltonian is also periodic and the eigenfunctions can be

written as

7ka(r) _ eik-ru(r) _ Z CKei(k+K)-r (122>
K

where u(r) are lattice-periodic functions and where we expanded the periodic part in

Fourier series.

12



In Schrodinger equation

H(r)(r) = [—h—v2 T v<r>] b(r) = Bi(r) (1.23)

2m

we substitute the Fourier expansions and find

hQ Y ; ’ : ’
> [—(k +K)?+ ) Vine'™ ] Crre’™ T = B " Crorel™KI™ (1.24)

2m
Kll K/

K/

Integrating over the volume and simplifying we obtain

[E—%—£;k+KﬂCk:z)@Q@H (1.25)
H#0
The main goal is to obtain a good approximation to the potential V(r) by solving
this infinite set of equations to understand the energy band structure. Solving these
equations by assuming that Vk = 0 for K # 0 is called the free electron model then
we can write

EK = ‘/0 + Ek+K (126)

and 01(2) = 1 for only band K and zero otherwise. Then the energy band structure
can be plotted as in Fig. 1.5.

Another way to solve these infinite set of equations is to use the perturbation
theory in which Vi for |K| # 0 is taken to be very small. This type of model is called
the nearly-free-electron model. Let us start with the lowest band which has C’éo) =1.
Then we can write

h?k?

EO=Vo+ -,
2m

ci” =1 and C’I(?) =0 for |K|#0. (1.27)
The first order equation is then

FLQ
E-Vy—o—(k+ K)z] ' = go Cx—nViny (1.28)
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Figure 1.5: One dimensional energy band structure for free electron model on the
left side. Band gap formation in the presence of periodic lattice on the right side.
Figures are taken from [1].

and we can solve for C’I(é) and find

Vi
= - (1.29)
o (K2 — (k+ K)?]
which gives the equation for the energy of the lowest band as following.
Vi 2
E=Vy+ex— Wi (1.30)
K20 TR T €k
which is valid for |ex,x — x| > |Vk| where we defined e, = h;:f. The denominator
goes to zero at ek = €k or |k + K| = |k|.

When the difference between two wave vectors is equal to the reciprocal lattice
vector, i.e. k' —k = K, they are said to obey the Bragg reflection condition. For
the degenerate case where |k + K| ~ |k| denominator of Eq. (1.29) goes to zero and
there is a degeneracy which can be lifted by the presence of the periodic potential.
This degeneracy eliminates one of the basic assumptions of the perturbation theory
of having small coefficients. To resolve this issue we assume that Cy and Ck are not
small but important at this particular point. The reason for these coefficients being

large is the mixing of the degenerate states [2]. Then we obtain the following system
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Figure 1.6: Nearly-free-electron model band structure for reduced and extended-
zone scheme respectively. Figures are taken from |[2].

of equations.

(E—Vo—ex)Cy=CkVok,
(1.31)

(E — Vg — 5k+K)CK = C()VK .

The solution of this system of equations give two solutions for the band energy as

1/2

1 _ 2
Vk|* + (—8“”‘2 8“) ] (1.32)

Ei(k) =V + 3 ek + exrk] £

For the particular case of Bragg condition the band energy becomes

Ei(k) = Vo +ex + Vi . (1.33)

The plot of this energy band structure can be seen in Fig.1.5. Looking at the
Brillouin zone boundary one can see that the degeneracy is lifted and there is a
gap between two bands. The magnitude of the band gap is proportional to the
magnitude of the periodic lattice potential. In Fig. 1.6 the extended and repeated
zone scheme is plotted where all degeneracies are lifted at the center and boundaries
of the Brillouin zone. The difference between the free-electron model and the nearly-
free-electron model is the lift of degeneracies at the center of the zone boundary.

Another interesting point in the nearly-free-electron model is that the group velocity
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and its perpendicular component are zero at the center and boundary of the zone
respectively. As a result of this the dispersion curves are perpendicular to the zone

boundary |[2].

1.2 AdS/CFT Correspondence and Holography

In 1997 Maldacena proposed a conjecture which states that type IIB string theory
compactified on AdSsx S° and four dimensional N = 4 supersymmetric Yang-Mills
theory are equivalent to each other. This conjecture is then called the AdS/CFT
correspondence where AdS stands for anti-de Sitter space and CFT stands for the
conformal field theory. In other words, we can state the equivalence as a quantum
gravity theory in an asymptotically anti-de Sitter spacetime is equivalent to a
quantum field theory in a lower dimensional space. This is the reason why this
correspondence is referred as holographic principle. Another reason is that the number
of degrees of freedom in the bulk is equal to the number of degrees of freedom at the
boundary.

The derivation of the AdS/CFT correspondence in the original conjecture that was
proposed by Maldacena can be done by considering type IIB string theory in 9+1
dimensional spacetime with a stack of N' D3-branes [26]. One of the ways to think of
D-branes is that they are open string theory objects on which the open strings end on
them. Another way is that low energy closed string theory equations of motion gives
solitonic solutions which are D-branes. A stack of N D3 branes can be described in
terms of both closed and open strings. At the low energy, which is below the string

~1/2 or which is equivalent to taking [, — 0, the quantum gravity of

mass scale (o)
closed strings are reduced to classical supergravity. On the other hand, open string
theory in this limit corresponds to the planar limit N — oo of SU(N) gauge theory.
Therefore, at this low energy limit the open and closed string descriptions reduce to

N = 4 super Yang-Mills theory and string theory on AdS;x S°, respectively [27].
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Since we do not have a full understanding of non-perturbative structure of the type
I1B string theory on a curved sprace background there is no mathematical proof for the
AdS/CFT correspondence. Although there is no mathematical proof for Maldacena’s
conjecture, recently published studies [31] and [32] test the duality by providing a
numerical calculations which presents convincing evidence that the conjecture is true

To test the accuracy of the proposal by Maldacena, Hanada et. al. did numerical
calculations on the both sides. They compared the entropy of a black hole in the
gauge theory and entropy with a gravity theory with the first quantum gravity
correction included. As a result of their Monte Carlo simulations they found out
an agreement between the two computations. This agreement presents an evidence
that the gauge/gravity duality is valid and string theory is internally consistent as a

quantum theory of gravity [34].

Large N Expansion

Although there are different forms of AdS/CFT correspondence conjecture the
starting point of the Maldacena’s conjecture was due to a paper of 't Hooft in 1973 in
which 't Hooft proposed an interesting connection between SU(N,) gauge theories in
the large N, limit, i.e. N, — oo, and string theory [4]. A simple toy model in N' =4
Super-Yang Mills theory has the Lagrangian of the form

L o< Tr [09,09; + gymc?* ®,0,;®), + g3y d7H ®;0;D1,P)) (1.34)

where the fields ®; can either be any bosonic field X* or gymA,. After rescaling the
fields by ®; = gym®; and defining the fixed 't Hooft coupling, X = g3 N. as N, — oo
it was found out that the expansion of Feynman diagrams in 1/N, is equivalent
to a topological expansion of the corresponding surfaces. In the weak form of the

correspondence the limit of N, — oo and A is very large case the o’ is assumed to
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be small. Therefore, expanding supergravity in small o/ is dual to a field theory
expansion around strong coupling limit.

The virtue of providing strong/weak coupling duality of AdS/CFT is helps us to
explore properties of strongly coupled quantum field theories from the calculations
done in weakly coupled gravity. This is also what lets us to study the holographic
lattice structure and holographic fermions and their zeros and poles in this thesis in
the following chapters.

Now, let us summarize some properties of AdS space which are useful in

constructing the correspondence.

Anti-de Sitter (AdS) Space

One of the solutions to Einstein’s equations with negative cosmological constant is
anti-de Sitter space (AdS). It is a maximally symmetric Lorentzian manifold with
negative curvature [6]. A d-dimensional hyperboloid
d-1
Xo+X;-) XP=17, (1.35)
i=1
in (d+ 1)-dimensional embedding with AdS radius, L, which is a global constant and
in which the metric is o

ds® = —dX} — dX3+ > dX?. (1.36)

i=1
The construction of AdS space gives it an isometry group of SO(2,d — 1). Since the
conformal group of the gauge theory is the same as the isometry group of AdS it is

easier to establish the gauge/gravity duality.
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In different coordinate systems the metric of the AdS space can be written in

different forms. One of the forms that satisfy Eq.(1.35) is that

Xo= LcoshyxcosT,
Xy = LcoshysinT , (1.37)

X; = Lsinh y Q;

where i stands for i = 1,...,d — 1, 7 € [0,27), x > 0, and >, Q7 = 1 which gives the
metric

ds® = L*(— cosh® x d7* + dx* + sinh® x d23) . (1.38)

The coordinates (7,,€2) covers the entire space therefore they are defined as the
global coordinates. Due to violation of causality the coordinate 7 needs to be
unwrapped so that it is between —oo < 7 < o0.

In a different form we can write the metric by using Poincaré coordinates as
following. The local coordinates (u,t,x) with 0 < u, —0o < t < 0o, x € R? can be

defined in terms of the global coordinates as

1

Xo=2—[1+u2(L2+x2—t2)}, X, = Lut,
“ (1.39)
Xt = 9% 1—-u?(L?+x*—t))], X;=Lux;, for i=1,...d.

The reason why these coordinates are local is that they cover only half of the

hyperboloid in Eq.(1.35). Then we obtain the metric with Poincaré coordinates as

du ] (1.40)

ds® = L? [—2 + u2d:pudx“
u
In addition to using the coordinate u it is more general to use the transformation
z = u~! then this transformation gives the metric

L2

ds? = g(—dtQ +d7? + d2?) (1.41)
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where the conformal boundary is located at z = 0. Another useful parametrization

is given by r = L?u which leads to

2 L2d 2
ds? = —dx,dat +

- (1.42)

Finally, another form of coordinates is the static coordinates (¢, 7, 8, ¢) where the static
coordinates are defined as t = L7 and r = Lsinh y. For example, the asymptotically
AdS metric for d =1 is
2 r? 2 2\ 2 2 1002

ds :—<1—|—ﬁ)dt +(1+ﬁ) dr® 4 redQ* . (1.43)
Due to the factor —ggpy = 1 + 2—22 the temperature and the energy is red-shifted
therefore, there is an infinite potential wall at the asymptotic infinity of AdS space.
In AdS/CFT, the radial coordinate is interpreted as the energy scale of the gauge
theory. Depending on how close an energy excitation to the AdS boundary the energy

of the gauge theory changes from IR to UV as r — 0 to r — oo [29].

For Einstein-Hilbert action with a cosmological constant A

1
167Gy

/ de/—g[-2A + R] (1.44)

where Gy is Newton’s constant, g is the determinant of metric g,,, and R is the
scalar curvature the solution to Einstein’s equations is the AdS metric. Then the

cosmological constant and the scalar curvature are obtained as

d(d+1) R:_d(d+1)

A= _
22 7 L2

(1.45)
respectively [30].

One of the properties of 5-d AdS spaces is that their large symmetry group matches
with the group of conformal symmetries of N = 4 super Yang-Mills theory.
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Hawking-Page and Witten discussed the thermodynamics of Schwarzschild-AdS
black holes and found out that they go through a first order phase transition at
a critical temperature. Above this critical temperature the large black hole has a
smaller free energy than radiation and the small black hole. Since the temperature
of this black hole is the temperature of the CFT side, Hawking-Page transition is the
gravitational form of the thermal phase transition on the CFT side [28].

Although Maldacena proposed a correspondence between a conformal field theory
in d dimensions and a theory on AdS,;, 1, Witten was the one who included the precise
way for computing observables of the conformal field theory in terms of supergravity

on AdSg1 in his paper in 1998 [5].

Dictionary of the Correspondence

As stated in the earlier sections there is an equivalence between N' = 4 Super-Yang-
Mills theory which is a conformal theory, and type IIB supergravity on AdSs x S°.
In order to understand this equivalence we need to form a dictionary between the
operators O in conformal field theory and the fields in ¢ in supergravity. For the
fields of the conformal theory let us use dilaton field ¢ [6].

The string coupling g, and the expectation value of the dilaton field are related
to each other and the expectation value of the dilaton field is determined by the
boundary condition for the dilaton field at the AdS boundary. Therefore, changing
the boundary value of the field ¢ leads to a deformation of the Lagragian by an
operator O in the dual field theory. Because of the correspondence between couplings
gym and g, a change in g, formed by the variation of the expectation value of the
dilaton field will induce a change in the gauge coupling gyy. Therefore, the boundary
value of the dilaton field acts as a source for the dual operator @. The correspondence
can be expressed in terms of the generating function for correlation functions of the

super Yang-Mills theory and the boundary partition function of the string theory.

<ef d$4¢bdy(x)o(m)>CFT = Zaas [¢(z,2)|. = 0 = ¢pay(z)] (1.46)
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This relation is called the GKP-Witten relation [35]. The large N, limit it suffices to
use classical gravitational theory and not evaluate the full partition function of the
string theory in GKP-Witten relation [29]. As a result of this relation there should
be an operator O; with conformal dimension A; in gauge theory for every field in ¢;
in AdS.

Now, let us show that the scaling dimension A of the operator O which transforms
under the superconformal group SU(2,2|4) is given by the mass m of the dua freel
field ¢ in AdS space. The field equation is then

(O, —m*)p=0. (1.47)

Then using the metric (1.36), we find two independent solutions of the radial equation

2,72
(af ~ 3. - R—T> 6=0. (1.48)
z z

4=A (non-normalizable solution), and z?

As z — 0 the solutions behave as =z
(normalizable solution) where A = 2 4+ v/4 + R?m? or in general we can state this
as A = % (d +Vd*+ 4R2m2) in AdS,,1 spacetime. Thus, we need to regularize the

boundary condition of the field ¢ and in general we can write it as the following.

o(x,2) = 24_A¢bdy($) (1.49)

To make the scalar field ¢ dimensionless ¢pq,(z) has to have dimension [length]*~*.
Then from equation (1.46) we can infer that the operator O has dimension A. We can
also conclude that the normalizable solution 22 has dimension [length|® is related to
the vacuum expectation value (vev) of the dual operator (O).

For the fields with different Lorentz quantum numbers conformal fields will have
different dimensions. Let’s consider the example of a massless p-form C' on AdS space
coupled with a d — p -form operator O on the boundary via coupling | M, C N O then

due to the conformal invariance the dimension of O becomes d—p. On the other hand,
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boundary: gauge (operator) bulk: gravity (field)
energy momentum tensor T#Y metric field gap
global current J* Maxwell field A,
scalar operator O, scalar field ¢
fermionic operator O Dirae field ¥
global symmetry local isometry
spin/charge of the operator spin/charge of the field
conformal dimension of the operator mass of the field
source of the operator boundary value of the field
VEV of the operator boundary value of radial momentum of the field
temperature Hawking temperature
chemical potential /charge density boundary values of the gauge potential
phase transition Instability of black holes

Figure 1.7: The dictionary of AdS/CFT correspondence taken from [36].

for the massive field the Cyqy is a p-form on the boundary of conformal dimension
p + A, and an operator that couples to Cp4, has conformal dimension A calculated
from

(A+p)(A+p—d)=m*. (1.50)

A general form of a dictionary table which gives the dual description of each
parameter in the boundary theory and in the bulk was provided by Zaanen et. al.
[36]. We also used this dictionary table (see Fig. 1.7) throughout this thesis in our

calculations.

1.2.1 Holographic Superconductors

As stated in the earlier sections, due to the strongly correlated structure of the high
T, superconductors the microscopic theory behind them is not clear yet. There is an
endavour going on for high T, superconductors to understand their pairing mechanism.
Gauge/gravity duality is a recently developed tool to understand strongly coupled
systems. Since condensed matter theorists do not have sufficient tools to make
a contribution to the solution of this problem gauge/gravity dualiy might be an

alternative tool to help condensed matter theorists. AdS/CFT correspondence can
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be used as a way to work out the equation of state, real time correlation functions
and transport properties such as diffusion constants, conductivities, and viscosities.
A holographic dual for a superconductor requires a notion of temperature which
is provided by the black hole temperature on the gravity side and a condensate which
is described by the some field coupled to gravity in the bulk. In gauge/gravity duality
black holes whose spacetime asymptotically approaches to AdS space at infinity are
used and these black holes have positive specific heat, i.e., their temperature increases
with their mass. The other requirement of a superconductor, a condensate, is obtained
by a static nonzero field outside this black hole which is called the black hole “hair”.
More precisely, our goal is to find a Schwarzschild or Reissner-Nordstrom AdS black
hole to be unstable to forming hair, i.e. at low temperature [37]. Gubser showed in his
paper [38] that a charged scalar field around a charged black hole in AdS would have
this unstability to forming hair at low temperature. Then the action to be considered

is

6 1 Y .
S = /dfa/—_g (R—i— 73— ZFWF“ — |V —igAV|? — m2|\11|2> (1.51)
where there is gravitation term with cosmological constant A = —% coupled with

Maxwell field and charged scalar field of mass m and charge ¢q. Let us define the
effective mass of the charged scalar field ¥, mZ; = m? + ¢?¢g"* AZ. For this black hole
to be unstable m?; needs to become sufficiently negative near the horizon. Moreover,
as the temperature of the charged black hole is lowered it becomes near extremal which
means since gy, is closer to developing a double zero at the horizon |g;| becomes larger
and the possible instability becomes stronger.

The AdS black hole plays a crucial role in confining the created pairs of charged
particles as a box due to the negative cosmological constant. Thus, these charged
particles stay outside the horizon and form the hair of the black hole.

We will now discuss the system in the probe limit which means that there is no
backreaction of the matter fields on the metric. The probe limit is obtained by first
rescaling the fields A, = flu/q and ¥, = \iu/q and then taking the limit ¢ — oo
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while keeping gA and gV fixed. This will drop out the matter sources from Einstein’s

equations while the scalar and the Maxwell equations remain essentially unchanged.

Condensate

As we discussed earlier the planar Schwarzschild AdS metric ansatz for solving the

Einstein’s equations in 3+1 dimensions is

2
ds? = — f(ryde2 + 2

) + r°(dz” + dy*) (1.52)

with ¥ = U(r) and A; = ¢(r). Solving the Einstein equations give

f(r) = Z—Z (1 - T—8> (1.53)

3

where L and ry are AdS and Schwarzschild radii respectively. Then from the g;; term

the Hawking temperature of the black hole is calculated from

37”0

Ty =T = .
" 42

(1.54)

To analyze this system we need to solve the Maxwell- scalar field equations in this
fixed background. From the Maxwell equations choosing A, = A, = A, = 0 shows
that the phase of the scalar field ¢ must be constant therefore we take v to be real.

The Maxwell and scalar field equations are obtained as the following.

¢2 m2

/2

v (Fed) et e
// 2 / 2¢2 —
¢+ 19 - —0=0. (1.56)

The term which will lead to the scalar hair at low temperature in eq.(1.55) is (¢?/ f?) ¢

since it has the opposite sign with the mass term in scalar field equation.
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We choose the mass to be m? = —2/L? which seems to be tachyonic but this case
is perfectly allowed in gauge/gravity duality. This type of mass describes instability.
However, it was shown by Breitenlohner and Freedman [39] that the AdSy1 spacetime
is stable if m? > m3p, where

my = -2 (1.57)

Therefore, mass choice of m? = —2/L? satisfies the BF bound. For large enough u/T
or low enough temperature the scalar field becomes tachyonic and condensates.

We now need to consider the boundary conditions at the horizon and at the infinity
to solve the Maxwell and scalar field equations. First of all, ¢ = A; needs to vanish
at the horizon. The reason for that can be explained as the following. The source
for Maxwell’s equations in the bulk is, of course, gauge invariant. But in a gauge
in which 1 is real, the current is just ¢?A,,. Since the current must remain finite at
the horizon, we need A, to remain finite, and hence ¢ = A, = 0. Second constraint
at the horizon is coming from the requirement that the solution needs to be smooth
at the horizon. From eq.(1.55) one can find that there is a two parameter family of
solutions which is regular at the horizon, i.e. ¥ (rq) and ¢'(ry).

Now, let us look at the boundary conditions at infinity. The general asymptotic

behavior of the scalar and the Maxwell field are

CORE)
Qﬂ:wT—i-?—i-... (1.58)

and
b=n—Lt. (1.59)

Since our choice of mass value is close to BF bound both of these falloffs are
normalizable so that we can choose the boundary condition in which either of them
vanishes at the end we will have a one parameter family of solutions.

Gauge/gravity duality allows us to tell some properties of the dual field theory.
The dual theory is a 2+1 dimensional conformal field theory (CFT) at temperature
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Figure 1.8: The condensate as a function of temperature. The critical temperature
is proportional to the chemical potential. Figure is taken from [37].

T given by (1.54). The local gauge symmetry in the bulk corresponds to a global
U(1) symmetry in the CFT. Also from the asymptotic behavior of the bulk solution
the chemical potential x4 and the charge density p can be found from eq (1.59). The
condensate of the scalar operator O in the field theory dual to the field ¢ is given by

(O0) =V, =1, 2 (1.60)

with the boundary condition eijz/ﬂ = 0. The normalization constant v/2 corresponds
to taking the bulk-boundary coupling 3 [ d3z (Oy + Ov).

The numerical solution of the Maxwell and scalar field equations exist. In Fig. 1.8
we can see the temperature dependence of the condensate. The qualitatively behavior
of the graph obtained is similar to BCS theory. As seen in Fig. 1.8 the condensate
rises as soon as T is decreased below the critical temperature, T, and becomes zero
at zero temperature. Near T, behavior of the graph is Oy = 10072 (1 — %) v which
is the standard behavior predicted by Landau-Ginzburg theory.

To discuss the continuity of the phase transition the free energy (Euclidean action)
can be calculated. Remember that ¢ = 0, ¢ = p(1/ry—1/r) are also solutions for the
equations but they do not develop a scalar hair in the black hole. After calculating

the free energies of these two particular solutions it turns out that the free energy of
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the hairy configuration is always lower and it becomes equal as T" — T.. In addition
to that the difference of free energies scales like (T' — T.)? near the transition which
tells us that there is a second order phase transition. This kind of finite temperature
continuous symmetry breaking phase transitions are only possible in 241 dimensions
in the large N limit, where fluctuations are suppressed.

For a general scalar field of mass m in AdS, remember that the scalar field can
be written as

(I

Y
¢=7T+TT+++.... (1.61)

Therefore, for a scalar field of mass

Ay =

(3 + \/m) . (1.62)

N —

There are again two boundary conditions to be considered. For m? > m%, + L2,
the normalizable falloff is the one with A,. Therefore, the expectation value of the
operator dual to the scalar field is ¢, = (O) which is dual to the response, and
the source for this operator is ¢~ = 0. One can also consider the other boundary
condition in which 1, = 0 for m%4, < m? < m%, + L2

In Fig.1.9 condensates for different mass and scaling dimension values are shown.
The qualitative behavior is the same as before, i.e. the condensate is zero above
a critical temperature 7T, and there is a square root behavior near the critical
temperature, (O) o< (T'— T,)"/2. There is one exceptional case at A = 1 in which the
condensate grows up at low temperature. This kind of behavior is attributed to the
neglected backreaction on the metric. Once the solution is done away from the probe
limit the condensate at this particular A approaches a finite limit at zero temperature.
In conclusion, for this particular model for higher temperature superconductor one
should lower the dimension of the condensate.

The holographic superconductors are GL theory type but adding fermions to the

bulk one can also study Fermi liquid and non-Fermi liquid phases. The ultimate goal is
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Figure 1.9: Condensates with different dimension, A, as a function of temperature.
The condensate tends to increase with A. Figure is taken from [37].

to study all gravity dual of these phases to understand the high T. superconductivity

and other strongly coupled condensed matter systems [29].

29



Chapter 2

Spontaneously Generated
Inhomogeneous Phases via

Holography

2.1 Introduction

There has been considerable recent activity studying phenomena at strong coupling
using a weakly coupled dual gravity description. The tool to carry out such a study
is the gauge/gravity duality. This holographic principle [3] has many applications in
string theory, where it is well founded, but it has also been applied to other physical
systems encountered in condensed matter physics. Omne of the most extensively
studied condensed matter systems using the gauge/gravity duality is the holographic
superconductor (for a review see [37]).

The gravity dual of a homogeneous superconductor consists of a system with
a black hole and a charged scalar field. The black hole admits scalar hair at
temperatures lower than a critical temperature [38|, while there is no scalar hair
at higher temperatures. According to the holographic principle, this breaking of the

abelian U(1) symmetry corresponds in the boundary theory to a scalar operator which
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condenses at a critical temperature dependent on the charge density of the scalar
potential. The fluctuations of the vector potential give the frequency dependent
conductivity in the boundary theory [9]. Backreaction effects on the metric were
studied in [10]. In [74] an exact gravity dual of a gapless superconductor was discussed
in which the charged scalar field responsible for the condensation was an exact solution
of the equations of motion, and below a critical temperature dressed a vacuum black
hole with scalar hair.

Apart from holographic applications to conventional homogeneous superconduc-
tors, extensions to unconventional superconductors characterized by higher critical
temperatures, such as cuprates and iron pnictides, have also been studied. Interesting
new features of these systems include competing orders related to the breaking of
lattice symmetries introducing inhomogeneities. A study of the effect on the pairing
interaction in a weakly coupled BCS system was performed in [40]. Additionally,
numerical studies of Hubbard models [41, 42| suggest that inhomogeneity might play
a role in high-Tc superconductivity.

The recent discovery of transport anomalies in Lay_,Ba,CuO4 might be explained
under the assumption that the cuprate is a superconductor with a unidirectional
charge density wave, i.e., a “striped" superconductor [43]. Other studies using mean-
field theory have also shown that, unlike the homogeneous superconductor, the striped
superconductor exhibits the existence of a Fermi surface in the ordered phase |44, 45]
and possesses complex sensitivity to quenched disorder [43]. Holographic striped
superconductors were discussed in [46] by introducing a modulated chemical potential
producing superconducting stripes below a critical temperature. Properties of the
striped superconductors and backreaction effects were studied in [47, 48]. Striped
phases breaking parity and time-reversal invariance were found in electrically charged
AdS-Reissner-Nordstrom black branes with neutral pseudo-scalars [49]. In [50], it was
shown that similar phases could be generated in Einstein-Maxwell-dilaton theories

that leave parity and time-reversal invariance intact.
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Inhomogeneities also appear in condensed matter systems other than supercon-
ductors. These systems are characterized by additional ordered states which compete
or coexist with superconductivity [51, 52]. The most important of these are charge
and spin density waves (CDW and SDW, respectively) [53]. The development of
these states corresponds to spontaneous modulation of the electronic charge and spin
density, below a critical temperature 7T,.. Density waves are widely spread among
different classes of materials. One may distinguish between types either orbitally
[54], Zeeman driven [55], field-induced CDWs, confined [56], and even unconventional
density waves [57].

The usual approach to study the effect of inhomogeneity at strong coupling is to
introduce a modulated chemical potential. According to the holographic principle
this is translated into a modulated boundary value for the electrostatic potential
in the AdS black hole gravity background. The corresponding Einstein-Maxwell-
scalar systems can be obtained which below a critical temperature undergoes a phase
transition to a condensate with a non-vanishing modulation. Depending on what
symmetries are broken, the modulated condensate gives rise to ordered states like
CDW or SDW in the boundary theory |58, 46].

To explore the properties of spatial inhomogeneities in holographic superfluids,
gravitational backgrounds which are not spatially homogeneous were introduced in
[59, 607 , 61]. In [62] the breaking of the translational invariance is sourced by a
scalar field with a non-trivial profile in the z-direction. Upon perturbing the one-
dimensional “lattice”, the Einstein-Maxwell-scalar field equations were numerically
solved at first order and the optical conductivity was calculated. Further properties
of this construction were studied in [63].

In this work, we study a holographic superfluid in which a spatially inhomogeneous
phase is spontaneously generated. The gravity sector consists of a RN-AdS black hole,
an electromagnetic field, and a scalar field. We introduce high-derivative interaction
terms between the electromagnetic field and the scalar field. These higher-order terms

are essential in spontaneously generating the inhomogeneous phase in the boundary

32



theory. Alternative approaches for spontaneously breaking translational symmetries
have been found by use of an interaction with the Einstein tensor |64, 65|, a Chern-
Simons interaction [66, 67|, and more recently with a dilaton [50].

We put the gravitational background on a one-dimensional “lattice” generated
by an z-dependent profile of the scalar field. At the onset of the condensation
of the scalar field, we calculate the transition temperature. We find that as the
wavenumber of the scalar field increases starting from zero (homogeneous profile),
the transition temperature increases, showing that inhomogeneous configurations
dominate at higher temperatures. We find a maximum transition temperature
corresponding to a certain finite wavenumber. This is the critical temperature (7,)
of our system. Below T, the system undergoes a second order phase transition to an
inhomogeneous phase. This occurs in a range of parameters of the system that we
discuss.

We then solve the equations of motion below the critical temperature. we use
perturbation theory to expand the bulk fields right below 7., thus obtaining an
analytic solution to the coupled system of Einstein-Maxwell-scalar field equations at
first order. We find that a spatially inhomogeneous charge density is spontaneously
generated in the boundary theory.

The paper is organized as follows. In section 2.2, we present the basic setup of the
holographic model, and introduce the higher-derivative couplings. In section 2.3, we
discuss the instability to a spatially inhomogeneous phase. We calculate numerically
the critical temperature of the system, and analyze its dependence on the various
parameters of the system. In section 2.4, we use perturbation theory to obtain an
analytic solution below the critical temperature, and show that the charge density in
the boundary theory is spatially inhomogeneous. Finally, in section 2.5, we present

our conclusions.
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2.2 The setup

In this section we introduce a holographic model whose main feature is the
spontaneous generation of spatially inhomogeneous phases in the boundary theory.
This cures the main deficiency of an earlier proposal [58]. This is achieved by
introducing higher-derivative coupling of the electromagnetic field to the scalar field.

Consider a system consisting of a U(1) gauge field, A,, with corresponding field
strength F),, = 0,A, —0,A,, and a scalar field ¢ with charge ¢ under the U(1) group.
The fields live in a spacetime of negative cosmological constant A = —6/L?.

The action is given by

_ 4 — _R+6/L2_1 uvo XV A 2] 42
S= [day=gL . L= T R, - (D) DY -l (21)

where D,¢ = 0,0 —igA,¢. For simplicity, we shall set 167G = L = 1.
Our main concern is to generate spatially inhomogeneous phases in the boundary

theory. To this end, we may introduce higher-derivative interaction terms of the form
Lin = ¢* nG" D, D, +nH"*D,D,D,Dy, + ... ¢+ c.c., (2.2)

which may arise from quantum corrections. The possible operators in the above
expression and their emergence from string theory are worth exploring. Candidates
for G,, include contributions to the stress-energy tensor form the electromagnetic
field and the scalar field, the Einstein tensor |64, 65|, etc., and similarly for M, .,

etc. Here we shall be content with a special choice which leads to inhomogeneities,
Liny = nG" (D) Dy — 1| DG D, | (2.3)
where

1
G = T;SEM) + guuﬁ(EM) = Fupb" — §%vaon0 ’ (2:4)
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coupling the scalar field ¢ to the gauge field. This coupling is the essential tool for
the generation of spatial inhomogeneities.

From the action (2.1), together with the interaction term (4.3), we obtain the
Einstein equations

1 1
R/uz - §Rguu - 3guu = éTMV ) (25)

where T}, is the stress-energy tensor,

Tw = TAS;EM) + T;SZS) + 1O + 10, (2.6)

containing a gauge, scalar, and interaction term contributions, respectively,

(EM)
T,

1
= FMPFVP - Zg}LVFpO-FpU P

T'9 = (Du¢) Do+ Dud(Dy6)* — gun(Dad) D¢ — m*gpu|d]®

— N/ — (D, o) D
N V=g g™ /d V=99 (D9 Dt

o= = v—q|D,G" D,o|* . 2.
O, V=g 0gH” /d v/ —g|D,G" D, 3| (2.7)

Varying the Lagrangian with respect to A, we find the Maxwell equations
V. =J", (2.8)

where J, is the current,

Ju=qJP + 0T, +0'T, (2.9)

containing scalar and interaction term contributions, respectively,

‘]u = i[¢*Du¢_ (Du¢)*¢] )

1 5 *
5 = e | MV DD,
, 16 ,
5= o | VDG Dl (210
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Finally, the equation of motion for the scalar field is
D,D"¢ — m2p = nD, (G" D,¢)+ n'D,(G"D,(D,(G" D,¢))). (2.11)

Our aim is to study the Einstein-Maxwell-scalar system of equations first at the
critical temperature, and then below the critical temperature using perturbation

theory.

2.3 The critical temperature

At the critical temperature, we have ¢ = 0. The Einstein-Maxwell system has a static
solution with metric of the form

1 dz?

ds? = — | —h(z)dt? dx? + diy?| . 2.12
= (2) —|—h<z)+x—|—y (2.12)

The system possesses a scaling symmetry. The arbitrary scale is often taken to be the
radius of the horizon. It is convenient to fix the scale by using a radial coordinate z
so the horizon is at z = 1. Since the scale has been fixed, we should only be reporting
on scale-invariant quantities.

The Maxwell equations admit the solution
Ay =p(l—2), (2.13)

so that the U (1) gauge field has an electric field in the z-direction equal to the chemical
potential, E, = pu.

The Einstein equations are then solved by

2 2
h(z)=1— (1 + MZ) 24 %;ﬂ . (2.14)
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The temperature is given as

. _ h’(l)_i(l /f), (2.15)

I _47w A 12

where we divided by p to create a scale-invariant quantity.

Additionally, at the critical temperature the scalar field satisfies the wave equation,

h 2 1 1 [m? A?
o2 2o, S — 2t — A0 W2 — = | 2 s~
z¢+{h Z] ¢+h( ezt =0 ut2'0V3) Vi Ll T 9=0
(2.16)
where V3 = 92 + 85, and we fixed the gauge so that ¢ is real.
The wave equation (2.16) can be solved by separating variables,
¢(z,1,y) = B(2)Y (2,9) , (2.17)
where Y is an eigenfunction of the two-dimensional Laplacian,
VY = —71Y . (2.18)

We will keep translation invariance in the y-direction, and concentrate on the one-

dimensional “lattice" defined by
Y = cos(kz) , (2.19)

with 7 = k2, and leave the two-dimensional lattices for future study.

The radial function ®(z) satisfies the wave equation

no2
@N—i_ [___:| ®/+

T

h 22 h

2.4 410 _lm_2__ _
e [1— 2t — Ttz @ A q d=0. (2.20)
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The asymptotic behavior (as z — 0) is ® ~ 22, where A(A—3) = m?. It is convenient

to write
~ {Oa)
*@)="5

For general A, we obtain

AF(z) , FO)=1. (2.21)

o {M h’} iy [_7(1 — 2t Tt AT m ( 1)+Ah’

: T h D e \Tn)

(2.22)
The maximum transition temperature of the system can be calculated by solving
(2.22) numerically, and using the expression (2.15) for the temperature. The
maximum transition temperature is the critical temperature 7, of the system. Figure
2.1 shows the numerically calculated transition temperature without the higher-

derivative couplings (-5 = = 0) dependent on the wavenumber k. Both quantities

w2 W
are divided by the chemical potential ;4 to render them dimensionless. The maximum
value is found at £ = 0, which shows that the homogeneous solution is dominant.
When the higher-derivative interaction terms are turned on, the critical temperature
T. of the system also depends on the coupling constants 1, 1, and the homogeneous
solution no longer dominates.

In the limit of vanishing second higher-derivative coupling, n° — 0, we may
analytically calculate the asymptotic critical temperature. The latter is found in the
limit in which the wavenumber diverges (7 — 00). In this limit, the wave equation
(2.22) is dominated by the term proportional to 7 near the horizon (z — 1), thus

giving the critical value for the chemical potential as u? = “72, and corresponding

temperature (2.15)

T, 14 1
lim 20— 3 (%) 1 . (2.23)
T/p2—o0 U 4 ol 12 ;_75

The critical temperature for a standard Einstein-Maxwell-scalar system, i.e., ;% =

m. = 0, with a neutral scalar was calculated in [68]. For A = 2, it was found

=
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Figure 2.1: Dependence of the transition temperature 7p/p on the wavenumber
k/p for A =2 in the absence of higher-derivative interactions (5 = Z—; = 0). From
left-to-right the lines correspond to ¢ = 0,1,1.5,3,5,10. The maximum transition
temperature (i.e., the critical temperature) occurs at k& = 0 and the homogeneous
configuration is dominant.

that % ~ .00009. For n large enough, the asymptotic (7/u?> — oo) transition
temperature will be higher than that of the homogeneous solution. In this case,
the transition temperature monotonically increases as we increase the wavenumber
k and asymptotes to (2.23). Hence the higher-derivative coupling’s encoding of the
electric field’s back reaction near the horizon is the cause of spontaneous generation
of spatial modulation.

As we switch on 1’ > 0, the transition temperature is bounded from above by
(2.23). It attains a maximum value at a finite k. Thus the second higher-derivative
coupling acts as a UV cutoff on the wavenumber, which in turn determines the size
of the “lattice" through k = %’“, where a is the lattice spacing. As ' — 0, the lattice
spacing also vanishes (¢ — 0) and the wavenumber diverges (kK — 00). We will focus

on small-to-zero charge, realizing a transition temperature at zero wavenumber below
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Figure 2.2: Dependence of the transition temperature % on the wavenumber ﬁ for

% =1, Z—; = 0.005, ¢ = 1, and A = 1.7 (solid line), 2 (dash-dotted line), and 2.5

(dotted line).

(2.23), which guaranties that k& # 0 at the maximum transition temperature, hence
the dominance of inhomogeneous modes. For our purposes, we do not expect any
quantitative differences between small and zero charge, even with a neutral scalar
leaving the boundary U(1) symmetry intact.

In Figure 2.2, we show the transition temperature Ty as a function of the
wavenumber k£ with ¢ = 1, % =1, Z_‘/‘ = 0.005, for various values of the conformal
dimension of the scalar field A. The critical temperature of the system is the
maximum transition temperature which occurs at finite k/pu =~ 3.98. The effect of
the charge ¢ is shown in Fig. 2.3. It can be seen that for finite coupling constants
n and 7, and small enough charge ¢, the system produces a critical temperature at

non-vanishing finite values of k/u. For large enough ¢, the homogeneous solution

(k = 0) remains the dominant solution.
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Figure 2.3: The critical temperature % (left panel) and corresponding wavenumber
ﬁ (right panel) as functions of ¢ with % =1, ;’—; = 0.005, and A = 2. When ¢ < 3.2,

the charge is small enough that the higher-derivative couplings spontaneously generate
inhomogeneity. Above that range, the homogeneous scalar is dominant.

Figure 2.4 shows the dependence of the critical temperature T, and wavenumber k
on the second higher-derivative coupling constant Z_‘/‘ There is little to no dependence
of T, on the conformal dimension A. We see numerical confirmation that in the
absence of the second coupling (' = 0), the maximum transition temperature
corresponds to k — oo. Thus 7' acts as an effective UV cutoff, determining the
wavenumber £ at the critical temperature, and therefore the size of the “lattice" of
the system (if k = 2%, where a is the lattice spacing). The value of the wavenumber
decreases with increasing coupling 7', as shown on the right panel of Fig. 2.4.
The UV cutoff 1/, or effective lattice spacing, can be understood as stabilizing the
inhomogeneous modes introduced by the first higher-derivative coupling 7. Looking
forward, we trust our linearization below the critical temperature because it will not
rely on a gradient expansion but on an order parameter proportional to (7" — Tc)l/ 2,

Summarizing, at the critical temperature the electric field backreacts on the
system, the FEinstein-Maxwell field equations admit solutions with a spatially

dependent scalar field while the electric field attains a constant value equal to the

chemical potential. In the next section we will perturb around the critical temperature
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Figure 2.4: Dependence of the critical temperature % (left panel) and corresponding

wavenumber ﬁ (right panel) on the second higher-derivative coupling constant Z’L—;, for
& =1,¢g=1, A =17 (solid), 2 (dash-dotted), and 2.5 (dashed). The inset is shown
only for A = 2 because, at the scale shown, no difference can be seen between the
three different conformal dimensions of the full graph.

and show the system develops a spatially inhomogeneous phase in the boundary

theory.

2.4 Below the critical temperature

In this section we study the system below the critical temperature. The equations
of motion resulting from the considered action (2.1) together with (4.3) may be
perturbed near the critical temperature with spatially dependent solutions. We will
study the behavior of the system analytically, leaving a full numerical study for the
future. To simplify the discussion somewhat, we shall assume that the effects of the
cutoff are negligible near the critical temperature (7' ~ T.), and set = 0. We
will build a perturbative expansion on the departure below 7, and not in terms of
gradients or momentum of the scalar mode. It is straightforward, albeit tedious, to

include the effects of the cutoff below T..
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Below the critical temperature the scalar field backreacts on the metric. Consider

the following ansatz

1

dz?
22

ds?® =
’ h(z, )

—h(z,x)e =gt 4 + PEN dg? 4 e PED G2 | (2.24)

To solve the equations of motion (4.5), (4.8), and (4.11) below the critical temperature

T., we expand in the order parameter

£ = : (2.25)

and write

h(z,x) = ho(z) +&Ehi(z,2) + O(EY)

a(z,x) = Eai(z,x)+0(E)

Blz,x) = EPfi(z,x)+ 0",

O(z,7) = Epo(z,x) +E¢i(2,2) + O(€) |

Az, ) = Aw(z) +EAu(z,2) + O(EY) | (2.26)

where Ay, ho, and {¢g are defined at the critical temperature T, by egs. (2.13), (2.14),

and (2.16), respectively. The chemical potential is given as

p=A0,2) = o+ Em + 0%, po=A00) ,  m=A4n0,2). (227

It should be noted that we are working with an ensemble of fixed chemical potential,
which seems to contradict eq. (4.19) in which the chemical potential appears to receive
corrections below the critical temperature. However, the reported chemical potential
is measured in units in which the radius of the horizon is 1 and a change in p, in

these units, is due to a change in our scale as we lower the temperature.
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At each given order of the parameter &, only a finite number of modes of the

various fields are generated. At O(£?), we have only 0 and 2k Fourier modes,

>

1(z2) = 2% (hio(2) + h§(2)ha1(2) cos 2kz)
(z,2) = aio(z) + 2°ho(2)ay1(2) cos 2k |

Bi(z,) = Pio(z)+ 2°B11(2) cos 2k |
(2, 2)

= Ano(2) + zho(2) A1 (2) cos 2kx | (2.28)

ay(z, T

An(z,x

where we included explicit factors of z and hg(z) for convenience. From (4.19), we

obtain the boundary condition

Ath(O) = U1 - (229)

Then from the Maxwell equation (4.8), and the boundary condition (2.29), we find

&ﬂ@:cu—@+%/}m/ﬂm@ﬂ2%mwmw, (2.30)
1 1

where

c7=m+—/@/mm%% (w) Aw) |

A(z) = {qzﬂo(l —2) 2‘3(4‘]) (1 = 2)ho(2 )+z(A2—i—8k2 (1+A)z2) F2<Z)
+22° [A + 4k*n2*| F(2)F'(2) + 2°[F'(2)]7 . (2.31)

Thus the integration constant C is expressed in terms of the chemical potential
parameters po and py. While g is determined at the critical temperature, py still
needs to be determined. Subsequently, we will determine C using the scalar equation

and use that value in eq. (2.30) to find p;.
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After some algebra, from the Einstein equations we deduce that the mode function

aq0(2) is given by

_1 [ 2A-1 2 o (1 —w)*w? 2\ 2 / 200, V12
ap(z) == [ dww o5~ + A% F¥(w) + 2AwF (w) F'(w) + w* [F'(w)]
2 Jo hi(w)
(2.32)
Notice that the mode function ;o contributes to o; at an order higher than O(2?)
near the boundary for A > %

The mode function (19(2) is given by

k2 [ dww? [! _
Bro(z) = 5/0 h0<w)/ dw' w22 (1 — 2w FA(w') (2.33)

The mode function S, also contributes at O(z?) near the boundary, because (19 ~ 2°
at the boundary.
Finally, the mode function ho(z) is given by

ho(z) = —Hol2C+ foam(l)] (1-2)— i / dwwH(w),  (2.34)
where
H(Z) _ |:m2+ q MO’ZO((lz)_ Z) +k222(1+7]24,u(2))+A2h0(2):| F2(Z)
+22Aho(2)F(2)F'(2) + 22ho(2)[F'(2))? (2.35)
— TR ) ww?A F(w 21— w) T w | F(w T F' (w
i [ awur) | (PLEE) i + 1) P+t )

The mode function hyg contributes at O(z3) to the metric (2.24) near the boundary
because hio(0) is finite, and we removed a factor of 23 in the definition (4.21). We fix
one of the integration constants by setting hio(1) = 0, so that the horizon remains at

z=1. C (eq. (2.31)) is the remaining integration constant to be determined.
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The remaining first-order modes aq1, 811, h11, As1 are determined by a system of

coupled linear ordinary differential equations,

, zhy, + 3hg + 2k*2* 4k22 22084

— ——hy — =0
Q1 “ha Q1 I 11 2o Ay )
3 2k222 + h() o (5h0 + ?)Zh/)
By — §zqu211 — 4dhohl, + 32—%511 — e 0> A
1 10k22% — hy — 8zh/! 284
+Z (—8k22 + 3us2” + 2h6) a1 + ( 0 —°% 0>h11 + Z4h2 A, = 0,
0
ﬁil 1 2h6 ,U()Atll 312 h6 3611 22A74
N, —a, — = - h —= -4+ = e = 0
1 i hg + z + ho 1t ho 2|z h() an Zh() + 2h0 A3 ’
1Ny 2h{, + z(—4k* + hy) Lo
Ay +2 {; + h_ﬂ Ay + : ~ho A — 322@/11
3 h 2227310 F2 [¢2(1 — 2) — 2mn23h
where

Ai(2) = 22hF"? 4+ 22ARFF + [*(1 — 2)%ud + Ah2] F? |
Ay(2) = 522hEF” +22(5A — 1)h2FF’

+ [5¢°pg(1 — 2)%2% + 3 (m* — K22 (1 + 202" 11g) ) ho + A(BA — 2)h5] F?
As(z) = F(AF+zF'), (2.37)

with F' defined as in (2.21). The system of equations (2.36) can be seen to possess a
unique solution by requiring finiteness of all functions in the entire domain z € [0, 1].
Notice that the unknown parameter C is absent, which is due to the fact that at
first-order the 10 modes decouple from the 11 modes (see eq.(4.21) for the definition
of the Fourier modes). However, explicit solutions can only be obtained numerically.
A complete numerical analysis will be presented elsewhere.

To complete the determination of the first order modes, we need to calculate the
integration constant C' (or, equivalently, the chemical potential parameter p; - see

eq. (2.31)). To this end, we turn to the scalar wave equation. At zeroth order, the
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chemical potential parameter py was obtained as an eigenvalue of the scalar wave
equation. The first-order correction, p;, is determined by the first-order equation of
the scalar wave equation.

Considering (4.11) below the critical temperature, the scalar field at first order

has two Fourier modes,

01(z, ) = P1p(2) cos kx + Pq1(z) cos 3kx . (2.38)

The first (®19) mode satisfies the equation

hy 2 T 9 4 1 [m? Ato A+l A+2
oY+ [ho ;] <I>/10+h_0 (1 = nupz?) (I’lo—h—o [? - == o Pip+2"" B+C"TC =0,
(2.39)
where
B:BQF/,+81F/+60F y C:CQF/,+ClF,+CoF 5 (240)
and the coefficients B; and C; (i = 0,1,2) are
2p2 [2(1 — 2)* + k22'nh 1
By = Ho L0 h)o 1 O]0410 - §Ah00/10 +72(1 = 02" ug) fro
27 2(1 — 2)22202 + A212 202(—1 +
_|_Z [ q ( })L%Z Ho 0]h+ZSAh/— q ( ho Z)ZNOA

1
_2777”025A/ —+ 122 (2q2(1 )222/,L(2) — 3Ah(2) — Zh() (2]622 + Ahg)) 17

1
—123Ah2a11 — 577 (1= n2') B — 2210 (P(—1 + 2) + 2k°2°nho) A

+%,22 (—¢*(1 — 2)?2%pg + APh§ + 22Ahghg) hay + %Z‘Q’Ahzh'u ,

B, = Z(1+2A)h+z2'h — §zh00/10 — iz?’ho (3ho + zhg) g — 4 2hial,
+%z3h0 (ho + 2Ahg + 22hg) byt + %z”‘h%h’n ,

B, = z'h+ %z‘*hghu : (2.41)
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Co = g [2(1=2) (= = )25 + 4ho) +2 (~ A%+ A(A + 1)z + 4m2") b
0
c, = %zQ[—1—2A+22(1+A)],

C, = ”20( 1) (2.42)

We defined (see eqgs. (2.31) and (2.35))

h(z) = 1/1dww2A H(w) , (2.43)

A(z) = / dw / dw' v ho(w') A(w') .
By using the zeroth order wave equation (2.16), we obtain

[ dz 2224 F [ByF 4 By F' + ByF|

C=- .
[} dz 22842 F [CoFY 4 C F' + CyF

(2.44)

Having obtained the integration constan C', the remaining unknown parameter p; is
calculated using eq. (2.30).

The temperature of our system below the critical temperature T, can be calculated

using
T K(1)eo®
—_=— 2.4
. T (2.45)
We obtain
T _ 2 H1 62 I
7= 1= (el +2) - —Smiy) (2.46)

1
where £ is given by eq. (2.25).
Eq. (2.46) can be inverted to find the energy gap (2.25) as a function of

temperature near the critical temperature,

1 _
<0A>1/A ( T)2A 47 011()(1) H1 hl10(1> ~
=yl = , 7= 7 Ty, T '
T. T. 3t )
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Thus, as the temperature of the system is lowered below the critical temperature T,
the condensate is spontaneously generated. The dependence of the condensate on the
temperature is of the same form as in conventional holographic superconductors.

Finally, the charge density of the system is determined by using

P _ 040, z) _ Pot £2p1 () (2.48)

2~ A0 2P r:

where py = g is the charge density at or above the critical temperature, and

pl((L’) = —2/14 — AQIO(()) — Atll(O) cos 2kx s (249)

from eq. (A.10). This is an important result showing the generation of a spatially
inhomogeneous charge density below the critical temperature in the presence of
a spatially homogeneous (constant) chemical potential. This is the case provided
Ay11(0) # 0, which is guaranteed analytically from the system of equations (2.36)
for the 11 modes. Indeed, from the last equation in (2.36), we obtain A},;(0) = 0.
Moreover, there is a boundary condition at the horizon z = 1 where we demand
finiteness of A;1 (Ap1(1) < 00). If additionally Ay71(0) = 0, then the second-order
differential equation is overdetermined and has no solution. Thus, a general solution

has A;11(0) # 0.

2.5 Conclusions

We have discussed a holographic model in which the gravity sector consists of a
U(1) gauge field and a scalar field coupled to an AdS charged black hole under
a constant chemical potential. We introduced higher-derivative interaction terms
between the U(1) gauge field and the scalar field. A gravitational lattice was
generated spontaneously by a spatially dependent profile of the scalar field. The

transition temperature was calculated as a function of the wavenumber. The critical
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temperature was determined as the maximum transition temperature. This occurred
at finite non-vanishing wavenumber, showing that the inhomogeneous solution was
dominant over a range of the parameters of the system which we discussed.

The system was then studied below the critical temperature. We obtained analytic
expressions for the various fields using perturbation theory in the (small) order
parameter. It was found that a spatial inhomogeneous phase is generated at the
boundary. In particular, we showed analytically that a spatially inhomogeneous
charge density is spontaneously generated in the system while it is held at constant
chemical potential.

It will be illuminating to compare features between different mechanisms for
generating spontaneous translation symmetry breaking seen with the Einstein tensor-
scalar coupling [64], Chern-Simons interaction [66, 67], and dilaton [50]. Additionally,
this work only considered a uni-directional lattice. It would be interesting to
extend our discussion to a more general two-dimensional lattice and determine
which configuration is energetically favorable. Finally, one would like to understand
the origin of the higher-derivative couplings we introduced in terms of quantum

corrections within string theory. Work in these directions is in progress.
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Chapter 3

Duality between zeroes and poles in
holographic systems with massless

fermions and a dipole coupling

3.1 Introduction

The AdS/CFT correspondence is a principle that connects a strongly coupled d-
dimensional conformal field theory with a weakly coupled (d+ 1)-dimensional gravity
theory [3]. This principle, also known as the gauge/gravity duality, is well-founded
in string theory, and has been applied to many field theories having gravity duals
with the most noticeable application in condensed matter physics. One of the
earliest applications of the gauge/gravity duality to condensed matter systems was
the holographic description of a superconductor [69]. Tt is described by an Einstein-
Maxwell-scalar field theory in which the breaking of a gauge symmetry in the gravity
sector corresponds, in the boundary theory, to an operator (the order parameter)
which condenses below a critical temperature signaling the onset of superconductivity.

The gauge/gravity duality has also been used as a framework for Fermi liquid

behavior [70], non-linear hydrodynamics [71], quantum phase transitions [72] and
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transport [73].  Thus, classical gravity theories have been transformed into a
laboratory for exploring condensed matter physics from a different point of view
[74]. In this way the holographic principle is a powerful tool for studying strongly-
correlated systems.

Recently, there has been considerable activity using the holographic principle to
describe metallic states of matter outside of Landau’s Fermi liquid theory [75, 76].
Experiments provide evidence for the existence of materials whose electronic structure
cannot be described by Fermi liquid theory, nor by any other known effective theory.
While Fermi liquids are characterized by stable quasi-particles, these exotic materials
possess well-defined Fermi surfaces but lack long-lived quasi-particles. A quantitative
discussion of signatures of different excitations is presented in detail below. To
describe such metallic systems, one needs to introduce charged fermions in the
gravity sector of the holographic system. However, in general, fermions cannot be
treated classically as in the case of charged scalar fields of holographic superfluids
or superconductors. The coupled system of Einstein-Maxwell-Dirac field equations
become tractable only in the limit in which the fermions may be treated locally in the
bulk as a charged ideal fluid of zero temperature. The solutions of these systems are
known as an electron star |77, 78, 79|, Dirac hair [80] or confined Fermi liquid [81].

In another approach to describe the various phases of a metallic state at low
temperatures, a dipole coupling for massless charged fermions is introduced [82, 83].
The modified Dirac equation in the background of an AdS-Reissner-Nordstrém black
hole produces a boundary fermionic spectrum with vanishing spectral weight for a
range of energies around w = 0 without the breaking of any symmetry. As the dipole
coupling strength is varied, the fluid has Fermi, marginal Fermi, non-Fermi liquid
phases and also an additional insulating phase. The insulating phase possesses the
characteristics representative of Mott insulators, namely the dynamic formation of a
gap and spectral weight transfer. Similar behavior was found in other constructions
[84, 85, 86, 87, 88]. The dependence of the Fermi surface and selection of (non-) Fermi

liquid type are discussed in [89].
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For a Fermi liquid, the characteristic signature of a quasi-particle is a pole in the

retarded Green Function Gr. The location of the pole
Grllw=0,k=kr)=0, (3.1)

in momentum space at zero frequency dictates the Fermi surface and dispersion.
Additionally, the real component of the Green function, RGg, must change signs.
In a normal, weakly-coupled metal, this is only possible through the pole, and via
Luttinger’s theorem, integrating over the positive region of G one obtains the particle
density [90].

Apart from Fermi liquids, one of the principal examples of a strongly correlated
condensed matter system is the Mott insulator, parent state of high-temperature
copper-oxide superconductors in which a gap is dynamically generated. An explana-
tion for the insulating nature [91] is that a Mott gap manifests as a surface of zeroes
in the Green function. The Green function of interest, G, may be expressed in terms

of the non-interacting theory Green function, GGy, and the self-energy >,
Grl(w, k) = Got(w, k) + 2(w, k) , (3.2)

of which a zero is indicative of a divergent self-energy. It is the divergent self-energy
that restricts the band from crossing the Fermi energy leading to Mottness. The
full condition for Mottness is specifically on the eigenvalues of the matrix G and

represented with the determinant as,

For our purposes, we are interested in the spinor space but the statement may be
extended to multiple bands [92]. A mean-field theory approach such as conventional

BCS theory as calculated with the Nambu propagator, is unable to produce such a
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result. The location of poles and zeroes in G'i provides a path to uncover a system’s
behavior.

The interplay between poles and zeros is a characteristic feature of QCD. The
renormalization from high (UV) to low (IR) energy of couplings and masses in QCD
involves free quarks at UV scales, which exhibit poles in the propagator, while at IR
scales the poles are converted to zeros [93] signaling the formation of bound states.
The zero of the single quark propagator in the IR is due to an orthogonal configuration
between the (UV) single quark description and the composite mesons in the IR.

In condensed matter physics the competition of poles (k = kr) and zeroes (k = kr.)
in the Green function provides an illuminating criterion for characterizing the different
phases found in strongly-coupled fermion systems [92]. Exploring the Hubbard model
in this context has led to a variety of features present in doped Mott insulators,
including spectral weight transfer, Fermi arcs found in the pseudo-gap state, and
Fermi pockets [91, 94]. The Fermi arcs may be seen as a general consequence of
a composite state of UV fields, and hence zeroes, existing at low energies within
the Hubbard model [95]. In [96], a “pole-zero mechanism” for the two-dimensional
Hubbard model was used to characterize the transition from metal to Mott insulator
in terms of interfering pole and zero surfaces. The formalism is comprehensive enough
to accommodate arcs, hole pockets, in-gap states, Lifshitz transitions and non-Fermi
liquids. The work was furthered in [97] to address several anomalies in connection to
(non) d-wave symmetries seen in the pseudo-gap and to suggest a topological quantum
phase transition responsible for a non-Fermi liquid phase.

A holographic description of the structure of poles and zeros and their interconnec-
tion addresses central issues in strongly-coupled fermionic systems. A Fermi surface
in the Green function for holographic fermions was discovered in [98, 75| with the
discussion further expanded in |76, 70]. Near the Fermi surface, the structure of the

poles is expanded similarly to eq. (3.2) as

Grl(w, k) ~k — kp —w/vp — B(w, k) (3.4)
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with self-energy X (w, k) [99] given as
Y(w, k) ~ cwi 6vi = k% — = | (3.5)

with fermion charge ¢ and numerically calculated constant c. It is this scaling
dimension v that selects the leading term in (3.4) dictating the dispersion relation
at the Fermi surface, and hence the type of fluid. For scaling dimension v, < 1/2,
the pole of G corresponds to an unstable quasi-particle. This is identified as a non-
Fermi fluid. With the value v, = 1/2, the excitations are of marginal Fermi fluid
type. For v, > 1/2 the dispersion relation is linear. This is the Fermi (non-Landau)
fluid. Lastly, imaginary 1}, corresponds to “log oscillatory” solutions.

Since the discovery of Fermi surfaces within the strongly coupled field theories
analyzed via holography, an exploration of fermions has taken place. Mechanisms
underlying different p-wave [100] and d-wave [101] symmetries for spectral functions
have been offered. An effective lattice was added in [102] by using a modulated
chemical potential. The spatial dependence alters the energy scaling and offers
identifying signs for a holographic realization of a pseudo-gap state.

More fundamental (top-down) holographic theories from truncations of string/M-
theory have produced viable models describing superfluity and superconductivity [103,
104, 105, 106, 107]. In higher dimensions, fermions are typically coupled to gravity
and gauge fields with high-order derivatives. There are consistent truncations to lower
dimensions in the fermionic sector giving interesting fermionic couplings [108, 109].
Dipole (Pauli) couplings are found to be a common feature of the theories with the
coupling constant realized as scalar-dependent [110]. It would be interesting to explore
their effect on fermion spectral functions at the boundary.

In this work, we aim at studying the zeroes and poles of the Green function Gy in
a holographic system with a gravity sector consisting of an AdS-Reissner-Nordstrom
black hole and a dipole coupling of massless charged fermions to an electromagnetic

field. By exploring a duality between the zeroes and poles of this holographic system
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we show that by varying the dipole coupling strength, Gz may possess only poles,
only zeroes, or both poles and zeroes.

This behavior suggests that the dipole coupling strength plays the role of an order
parameter in the Mott physics. By studying a simple model in which a fermion is
coupled to a gauge field through a dipole interaction in the bulk, we find that on
the field theory side as the strength of this interaction is varied, a new band in the
density of states emerges and spectral density is transferred between bands. In the
language of Green functions only poles is the signature of the Fermi and non-Fermi
liquids, only zeroes corresponds to the Mott insulating phase, and the coexistence of
both poles and zeroes is the pseudo-gap phase.

This duality between zeroes and poles also suggests that within the holographic
system, the properties of the Green function G signifying the Mott phase can be
inferred by mapping to the well understood Green function of a Fermi liquid by simply
changing the sign of the dipole coupling constant p — —p.

The discussion is organized as follows. In Section (3.2) we set up the theory and
derive the Einstein-Maxwell-Dirac equations. In Section (3.3) we solve the Dirac
equation. In Section (3.4) we discuss the duality of poles and zeros, and finally,

Section (3.5) contains our conclusions.

3.2 Gravitational Bulk

The bulk dynamics in an asymptotically Anti-de Sitter (AdS) space is described by

the Einstein-Maxwell action with cosmological constant A = —3/L?,
R+6/L* 1
_ 4, | T O/LT L MN

where Fyyny = Oy Ay — Oy Ay is the field strength of the U(1) vector potential Ay,.

For convenience, we set L = 4nG = 1.

o6



The Einstein-Maxwell equations admit a charged four-dimensional AdS black hole

solution,

1 ,  dz2? 9 9
— |~h(2)dt" + -~ +dz” + dy

ds? =
ST h(z)

The metric function is given by
h(z) =1— (1+p?) 2* + p?2",
with the horizon radius set at z = 1, and the U(1) potential is
Ai=p(l—2), A,=A,=4,=0,
corresponding to a non-vanishing electric field in the radial z direction,
Fo.o=—-F,=pu.
The Hawking temperature is given by
K)o 3-p?

T p— pr— 5
A7 A7

(3.7)

(3.8)

(3.9)

(3.10)

(3.11)

with 2 = 3 providing the zero temperature limit. There is a scaling symmetry of the

solutions found as

z =Xz, x—=dr, p —p/N, T—=T/\,

and we should only report on scale-invariant quantities, such as 7'/, etc.

(3.12)

In this gravitational background we add a massless fermion with charge ¢ and we

include a dipole coupling to the U(1) field [82, 83]. The action is

Sfermion == Z./d4x\/ —g\Il [p _pZMNFMN} v
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The various terms in the action are

E = ei”l“a(@M—FQM—iqAM),

Oy = 1WabM [Faarb} )

8
WabM = nacnga
wh = ey0iey’ +efe TNy
nMN i[ra,rb] eMelN (3.14)

M

4, and lower-case indices a, b belong to the

with spin connection wgy,ys and vierbein e
tangent space.

In the conventional case, p = 0, the system is of two non-interacting Weyl fermions
of opposite chiralities. With p # 0, the dipole term introduces an interaction between
the two Weyl fermions. The system corresponds to an order parameter in the dual
gauge theory of conformal dimension A = %

To analyze the Dirac equations of the bulk fermion we find it more convenient to

go to momentum space by Fourier transforming

U — e—iwt—ikx@ - .y = Y1 7 (3.15)
(o Vo

and choosing a basis for the I' matrices

il _ o017 O 2 _ —09 0
0 oy 0 —o
0 —io —0 0
I3 = ? . I'= ’ . (3.16)
’iO’Q 0 0 —03
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The Dirac equation decomposes into decoupled equations

Ehyl 15+ (MQ(l —2)+wEkVh :FPM\/E> Yo = 0,
Eht 1+ (pa(1 = 2) + 0 F VR F puvh) ey = 0.

The presence of the dipole coupling p modifies the Dirac equation. The effects of the

coupling will be seen more clearly in the solutions of the Dirac equations.

3.3 Solutions of the Dirac Equations

To solve the Dirac equations we choose in-going boundary conditions at the horizon,

Yz = (1—2) O (3.17)
The ratios
f
£s = f_i : (3.18)

satisfy the non-linear flow equations [76]

h&y + w+/tq(1—2)+\/ﬁ(ik+up2)] & +w+pug(l—2) + Vh(Fk — ppz) =0,

(3.19)
together with the in-going boundary conditions,
7 , w#0,
€+ = (3.20)
. [q/V2+V3ptk B
Wava v o+ 9= 0
The solution to the flow equations determines the retarded Green function as
Gy 0
GR<LU,]€) = 0 o s G’i(w, k) = gi‘z%{) . (321)

29



From the symmetries of the Dirac equation (3.15), we deduce the relation between

the Green functions

Gi(w, k) =Gx(w, —k) . (3.22)

The Fermi momentum is found as the pole
Gi'(w=0,k=kr)=0. (3.23)

Since both solutions ¥+ are normalizable, there is an alternative quantization in which
G, and G_ are interchanged.” This leads to physically equivalent results.

To identify the type of (non-) Fermi fluid, we look at the near-horizon region,
z — 1. Employing the limiting procedure [76], we obtain the scaling dimension 1/];IE

given by
2
6 (i)' = (Vi + k>2 -<, (3.24)

to be compared with (3.5). The self energy ¥(w, k) at the Fermi surface remains
Y(w, k) ~ cw . (3.25)

For our system with fixed fermion charge and mass, v, and the fluid character is
determined by the strength of the dipole interaction p.

To study explicit solutions, we set the fermion charge to ¢ = 1, and numerically
solve the flow equation (3.19) to determine where the system possesses a Fermi surface
and the type of excitations. Figure 3.1 displays our results for 1/,;'[ evaluated at the
Fermi momentum kp. We recover the results of [82, 83| and classify the excitations
as Fermi liquid (p < —.53), marginal Fermi liquid (p ~ —.53), non-Fermi liquid
(—.53 S p < .41) and log-oscillatory (p 2 .41). The system has a Fermi surface with

p < .41 but no Fermi surface for larger values of p.

*Since the appearance of this work, the duality between poles and zeroes has subsequently been
shown as a consequence of the two possible quantizations [111].
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Figure 3.1: Scaling dimension v, vs. p for ¢ = 1.

3.4 Duality of poles and zeroes

Using the properties of the solutions (3.21) of the flow equation (3.19) we will show
that there is a duality between poles and zeroes. We first emphasize that a pole of

G+ at w =0 (eq. (3.23)) is not necessarily a pole of the determinant
det Gp = G, G . (3.26)
It is known [99] that in the conventional case, p = 0,
det Gr(w=0,k;p=0)=1, (3.27)

therefore it possesses neither poles nor zeroes. This is because poles (zeroes) of G,
are cancelled by zeroes (poles) of G_ at the same momentum. We shall see that
this coincidence of poles and zeroes is lifted when the dipole coupling is turned on,
resulting in poles and zeroes of det G.

It is easily deduced from the flow equation (3.19), that the reciprocal of &,

Gt = é ; (3.28)
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Re det Gple=0k; p=-5). Im det Gplw=0k; p=-3) Re det Gple=0, k; p=3). In det Gplew=0, k: p=5)

Figure 3.2: Plots of Rdet Gg (Sdet Gg = 0) with ¢ = 1 for p = —5 (first panel)
showing a pole at & = kr ~ 1.5, and p = 5 (second panel) showing a zero at

satisfies the flow equation

he + [—W—MQ(l — 2) + VI (£k + ppz)| & — ng(1 = 2) + VA (Fk — ppz) —w =10,

(3.29)
Upon comparison of the two flow equations, we see that (4 solves the same equation
as —&4 under the change of parameters & — —k and p — —p. It follows that the
inverse Green function G1'(0, k) at p is identified with —G. (0, —k) at opposite dipole

coupling —p. Using the relation between the two Green functions (3.22), we arrive at

1
det Gr(w = 0,k;p) = Y P — (3.30)

This is the central result of our work and its importance relies on the fact that
it establishes a relation between poles and zeroes of the determinant of the Green
function at zero frequency between systems of opposite dipole coupling. For p = 0,
we recover eq. (3.27). For p # 0, the poles found for p < 0 (Fermi liquid) correspond
to zeroes for p > 0 (Mott insulator).

For large negative dipole coupling strength, i.e., p < —.53, we are in the Fermi
liquid phase, since v, > 1/2 (figure 3.1). In this regime, we obtain poles of det G
and no zeroes. A typical example is shown in figure 3.2 (first panel) for p = —5. In

this case, & det G vanishes and the graph has two poles at k = kp ~ +1.5, and no
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Figure 3.3: Plots of R det G (solid lines) and S det G (dashed lines) with ¢ = 1 for
p = —0.1 (first panel) showing a pole at k£ = kr ~ 0.8 and a zero at k = k;, ~ 1.0, and
p = 0.1 (second panel) showing a pole at k = kr =~ 1.0 and a zero at k = k; ~ 0.8.

zeroes. According to the duality (3.30), we expect to see two zeroes at k = kp ~ £1.5
and no poles for a system with p = 5. This is indeed what we obtain by a numerical
calculation of det G (second panel of figure 3.2). This is in the Mott insulator regime
and no Fermi surface is found.

For small values of the dipole coupling strength (|p| < .41), we expect both zeroes
and poles. Again, using the duality (3.30), the zeroes can be deduced from the poles
at opposite p (and vice versa). An example is shown in figure 3.3 for p = £.1. Unlike
in the case of large p, S'det G does not vanish. Instead, the zeroes for p = .1 found
at k = kp ~ +.8 are isolated zeroes of both R det G and & det Gg. Correspondingly,
the same is true for the poles at & = kr ~ £.8 for p = —.1. At the other set of
zeroes at k = k; &~ +1.0 for p = —.1 (and correspondingly poles at k = kr ~ +1.0
for p = .1), S det G vanishes over a range containing the zeroes (poles).

Finally, figure 3.4 shows the location of poles (k = kr) and zeroes (k = k) as the
dipole coupling strength p varies. Notice the symmetry under £k — —k, as well as the

interchange ky <+ kr under the mapping p — —p.
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Figure 3.4: Poles at k = kg (blue lines) and zeroes at k = k, (red lines) vs. p with
g = 1. Notice the symmetry under & — —k, and the duality of poles and zeroes under

p— —p.

3.5 Conclusions and discussion

We have shown that a holographic theory with a bulk dipole interaction between a
massless fermion and gauge field possesses a robust phase diagram including Fermi and
non-Fermi liquids, insulating Mott state and pseudo-gap state. The various phases
are identified by the structure of the poles and zeroes found in Gg. The selection of
the phase is controlled by the strength of the dipole coupling which plays the role of
an order parameter in the holographic system [82, 83].

A pole of G is indicative of a Fermi or non-Fermi fluid while a zero is responsible
for an insulating phase. It is the coexistence of both that underlies the identification
of a holographic pseudo-gap state. We showed that a duality exists relating systems of
opposite dipole coupling strength p. This duality maps zeroes to poles and vice versa,
pointing to the interesting possibility of understanding the properties of a system with
zeroes (insulating phase) by mapping the system to one with poles (Fermi liquid).

It will be interesting to explore further the pseudo-gap state and other aspects
that may be recovered by the evolution of the Fermi and Luttinger surfaces. Of
particular significance will be the response of the system with k dependence. Also, it
might be worth exploring further the physical significance of the behavior of det Gg

near zeroes and poles.
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As we discussed in the introduction, the interplay between the state of matter and
the appearance of poles and zeroes is also observed in QCD. The difference with QCD
is that the appearance of free quarks or bound states depends on the dynamics of the
strong gauge theory while in our case there is a variation of a simple coupling that
gives the various phases of matter. It would be intriguing to find other dynamical
systems exhibiting this behavior.

One may wonder if this analysis can be applied to holographic superconductors.
In BCS superconductivity the role of the order parameter is played by the condensate
of a scalar field. The formation of a condensate corresponds to a critical temperature
below which the system enters the superconductivity phase. In this phase, the
electrons are combined to form Cooper pairs which are electronic bound states and
therefore correspond to zeroes. On the contrary, the electrons in the normal phase
are free corresponding to poles.

In spite of the similarities with superconductivity, our analysis does not explicitly
break a gauge symmetry that could have defined an order parameter for the various
phases. Instead the metallic phases are controlled by an explicit coupling of charged
fermions to a gauge field. Nevertheless, it will be enlightening to consider how a bulk
scalar responsible for superconductivity or the coupling will influence the system.
Also worth exploring is if a description with additional fields could explain the Green
function zeroes in terms of a composite excitation.

Another way to better understand our results is to calculate the holographic
entanglement entropy in our theory. The entanglement entropy [112, 113] has proven
to be a powerful tool in counting the degrees of freedom available in a holographic
system. In [114] it was found that the holographic entanglement entropy of a
superconducting phase is less than that of the normal phase due to the formation
of Cooper pairs reducing the degrees of freedom available (see also [115]). Near the
contact interface, the normal phase entanglement entropy possesses a higher value
compared to the superconducting phase due to the proximity effect: the leakage of

Cooper pairs to the normal phase so more free electrons were available. Similarly we
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expect that the entanglement entropy in a holographic fermionic system with a dipole
coupling will vary, as the degrees of freedom change from the Fermi liquid phase to
the Mott insulating phase providing important information on the various phases of
the system. However, such a study has to overcome the basic difficulty of working
with a probe fermonic system. The boundary theory will see the effect of the dipole
coupling only with a fully back-reacted solution. Once a full solution is obtained the
dipole coupling could leave some trace on the metric. Work in this direction is in

progress.
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Chapter 4

Holographic Fermions with
Spontaneously Generated

Inhomogeneous Phases

4.1 Introduction

The study of the Cu-O high-temperature superconductors shows that in the normal
state the electrical resistivity, the thermal conductivity and the optical conductivity
are anomalous. An explanation of this behaviour was put forward in [116]. In
these high-temperature superconductors over a wide range of momentum, there exist
excitations which make a contribution to both the charge and spin polarizability.
Calculating the retarded one-particle self-energy due to exchange of these charge
and spin fluctuations they found a quite different behaviour from the one-particle
self-energy in a conventional Fermi liquid. This behaviour was refereed in [116] as
representing a marginal Fermi liquid. Calculating the spectral function A(k,w) they
found that it has some distinct features from the Fermi liquid case. It is much broader
(a normal Fermi liquid, for example, has a J-function peak when ¢, = 0, and carries

substantially more weight in the wings because of the w™! tail).
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The formation of marginal Fermi liquid in the normal phase of the superconductor
implies that the formed quasiparticles are unstable. A way to stabilize the
quasiparticles of the marginal Fermi liquid was proposed in [119]. It was shown
that with a suitable coupling between the fermion and the condensate which is
formed in the superconducting phase below a critical temperature T,, there are stable
quasiparticles with a gap.

In this work we will propose another way to stabilize the quasiparticles. We will
show that without having a direct coupling of a fermion field to a scalar field that
it condenses below 7., a Fermi surface is formed with a gap below T, because of
lattice effects. To simulate the lattice effects we introduce a spontaneously generated
inhomogeneity and we analyze the behaviour of a fermionic system at the boundary.
The inhomogeneity is introduced by a higher order derivative coupling between
electromagnetic term and the scalar field [12]. The band gap behaviour of the fermions
is analyzed due to this backreacted geometry in the bulk by using the Green’s function
behaviour of the Dirac field.

This work is organized as follows. In Section 4.2 we study the numerical and
analytical solutions of a holographic system with a spontaneously generated inho-
mogeneous phases introduced by higher derivative couplings by using perturbation
theory. In Section 4.3 we introduce Dirac field into this holographic model which
includes holographic lattice structure in one dimension to analyze the holographic
lattice effects on Fermi surface by studying the spectral function of the system. To
this end, we solve the Dirac equations in periodic background both numerically and
analytically at each perturbation order at small but finite temperature in Section
4.4. The numerical results of the spectral function at zeroth and second order of
perturbation where the band gap is observable are given in Sections 4.4.3 and 4.4.5
respectively. Finally, in Section 4.5 we discuss the results of the study and present

and outlook for future studies.
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4.2 The Holographic Setup

The holographic system includes a U(1) gauge field A,, with field strength F,, =
0,A, — 0,A,, and a scalar field ¢ with charge ¢ under U(1) group of the gauge field.
In addition a Dirac field with mass m; and charge ¢s is added to the system. The
AdS spacetime geometry of the bulk where these fields live has negative cosmological
constant of A = —6/L2,

We consider the following action

R+6/L% 1 ) .
s= [ davmie, L= TR~ RLP (D) Do (41

with D, ¢ = 0,¢ — igA,¢. In the rest of this paper, we shall set 167G = L = 1 for
simplicity and without loss of generality.
Following [12] introducing a higher derivative term leads to spatial inhomogeneity

in the boundary theory. A general form of higher-derivative interaction term is
Line = ¢* nG"' D, D, +fH"* D,D,D,Dy, + ...] ¢+ c.c. (4.2)

In [12] to produce the ‘holographic lattice’ structure at the boundary, a special choice

of the interaction term was made

Lin, = ngMV(DuQS)*Dqu - 77/|DungDV¢|2 ) (4'3)
where
1
Guw =T + g LW = F,,F,P — T (4.4)

The action (4.1) with the interaction term 4.3 is added gives the Einstein equations

1 1
R;uz - §Rg;w - 3g;u/ = éTuV ) (45)
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where T}, is the stress-energy tensor,

Tw = TAELEM) + Tﬁ) + 7O +1'6, (4.6)

pv

where gauge, scalar, and interaction term contributions can be written as

1
TAS;EM) = F,FB"— ZQWFPUFPU )
T = (Du9)" Dy + Dud(Dyo)" — guv(Da) D¢ — mg,u|6]” |
2 )
O, = — /d%\/_—ggw D,$)*D,¢
w /_gég,uz/ ( H )
2 0
o = —— d*z\/—g|D,G" D, d|? 4.7
puv \/_—g(;gw,/ Z g| Mg ¢| ) ( )

respectively. The Maxwell equations are obtained by varying the total Lagrangian

with interaction term included with respect to A, as
V. " =J", (4.8)

where J, is the current,

Ju= a1 + 0T+ 1T, (4.9)

containing scalar and interaction term contributions, respectively,

JM = Z.[Qb*Duqb_(Duﬁb)*gb],

1 9
= i | VD0 D
, L0 y
T = ~gam | AV ADG D (4.10)

Finally, varying the Lagrangian with respect to the scalar field the equation of motion

for the scalar field is found as

D,D"¢ —m*¢ = 0Dy (G" Dy¢) + 1 Dp(G"* Dy (D (G Dy ) (4.11)

70



To capture the lattice effects we consider the following metric ansatz

1 Q..(z, 2)dz*
ds? = | = (1=2)P()Qulw, )t + Pol—a
+ Que(z,2)(dr + 2°Qua(, 2)d2)? + Qyy(w, 2)dy?| | (4.12)
where P(z) is defined as
2
P(z) = 1+z+22—%z3 : (4.13)

Then the temperature is given by

T 12— pu?

The required boundary conditions at the horizon and the boundary are respectively

Qtt(x7 1) = sz<x7 1) ) (415)

and

Qu(,0) = Qua(2,0) = Qua(2,0) = @y (2,0) = 1, Quulw,0) =0, Ay(w,0) = pu(a)
(4.16)

The critical temperature solutions of this system has the same form as in Section

IIT of our previous paper [12]. Now, we will solve the below critical temperature

equations with a slightly different ansatz (4.12) in the following section.
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4.2.1 Below the critical temperature

We will solve the coupled Einstein-Maxwell-scalar field equations perturbatively below

the critical temperature. For this we expand all the field in the order parameter

S

¢=L (4.17)

S|

and write

Qu(z,7) = 1+EQum(z, )+ O(EY
sz Z,T = 1+£ szl(2,$)+0(§4>
Q:cac Z,T =1 +§ Qrzl(z>$) ( )

= 1+¢ Quyi(z,2) + O(& Y,
= £¢0(27'T> + 53¢1(Z, l’) + 0(55) )
= (1 — Z) [Ato(Z) + §2At1(z, ZL‘) + 0(54)] s

Z,x

¢

Az, x

2, T

(2, @)
(2, @)
(2, %)
Quz(2,7) = EQua(z,7) +O(E),
(2, @)
(2, 7)
(2, %)

(4.18)

where £¢g, and Ay are defined at the critical temperature T, The chemical potential

is given by

p=A0,2) = po+ Em + 0%, po=A00) ,  m=A4n0,z). (419
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Going to the Fourier modes on the boundary the fields (4.18) become

Qu(z,2) = 14 & (Quio(2) + Qui1(2) cos2kz) + O(¢Y)
Q..(2,7) = 14 E(Qr210(2) + Quz11(2) cos 2kx) + O(£Y)
Qm: Z,T =1 + fQ(leo(Z) + Qx:pll(2> COs 2kl‘) + 0(54) )

= 1+ &(Quyio(2) + Quyui(2) cos 2kzx) + O(£Y) |
= &oo(z, 1) + Ehi(2,2) + OE)
= (1-2) [Ato(z) + €2(Apo(2) + A (2) cos 2kx) + 0(54)] ,
(4.20)

Z,x

¢

Az,

Z,x

(2,2)
(2,2)
(2,7)
Qus(2:2) = EQua(z,2) +0O(&Y)
(2,2)
(2,2)
(2,2)

At each given order of the parameter &, only a finite number of modes of the
various fields are generated. At the first order, i.e. O(£?), we have only 0 and 2k

Fourier modes,

Qui(z,2) = Quio(z) + Qui1(z) cos2kx |
Q::1(2,2) = Qzz10(2) + Qza11(2) cos 2k
Qua1(2,%) = Qur10(2) + Qua11(2) cos 2k
Qo21(2,2) = Quz10(2) + Quz11(2) sin 2k
Qu(2,7) = Qyyio(z) + Qyy11(2) cos 2kx
Ap(z2) = Auo(2) + Am(2) cos 2k (4.21)

Solving the Maxwell’s equations at second order we get

/

Apo(z) =C + /12 dw’ﬁ /1w %(1 — w)w** 2 g A(w)dw | (4.22)
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where

A =P [P £ 4P 200 L8 NP
+ 222 (A + 4K22* ) P2 (2)F (2)F'(2) + 2 P*(2)[F'(2)]* .

In the above expression of the first order gauge field A;10(z) the only unknown is the
integration constant C.

Having Ay10(2) from (??) we can solve Einstein equations to find Q10, Q2210, Qua10, Quyi0,
as can be seen in the Appendix A ((A.1), (A.4), (A.7), (A.8) respectively). We find
that Q,.10 does not appear at first order equations. So we can set Q;.10(2) = 0.
Then to find the other modes in the Appendix A we give the Einstein and Maxwell
equations they satisfied. These are six equations with six unknown functions. Two
equations are first order. We can solve (A.10) for @,.11(2) and (A.11) for @Q..11(2).
Without loss of generality we can also set (Q,.11 = 0 as well. Then we can solve the
remaining equations by using the boundary conditions specified.

To find this integration constant, C' we will use the first order scalar field by

expanding it in Fourier modes.

1(z, z) = Dio(z) cos(kx) + Pq1(2) cos 3kx. (4.24)
Then the scalar field equation at first order for ®,0(2) is

(:-1)2P — (z =P, P(m®+ k22 (1 - nude?) + pdg?(z — 1)z

CDH (I)/ )
10 (z—1)zP 10 (z —1)22P? 10
+Cz2C+ D=0,
(4.25)
where
C=CoF" +C F +CyF D =DyF" + D, F' +DyF (4.26)

where the coefficients Cy, C1, Cy and Do, Dy, Dy are given in Appendix B from (B.1)
to (B.6).
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Qyn(x,2) o 6 Aui(x,2) o

s -10

0.0

0.0

1.0 0

Figure 4.1: Numerical solutions for Qu1(x,2), Q..11(x,2), Qu(z,z), and
An(z, 2) for % = 0.41, ZCLO =0.005, ¢ =0, A =1.

13

Finally, we can calculate the integration constant from first order scalar field
equation (4.25) and we find
[y dz 222F [CoF" + CF' + CoF)

C=—=X . (4.27)
[ dz 22AF [DyF" 4 Dy F! + Dy F]

The charge density of the system can also be determined by

p_ 10— A=) oo _ po+Epr(a)
p° 4,0, i

(4.28)

In Figure 4.1 we show the solutions for the metric functions Qu11(x, 2), Q..11(x, 2),
Quy11(x, 2), and A1 (2, z), while the charge density of the system is shown in Fig. 4.2.
As seen in Fig. 4.2 the charge density is spatially modulated which is an indicator of

the holographic lattice structure. We observed that keeping the ¢ value fixed when
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p(x)

-2.835

-2.840

-2.845

. . . . . . X
1 2 3 4 5 6
/

Figure 4.2: The charge density of the system for 7;7 = 0.41, TZ = 0.005, ¢ = 0,
0 0
A=1,and £ =0.1.

the parameters are changed such that the critical temperature, T, is lower then the
magnitude of the spatial modulation decreases.

In summary, we have a fully-backreacted pertubative solution up to second order
in ¢ of the Einstein-Maxwell-scalar equations. In the next section we will introduce

a Dirac field.

4.3 The Dirac Equation

In this section we will introduce a Dirac spinor field ¥(z,t,Z) with mass m; and

charge ¢ in addition to the scalar and gauge field. The bulk action for Dirac field is

Sp = i/d4$\/—g\IJ(FaDa —m)W (4.29)

where I'* = (e, )*T"" with (e,,)* a set of orthogonal normal vector bases and I'* Gamma

matrices. The covariant derivative D, is defined as
1 .
D, =0, + Z(w,w)af"” —iqfAa , (4.30)

with " = 1" T], and (wuw)a = (€4)sVa(ey,)" are the spin connection 1-forms.

Here indices a, b denote tangent space and indices p,v,... denote indices along
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boundary directions. Gamma matrices with tangent space indices satisfy Clifford
algebra {I'*,I"} = 2n** and Ty, = 5 [T, [).

From the action (4.29) the most general form of the Dirac equation is

1 1 1

1
— ?0,W + (0, —iqrA) ¥ + Iro,w+ 20,V — m ;U
vV 9zz vV Gt ( ' d t) vV Gzx AV4 gyy Y d
+ ( L ) T——— )Fl\lf (4.31)
4gtt\/ Gox 4gyy\/ Jax 4gzz Yz
1 Tz rxz
4gxx Gzz it gyy
Following [13] we choose the basis
o ict 0 2 _ —02 0 s 0 o? o -0 0
0 ot 0 o2 o 0 0 -0

(4.32)
for the Gamma matrices of the (2-+1)-dimensional boundary theory and the following

ansatz for the spinor fields

1 tti(kex @Z’+ wil
U = (G1tGaalyy) 1o ik thyy) L = (4.33)
P V1o

with two-component spinors ).
We have the holographic lattice structure in z—dimension only. Therefore, we can

expand the spinor fields according to the Bloch theorem

Yi1(7, 2) Z E_Ll)l(z> pilke

- 0)

(4.34)
Yio(z, 2) I=041,42,... \Via(2)

If we substitute (4.34) to the Dirac equation (4.31) we get a set of infinite coupled
equations with an infinite many fields to be solved, corresponding to the full range
of | = 0,£1,+2,...,+00. In our holographic fermionic system we will use the

retarded Green’s function and the spectral function to get some information out of
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it. This is equivalent to measuring the spectral function by using Angular Resolved
Photoemission Spectroscopy (ARPES) in an experimental setup [99]. To this end,
we will both numerically and analytically solve these equations using perturbation

theory at small but finite temperature.

4.4 Perturbation Theory for Dirac Equations

4.4.1 Numerical Solution to Dirac Equation at Finite Temper-

ature

The most general form of the Dirac equations are as follows.

1 1 k
—mpp ¥+ —T19p 4 —T (w + g Ay) P — i —3p® + ATZHO =0
¢ tt v/

V3¢ V9 Iyy
(4.35)
where
4(92727) gZZ
and
@
+1
©)
b = w;? (4.37)
(N1
4

The retarded Green’s function on the boundary can be found by considering the

ingoing boundary conditions at the horizon. Therefore, we write

l

l .
0(2) —i

(4.38)

for each spinor mode and for each [ when others are turned off. Another boundary

condition is near AdS boundary. As z — 0 the solution to Dirac equation asymptotes
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al,grr = ol pl Z | + Dalpr 2 o) )

where (I’ indicates the ingoing horizon boundary conditions. The retarded Green’s

function can be found from the expression
Gal,Bl’ = Bal,ﬁl’A;llﬂl/ (440)

of the asymptotic expansion coefficients where «, § = +, —.
To be able to solve the Dirac equations we need some simplications. To this
end, we will rotate Dirac spinors. After rotating the equations, we find the general

expression for the Dirac equation as

- 1 _ 1 - . -
_ 0] 4 ©] 1 . ) 2,7.(1) 3.7, _
m + ro " +—rIr- (0, —iqs/A + AT +BT =0 (441
P \/gZ (0 \/% ( t qf t)¢ P (0 ( )
where
~ ’k2— kx+Kl2 k'x‘i‘Kl . ‘ xmax 2z
A= i(ki — ( )°) _ T {_ (4(ky 4+ K1) Gog + 10000) + u]
kl\/ Jyy 4k; gzh 9=z
(4.42)
s (=D)(k, + K1) — Ky . ‘ gt
g o8 [4i( ) ] ( ) T

(4.43)

—iwt+ikzx+ik

after expanding 1) — d(sc, z)e v¥ and rotating the equations such that k, —

0. where

7(1 l l 7(1l l !
O — D x® P = ap? (4.44)

L N YU (4.55
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and k; = \/ (kz + K1)* 4+ k2. We will explain the details of this rotation in Appendix
C.

Having the Green’s function we can calculate the spectral function A(w, k,, k) =
S(Gat.or +Gprp) which is imaginary part of the diagonal terms of the retarded Green
function and from which the Fermi surface can be found. Although the Fermi surface
is defined at zero temperature, as indicated in [118] and [101] Fermi surface can be
located by searching a peak at spectral function A(w, k,, k,) with tiny frequency w at
lower temperature.

Backreaction contribution of the scalar field and gauge field is small in higher
orders therefore, we have expanded scalar field, gauge field, and metric functions in
small £ up to first order in (4.18). To solve the Dirac equation for the Dirac spinor
field we will expand it in £ up to second order for reasons which will be explained

later. Therefore, we write

YO1) = 0P+ D+ eyl + o)
O5(2) = vy + i) + el + o)
W) = O+ @0l e+ o),
POy(2) = O + 2D +etyp) + 0 (4.46)
Applying ingoing boundary conditions at the horizon we can write
PP (z) = (1—2) 7R (2)
£k = (1—2) wE(2)
() = Q-2 TR (2),
W (z) = (-2 F () (4.47)
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Similarly, below the critical temperature, 7., boundary condition at the boundary

can be written as

Yargr = Y Az ") BY) 2" ! , (4.48)

5=0,1,... 1 5=0,1,... 0
where s is the order of perturbation and [ indicates the Brillouin zone. We will
only solve the equations up to second order. To find the retarded Green’s function
we need to find the inverse of the matrix A which includes both diagonal and off-
diagonal terms. The elements of matrices A and B are formed based on the two
assumptions. The first assumption is that the diagonal elements of matrix A are in
order of 1 and £* and the second assumption is that the off-diagonal elements are in

order of ¢2. Taking these assumptions into consideration and using the inverse of a

1

1_
matrix A~ = %A

(cofactors of matrix A)T the retarded Green’s function was found

in [117] as

GRalal = T tA ( Z Boigi—1Da,81-1 + Bargiy1Darpis1) + Bal,alAahal) (4.49)

where A, ; are cofactors of matrix A and the cofactors and det A up to second order

are given in [117].

4.4.2 Analytical Solution to Dirac Equation at Finite Temper-

ature

Below the critical temperature at finite temperature near horizon metric can be
written as
R2 2 x)d¢?
ds’ :_22 —(1- )Qtt(ga )dtQ + QCC(—C Cz ‘
¢ G 1-% (4.50)

0

+ PR Qe (¢, ) da” + > R*Qyy (¢, 2)dy”

81



The gauge potential then becomes

Ag.x) = % (1 - CS) t An(Coa) (451)

2 2
Zs 2y gr
q Go =

Tdd—D(—z) T dd-1) (4.52)

1
,u*z—:2(d—2)ed'u

2
Zs 97

where g is the bulk gauge coupling and in our system we choose it to be gp = 2. We
are also working in d + 1 = 4 spacetime in the bulk, therefore d = 3. Using these we

can write the parameters as

242 1 1

Cozm, €d = —= =—. (4.53)

The metric functions and gauge field can be expanded as

Qi = 1+ & [Quno + Qun cos(2kz)] + O(¢Y) |

Qcc = 1+ &% [Qecro + Qcen cos(2kz)] + O(¢Y) |

Que = 14 € [Quar0 + Quanr cos(2kx)] + O(CY) (4.54)
Quy = 14 & [Qyyr0 + Qyy11 cos(2kx)] + O(¢*)

Ade.r) =% (1= £) € (1 £) unl) + A (O cos(2ko)] + O(CY)

To be able to solve the Dirac equations we again rotate Dirac spinors. After rotating
the equations we find the general expression for the Dirac equation with metric (4.50)

as

T (8, —igpA) W + AT?0 4 B30 = 0 (4.55)

- 1 - 1
=m0+ — T+ —

82



where

k2 — K K ‘
A- Mo Gt KDYk +3/2l {— (4(ky + K1)gay + i020a0) + —ngaxgcc]
kl\/gyy 4]6[ Gz 9g¢c¢
(4.56)
- (—1)%(k, + KI) — k _ gl
g e KD =l ik, + KDgee + 0ugcc] — gic [ 4ilke + KD,
4Ky gec G Gy
(4.57)

—iwt+ikyx+ik

after expanding 1/; — Q/NJ(SL’, z)e v¥ and rotating the equations such that k, —

0. Using the Gamma matrices we can write

—mphy — 0 Octha + ——0" (w + qAy) Yo + A (=1)*0™)y + By =0 (4.58)

3 1 1
vV gzz vV Gt
where « = 1,2 and =3 — a.
To simplify the Dirac equations we will make another rotation here. Let us define
O = (—gg<)~ V) = (1 —ig')®. We multiply (4.58) by \%(1 +i0')o? from left

after substituting ¢ = 75(1 — i0")® and find

myo?®O — T«ac o0 4 Ea 3w+ qpA) O — A(-1)%i0'd) — Bio'dY) = 0.

At zeroth order we find

2500 | C\/_ ¢ 3
R L Wil

83



where Ay, = %d <1 — —) At higher orders the equations can be written as

C\/_ 6 ke
RQ\/7 ,U*R
_ (_1)04,L~0_1A(s—1,l’) _ iall’;’(s_l )y ZO_3c(s—1,l’) -0

(4.61)

o2 4 aqﬁsl)

where s is the order of perturbation.

4.4.3 Zeroth Order Solution to Dirac Equations
Zeroth Order Numerical Solution to Dirac Equations

After Bloch expansion the Dirac equation at zeroth order for the different spinor

modes can be written as the follows

SArio(1 — )+W02¢(07z) ke + Kl
h A I

where o = +,—, j=1,2and f = —a, m =3 — j, h(z) = (1 — 2) P(z) and where we

2.5 — AP — Loty =0 (4.62)

set my = 0. We want to plot the spectral function with respect to &, for a fixed k,
value therefore we take the transformation one step further to get Dirac equations to

k., + Kl — 0 form. Following that (A.10) can be combined with (A.11) to obtain

Vh(ir + My 4+ g+ 0,) + %(7/41 + Moy + Y1+ 0Y)
B {UOQf(l —2)+w

Vh

} (Vg2 + Mg +1hio +00_2) — ki(Vyo + 0o =y — M) =

(4.63)
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which is identical to the first equation with k, = 0. Similarly, by combining other

equations we obtain

V(s + Mg +tig + 60_o) — %(%ﬁw + Ap_g + o + 0P o)

+ {Moqf(l\/_ﬁZ) il w} (V1 + Mg+ ir 4+ 0U-1) = ky(r + 091 —hypr = Mpy) =0,

(4.64)

VA + 8 = iy = M)+ (g 50—ty = M)

B [,uoqf(l —2)tw
Vh

} (Vyo +0U_g — Pyo — M_g) = ky(Vya + Mg + Yy +6¢_3) =0,

(4.65)

Vh(than + 00—y — 1hyn — Ap_s) — %(%2 Yy — s — Ap_s)

+ {Moqf(l\;ﬁz> . w] (Vi1 + 01 =+ Apo) = ki(yr + AP+ +094) =0
(4.66)

These equations tell us that the modes decouple and the equations are the same as

with £, + Kl = 0. The modes corresponding to k, + Kl = 0 are as following.

T(s,l s,l s,l 8,0 s,l
O = g0 #2080 4 g0 4 aul
T (s,l s,l s,l 8,0 s,l

é ):¢i2)+/\¢(72)+¢32)+5¢(72)7
(8,1 s,l s,l s,l s,l
97 = ull) +oul? — ol

(s, s,l sl sl s,l
O = wly) oty —wly) ety

(4.67)
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where s is the perturbation order. We can also write k, + K # 0, k, # 0 modes in

terms of k, + K1 = 0 modes as

(A= 0)p\D 4 (A + &)

(1) _
Vit = 2(A —0) ’
g — A= O+ O+
+2 )
2(A=9) (4.68)
o _ 05
w—l = _)\ _ 5 ?
() —L(ls,l)
e
Applying the ingoing boundary conditions at zeroth order,
ie. wfl’g =(1—- Z)_%Fﬁg, eq.s (C.1) in Appendix C are transformed into
FOD m(z — 1)(#(2) —12) + dizwv'h (0,0) \/E(ka: + K1) — quo(1 — z) — WF(o,z)
+1 2 +1 +2
(2 = Dz(ug — 12)Vh h
ky 0
— LR —0,
N
FOD m(z —1)(ug — 12) — 4izw\/ﬁF(0,l) Vh(ks + K1) + quo(1 — 2) + W (00
+2 T 9 +2 +1
(z— Dz(p2 —12)vVh h
ky o
— PO~
vh !
F/(O’l) X m(z — 1)(/13 — 12) + 4iZW\/EF(O,l) _ \/E(kr + Kl) + q,uo(l — Z) + wF(O’l)
- (z—Da(ud—12vh h ‘2
k !
R
oD _ m(z — 1)(#3 —12) - 4iZW\/EF(0,Z) _ \/ﬁ(kz + K1) — quo(1 — z) — WF(O,Z)
-~ (z—Dz(d—12vh h -
k. !
(4.69)
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Figure 4.3: The plot of the peak of spectral function A(w, k,, k, = 0) at kp = 2.573
for gy = 1.7, p = 2.35, A = 1 above the critical temperature, 7.

Spectral function is found by solving differential equations at the boundary and it

can be expressed as

0, 0,
FG  FG

Alw, kay k) = S (4.70)

0, 0,
FG%e  FY ><e>]

The spectral function above the critical temperature, T, is plotted in Fig. 4.3 for
different k, values at k, = 0 with tiny frequencies. The plot shows the peak of the
spectral function at kr = 2.653 which is an indicator of Fermi surface. However, the

peak is quite broad indicating an instability of the quasiparticles.
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We can do a similar transformation for k, + K1 = 0 case, i.e.

1/?%?2’%74 =(1- 2)7%]51(?272,47 eq.s (4.63)-(4.66) are transformed into

FOD | me(z — 1) (g —12) + 4izw\/ﬁp(075) —qro(l — z) — W R0 ﬂﬁ’(o’“ _0

+ ;
! (z— 1)z(p2 —12)Vh ! h ? vh !
00 —mp(z = V(g —12) + dizovh o | gppo(l—2) +w 200 _ k00 _
(z = D)z(p2 — 12)Vh h Vh
=00 Mz = V(g —12) +dizwvh ooy qrin(l = 2) +w =0 ki on) _
(z— Dz(p2 — 12)Vh h Vh
FOD 4 —my(z = 1) (g — 12) + 4iZW\/EFAEo,z) n qrpo(l —z) + ng(O,l) B ﬂpl(o,z) _0.
(z = D)z(p2 — 12)vVh h Vh
(4.71)
Then the spectral function is calculated from
i A0 0D
mM@+Kuw:s_%Jd+jw@ (4.72)
> () Fy(e)

After the transformation above we can state wavefunctions Ffl’g in terms of Fl(ng

as following

F(g,l) _ (/\ . 5>F1(s7l) + (/\ + 5)F3§s,l)
+ 2(\ —9) ’
e A= ESY 4+ (A + o) EPY
Fia' = 2N —0 ’
o (A=9) (4.73)
0 _ B3
! A—§"
=(s,l
ﬂm__@)
-2 A—0
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Figure 4.4: The plot of the peak of spectral function A(w, k., k, = 2k,) at kp =
2.4548 for ¢ = 1.7, po = 2.257, A = 1 above the critical temperature, T, as a
function of w calculated from (4.72).

Therefore, we can state the spectral function A(w,k, + K, k,) in (4.70) at zeroth

order as
[O=)F " O+ FE 0 FPY (e
Alw, ky, + Kl k) =S 2(A-9) 20
((JJ7 + 9 y) ) ()\—5)F2(0’l) (6)+(>\+6)F£0J) (5) + - FiO,l) (6)
- 2(A=0) A= (4.74)

(A=) F"(e) + A+ 0)F"(e)  F"(e)
A=+ +OFE e F(

Il
&l

After SO(2) rotation we can also plot the spectral function for non-zero k, and
k, values as seen in Fig.s 4.4, 4.5, 4.6 . Fig. 4.4 is the plot of the spectral function
A(w, ky, ky = 2k,) as a function of w. There is a peak at small frequency such that
kp = 2.4548 for parameters ¢y = 1.7, 1o = 2.257, A = 1 above and at the critical
temperature. Similarly, we plotted the spectral function as a function of k, as seen
Fig. 4.5 for the same parameters and at tiny frequency. The plot shows a peak at
k, = 2.195 such that kr = \/m = 2.4548. Finally, Fig. 4.6 show the Fermi

surface at tiny frequency for [ = 1,0, —1 from left to right respectively.
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Figure 4.5: The plot of the peak of spectral function A(w = —0.0001, k, = 1.098, k)
at kp = 2.4548 for ¢y = 1.7, py = 2.257, A = 1 above the critical temperature, T,

calculated from (4.72).

Zeroth Order Analytical Solution to Dirac Equations

At finite temperature, in 7'/ < 1 limit the near horizon region spacetime is AdS, X

R?! and the metric can be written as [76]

R3 2 d¢?
ds® = 4_22 —(1- %)dt2 e CCQ + .l Rda® + 2R dy?
0 =
<

and the U(1) gauge field is
€d ¢
Ai=—(1-=>) .
¢ ( Co)

From this metric the temperature can also be calculated and found as

1

T = :
2mCo

Varying action (4.29) we obtain Dirac equation

) _103% o0 :ﬁ mo? + mot) O
‘ f SV

90

(4.75)

(4.76)

(4.77)

(4.78)



A(w=-0.0001k, +K |.ky)f9§$900

‘ 2

Figure 4.6: The plot of the peak of spectral function A(w = —0.0001, k, + K1, k)
for gy = 1.56, pp = 2.257, A = 1 above the critical temperature, 7., calculated from

(4.72).

—1_¢ 1
where f(¢) =1 & Ry = \/WR and
oD = v = L(l +iot)(— CC)—1/4¢(0J) (4.79)
=\.]=% g9 : .
z

From (4.78) we can write

A R
(3§ — Z%) g = 2 (—img + ) 3(0.0)

f CVF
4.80
b 42w con _ fo 7) 0D )
e+ 7 z —C\/T(sz—km)y
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Then for the upper component §%) we obtain the equation

o200 1 X =% oo

(-
. . 2 q2§§ 1_% _iQZd(_L)_Zﬂ
_ 1 <
Vi [w 9% (' Co)] . 3 i A T
+ - <4 + 2(2 + 2(2 §4 y -
¢? — o 11— + —4 1— G + 21 o
0 0
(4.81)
where we set my = 0 and m = —kl% with a = 1,2 for § and Z respectively and

= /m?R3 — ¢*¢%. From now on we will use ¢; = ¢ for simplicity since the charge
of the scalar field doesn’t play a role in this part. Then the two independent solutions

to this equation are

G5O <L+C>¢”l(&r%C>%y
¢ G —¢

1
X of7 (inl — 1qeq, B

2
£ vy, + igeq — 1Gow; 1 £ 2uy,; c —I—CC ) ,
0
(4.82)

or

i
~(0,0) _ CO + C) 2
Y <Co -

. 1 . . 2
X [Cm (1 + CCO) oI (Vkl ~iq€a; 5 + vy, +igeq — iow; 1 + 2uy; —C)

¢+
o1 : . 2
+ Cout (1 + CCO) o F1 (—Vkl — 1geq, 5 Vg, +iqeq — iCow; 1 — 2vy,; QTCCO) ] .
(4.83)
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These solutions are linear combinations of incoming and outgoing solutions as

400 — (¢ - @)ﬁcmyfﬁ’” + (€= Q) o (4.84)
B wl (0, 20D |
— (C - CO) 2 CinYin (C o CO) ’

Cout yout .

We require the solution to be an incoming wave at the horizon (i.e. ~ ({ — Co)_wzgo ).

Therefore, we expand the solution around ¢, and we find that

(—1)1_2Vk1F(1 — 2u, ) (v, — igeq)T’ (% +iqeq + vy, — z'(ow) (4.85)
Cin = Coy X . . ) .
! I'(2uy, + 1) (—igeq — vi,)T (% +igeq — vk, — Zng)

or substituting 7' = 57— ¢, and using the identity I'(1+¢) = ¢I'(¢) for Gamma functions

we obtain

Co — (—1)2_21”“10 . (iqed + Vkl) ' F( 2Vkl) (1 + v, — z’qed)F ( +igeq + v, — 27rT)
(igea — ) T (2w )D(1 —igeq — vi)T (3 +igeq — v, — 52%)
(4.86)

We can use the transformation of hypergeometric functions which are given by

Abramowitz and Stegun, in 1964 as

F(a,b;c;2) = (1 — 2) % Fi(c — a,c — byc; 2)
I'(e'(c—a—10) R (

- T(c—a)l(c—b)
I(e)'(a+b—c

1
a—c+1;a+b—c—|—1;1——>
)(1—2)6_“_1’2‘1_02171 c—a,l—a;c—a—b+1;1—l
['(a)I'(b)

z

z
with (larg(l —2)| <m, |1 —2| <1).

(4.87)
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Then the two linearly independent solutions are

iw(p
2

1 iges— 250
2
§on = (1 + —?)

iw

o2 1 . . 1 . . 1 . —
X [Cm (% - 1) o Fh (— — Uy, +1qeq — w(p, = + v, +igeq — iw(p; 5~ 1wCo; ¢ CO)

2 2 2
i+
+ Cout (% - 1)

Similarly, we can find the two linearly independent solutions for lower component 2

iw(p

2 3 _
2 F1 (1 — Uk, tigeq, 1 + v, + iqeg; 5 + 1w (p; ¢ 2C§O> ]

(4.88)

as the following.

00 _ Co 3ieat g
500 — (1+E> |
O PO T S S WA SIS S e
() T (s 5)
Go g , , 3 . ¢—0G
+ Cout (Z - 1) 2o (1 — U, — iqeq, 1 + v, — igeg; 5~ iwCo; T) }
(4.89)

Earlier we defined (4.79) the spinor field near horizon region can be found by solving

the equation for 4 = \%(1 —io")®©) | Near the AdS, boundary, i.e. ¢ — 0, Dirac

equation becomes
(CO¢ — i0°qeq) @) = Ry(mjo? 4 mot)dOY | (4.90)
We write 00 = (1 4 ig")®O) in (4.90) then we find

V2

(Oc(1+ic") @OV = [Ry(myo® + mot) +iodgeq| (1 + ic")dOD . (4.91)
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which gives

o (1) 2 (igea+ (my +im)Ry)  —(gea+ (img —1m)Rs) | [y (4.92)

1+ 2 (geq + (imy + m)Ry) —i(geq — (imy + m)Ry) z

finally we obtain [120]

myR mRy — qe
0D = o) | U= 1 2 e (4.93)
mRy + qeq —m Ry
The boundary behavior of &4 can be written as
O = APV (1 4+ 0(Q) + BuPV¢™m (1 4+ 0(Q)) - (4.94)
The coefficients v can be found by substituting (4.94) in (4.93) as
meRy £ v
JO0 = | TR (4.95)
ﬁLRQ + qeq

where we chose the normalization so that the bottom components are the same. Then

the retarded AdSs Green’s function is obtained from
B
= 4.96
Gr =" (4.96)

near AdS; boundary. To find the retarded AdS, Green’s function let us write

- . 0, 0,
Z(0,) (m - me)yﬁut) _yz(n :

O = Cout 0.0) + Cin 0,0)
_Zgu’t (m + imf)ZiT;

(4.97)
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where
)
yout — WZout

-~(oz)

@‘Q
3
A A /\ /—\

4.98
(Ol L zy ~(0,0) ( )
Rout = \/— out Zout
(Ol 0 l)>
_ Zy
\/_ in
with
'qud—ﬁ 1 wwdg
’“(Ovl) <,.0 CO 2 2
Yout” = 14 —) <_ _ 1)
t ( ¢ c

. 3 _
X2k (1 = Vi T 1q€a; L+ vy igeq; 5 o+ iwCo; St 2§<0> :

wCo iw

+zqed—7 _
ol = (1 @) (9 - 1) ’

1 . 1
X 21 (5 — Yk +Zq€d—le0a§
1wl

L _ige + %0 1
Z(O’I):(1+@>2 qea+™s (@_ >2 s
out g <

1 _

3 _

X2k <1 — Vi~ iqeq, L+ vk, —igeq; 5 — iwGo; (- 250) :

g iwdo iwd

5 —tqedt+—5— -

500 _ (1 4 @) (@ ~ 1)
¢ ¢
1 1 1
X 217 (5 — Uy, —1qeq + szo, + vy, —iqeq + leo, + 1wlp; < CCO) )
(4.99)

The retarded AdSs Green’s function can be found by expanding around ( =

Therefore, we obtain

Gr = (4nT)*x (my — i) Ry + igeq + vy, T(—2v )T (1 + vy, —igeq)T (5 +igeq + vi, — 57)
R N X ] ' y . - .
(my —im)Ry +igeq — v, T(2up,)T(1 —igeq — v )T (3 +igeq — vi, — 52)
(4.100)
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The zeroth order Dirac equation in the near region at finite temperature can be

reorganized as

0.0 — ioc?? + a4 z 01

R ~
( ~THA0 — 2 (o L mot) 0D —
o o j0°+mo ) ¢, =0 (4.101)
7 Nk )
where A;y = %‘i <1 — C%) To be able to expand in small w we make a change of
variable as © = w( and uy = w(y where the inner region is ¢ < u < oo and outer
region is u < €, where € < 1. Then we will compare the solutions in the overlapping

region which is u — 0. After the coordinate transformation and setting m; = 0 we

can write

———— " =9 (4.102)

where f(u) =1— Z—i Then the second order differential equation is
0

- ' hooh. -

920 — ALpOh _ (h?l 2, 4 (—1)e 2 (—1)%22) 0D =0 (4.103)
hll hfll

where

R d\u u
hll == —& h22 - Z 2 . (4104)

ur/ f (u) ’ f(u)

Solving the equations we find the incoming and outgoing solutions as

v —350
g(o’l) — u + Ug k| U — Ug 2
out u u+ o

. 1 . . 2u
X ol (—qud kg +igeq — ug — Vi, 1 — 21y, u+—u)
0

v —i20
U T 2
+ Cin
U+ U U+ Ug

. 1 . . 2u
X oF] (—@qed+ukl, 3 +1geq — g + vy, 1 + 2uy,, i )
0

(4.105)
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and

'U/O
_ u+ug\ 7 fu—ug\' . . : 2u
00 —c ( " 0) ( O> 21 (qud—%,§—qud‘i‘WO_Vkul_ZVkl’ >

U+ Ug U+ Ug
.’uo
u Rl — g\ 1 2u
in F ) 7__- - 71 2 y .
+c (u—i—uo) (u—i—uo) 2 1(2qed+ykl 5 1qeq + 1ug + Vg, 1 + 21, u—i—uo)
(4.106)

where vy, = \/m? — ¢%e%. After transformation of the Hypergeometric function we

can also write the upper component of @ 0 5,

l+i qe _ Yo _iug
g(o,Z):Cin<1+@>z (gea z)<@_1> 2

u u

1. .1 . I u—wug
X oF] 5 +1qeq — Vg, — Uy, 5 +1qeq — 1ug + Vg, = — Uy,

2
1ti(gea—=2 14+i%0
+cout(1+u°> (ae 2)(@—1> ’
U

) ) 3 . u—u
X o} (1+zqed—ykl,1+zqed+l/kl,§—|—zu0, 0) .

(4.107)
4.4.4 First Order Solution to Dirac Equations
First Order Numerical Solution to Dirac Equations

Below the critical temperature the first order Dirac equations before rotation are

ky + Kl
\/_

1—
Srhol - Z)+wgz¢sj¢>+ oD — DLty D L A =0 (4.108)

(1,0)
Z%J \/_

where

2
nyll
4\/_

A= (Qzll¢é%,l—1)’ Qzllwagl+l i sz10¢ )—1—./\/1 (0,1—1) ¢(Ol 1)

(O - 1) nyll (O l+1) nylO 1 (0,)
(4.109)

+M(Ol+1 77Z)(Ol+1 M(Oll/JOZ)—l-
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Mg)jl) — [(quo(l - Z) + W) Q110 _ C_If(1 - Z)Atlo} o2 — a(kx + Kl)QmmOl 7
2h h 2vh

(4.110)

MO _; (grp0(l —2) +w) Qi qr(1 — 2)Am 52 4 FQen
7 4h 2h 4vh (4.111)
0] g
4vh

where a =4+, —, j=1,2and f = —a, m =3 —j.

The first order Dirac equations show us that the (I £ 1), and (/) modes of the
zeroth order spinor fields are mixed with each other.

Applying ingoing boundary conditions at the horizon we can write

W) = 1-2) wrEY(),
() = (=27 EM ()
() = (1—2) 7 EM ()
Iz = (1—2) w7 EM(2) . (4.112)

After doing the similar calculations for the first order and applying the ingoing
boundary conditions we obtain the first order Dirac equations. When we calculate
the retarded Green’s function from (4.49) we see that there is no contribution to the
Green’s function at first order. We solve the first order equations to use them in

solving the second order equations.

First Order Analytical Solution to Dirac Equations

At the first order we can write the Dirac equations as

_mlt ag

VF

. ' - kiR - o
(10 4 9B — 2 6% (10 + qAy) B0 + 2 (~1)%0 B0 + A0 =0

T CVInR *
(4.113)
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where

~ ’ 1 ~ / 1 ~ ’ 1 jad / =
Ay == (;Lszn@gO”—” + 7Qen P 4 500 @Y ) + MR

_{_M((X[),l-i-l)i)((xo,l—&-l) _|_M((10,l)§)((10,l) _{_Nﬁ(o,l—l)é(ﬁo,l—l) +N[§0,l+l)&)(ﬁo,l+l) _{_Nﬁ(o,l)&)éo,l) ’

with

MOIFD) — : [qed <%0 _ > Qun + 24(¢ - gO)AtH} o+ (-1)

(4.114)

a:f:k’ (k’l + K(l F 1)) mRQszll 0_1

“ 4Co f
(—=1)*mRy

+
42/ Ry

IF1

X [(k?lzzpl — (ki + K(IF 1))2) Quyui+ (ki + K(IF1) (ki £k + K(F1)) Quent o,

M&O,l) :i [qed <%0 B 1) Q;téz; 2q(¢ — CO)At10:|
+(=1)

g

o MRy [(ky 4 K1)*Quaro — (k1 + K1)? = k) Qyyro]

22]{?[\/7

(4.115)

(4.116)

(=D*mRy (ks + K(IF 1) + kiga) (ks £ b+ K(IF 1)) Qrans — (b1 + K F 1)) Q1]

N(O,lﬂFl) _
A 42\/7k:l2¢1

(—l)ang (kl + K(l + 1) + kl:Fl) szzll 0_1

+ ,
42\/f kZQ:Fl

(N amRQ (kl + Kl — (1)akl) (leo - nylO) 1
Nam =) 22\/Th? 7

ky

where we defined m = .
xR

(4.117)

(4.118)

As in the zero temperature case [117] we divide the spacetime in two regions, i.e.

near region and far regionant then compare the solutions in the overlapping region

which is ©v — 0.

100

0_1



In the near region the first order Dirac equation is

~ . w—i—Qwa” Ry 2 ~ 1\ & (1,0
Gc(b(ll)_za?)—q)(v)__(mfo' —}—mo’)q)(v)
o fooe C\/T ’
4.119
PN Maguw®) =0 -
Co( —> Bil/=1+1
with

My, ll,<I>(0 v iqAm 350) g Ao 3p01) (4.120)

2@0(1+§O)0 ’ +C0<1+<%>0

where we used the boundary condition that at the boundary of the near region Qy; =
Q.. = Quz = Qyy = 1. After the coordinate transformation the second order equation

18

R, hooh/, ~
92D h“<1> (hi + hdy + (— 1)“% — (—1)‘%22) o0+ X! =0 (4.121)
11 11
where
Xij = Z X(apury (4.122)
Bill=i+1,l
with
. a 5(0,0) . 50,0)
zq(—(—l) hn +h22)MaB ll/q)ﬁ quag ll/(I)ﬁ
Xapy = . — (=)0, | ——— 4.123
(@B,1) u + Uo ( ) 1 (U + Uo)hn ( )

The first order inhomogeneous Dirac equations can be solved by using the
homogeneous solution with the help of Green’s function. Let us review the solution
of non-homogeneous differential equation with Green’s function. For the boundary

value problem

2 (022 + gt = 100, (4.124)

with y(a) = 0, y'(b) = 0 the solution is of the form

:/ G(u,u') f(u)du' (4.125)
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where Green’s function is defined as

G(u,u') EEasu<u (4.126)
u,u )= .
’ (w)ys (w)

% u<u <b

where W is the Wronskian for homogeneous solution.

As mentioned earlier in zero temperature case the solution for inhomogeneous
equations are going to be found in terms of homogeneous solutions at zeroth order.
To solve these inhomogeneous differential equations we are going to follow the same
steps as followed in [117] and as we followed in zero temperature case. We will use
the similar notation. The special solution to the inhomogeneous equation is found

from Green’s function

l l / l l /
! Maji"2a e(u —u ) + MajN2a H(U - U)
GO (u, ) = == Ao i 12aj . (4.127)

(0,0)i
aj

(©

where we defined n;!,; = S and N2t = (faj’l)’out. The W (u) term in the Green’s

function above is the Wronskian determinant of the system which can be stated as
W (1) = 11b;0uliot; — Moty Oulli - (4.128)

Then the near horizon region Wronskian is found to be

—du + 9UO

W(u) = co N

(4.129)

Then the special solution to the first order Dirac equations at finite temperature is

u Z'X . o) Z~X )
o ot gy et @isr) z,/ gy Mested s a0
T1s,canonical (o gr) (1) ?7/0 Wy TP | T Wy (4.130)

To fix the coefficients of ingoing homogeneous solutions we change the integration

limits and set the upper limit of the first integral to oo. Then we find the special
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solution as

0 L X, . oo l X
(1,0 o l 205N (ag,Bl) l Mo <X(aj,Bl)
ns(oéj,ﬁl’) (U) == _"’]laj /u du/—W(u/) + 7]201]' /u du,—W<u/) . (4131)

The near region solution can be written with the contribution from infalling

homogeneous solution as
(1,1 1,0
(I)((lj = nSEaj;W) + 04771fyj(u) (4.132)

with an arbitrary constant ¢, which can be set to zero due to the fact that Green’s
functions are independent of normalization.

Remember that we use matching method therefore we need the behavior of this
special solution at the boundary of the near horizon region, i.e. u < 1. To analyze
the boundary of the near region we separate the integral in the special solution into

two parts as following.

0o l oo l
1,1 772a 'X(aj,ﬂl’) Tha 'X(Ozj,f)’l’)
ngaj?ﬁl/)(u) = — 7]151] /; du/]— + 772laj /e du/]—

/ /
W) W) (4.133)
B z/edu/%ijX(ajﬁl')Jr l/edu,mlan(aj,Bl’)
e R OO RN A (O

The first two terms can be calculated as constants as € is a non-zero constant. Now,
we will analyze the u-dependence of the third and the fourth terms above by using

the asymptotic values of the homogeneous solutions, i.e.
Wllaj ~ W (Uiukl + GIRUV'“’) ) Uzlaj ~ Wi (u*”kl + QN}RU”’W) . (4.134)

To obtain the w-dependence of the non-homogeneous solution we make a linear

transformation in which the special solution is invariant, i.e.

l —v v 1 _y v
nlaj - alaju ki + aQqu ky s 772aj = alajU ky + aQO&ju kq . (4135)
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Therefore, we find the w-dependence of the special solution at the boundary of the

near region as

(L,0)

(23:5L) (4.136)

Vi, Vi, (L) —vg, Vi, (L)
U WIS (.pry T U WI g iy

(L)

(1.0)
s (0,81

—Vi Vi,
1(00 Bl +u LW "' No

) (u) AU W

where the coeflicients are calculated as

X!

Ly -, 7710@ (ajg,Bl")
(g =W /oodz W(z)
O

1qM g ~ oy
LB (1) 4 2igea + (~1)mRy + (~)*W'Ry]  (4137)
9(—U0)
e—l/kl— (0 l ) € kl“l‘ k / 0 l/
X | — + — g )
[Vkl + vk, =6 Vi = Viy o +6J

l

¢ pb X
C) D "Baj > (a,B1)
M2(agpr) = W /Oo ST (2)

i Ma ! o' . o~ o
0B [ 9(—1)* + igeq + (—1)*mBs + ()™ Ry (4.138)
9(_u0)3/2
MM oy €M o
X | ———v )+ ————Gov 5 |
{Vkl—Vkl/ O Uy + vy o

) = LB [9(—1)% 4 igea + (~1) Ry + (1) Bo] G0

(4.139)

(1,0) _ 21gMogaw

« : a, o~ 0,l
N4 gy = 572 |2(—=1)" + 2igeq + (=1)%mRy + (—1)"m' Ry v(_ﬁj) (4.140)
9(—uo)

I/kl+1/kl/ Vi —Vky w?uk ,
)

The explicit w dependence of this solution scales as w , W v, and w°.
The non-analyticity due to the possibility of having vy, — 14, < 0 can be overcome

by adding a homogeneous solution. Then the non-homogeneous solution is

T(1,1 1,1 0,1
djéj,gl’(u) = nSEaj?ﬁl/)( )+ 0477( )( ) - (4.141)
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(0.0)

Substituting 7,;" (u) = (u" + Grru’™) one will see that the best choice for ¢, is

ey = —wrnby g . (4.142)

Finally, the first order near region solution is obtained as

_Vk?l/ Vkll l

N(lvl) ~ 1VE Vg, ~1 14 Vi [
waj,ﬂl/ (U) o~ U ftw " nlajﬁl/ + u v w Y n3ajﬁl’ +u w n4aj5l/ (4 143)
- 9 3 .
~ VeV Ry nllajﬂl/ 4R R néajﬁl’ + o Ve nilaj,@l’
where
Majar = Niggar — (—1)Grrnaajer - (4.144)

We were able to eliminate the non-analyticity of first order solution in the near
region due to w terms but looking at the coefficients (4.138), (4.139), (4.140) we can

see that this solution blows up in the degenerate case, i.e. v, = v,

Degenerate case vy, = 1y,,:

The issue of divergency in the degenerate case in the near region solutions can be
addressed by expanding the first order (4.136) solution in v, — vy, limit. Then we

find at first order

1,1 v v 1,1 —v v 1,1 v v 1,1
”SEaj,)ﬁl’)(“) AU dléaj,)ﬁz') Tu W dQEaj,)/o’l’) +uw™ (In “’)di‘Eaj,)m')
1,0)
ag, Bl
1,0)
o, Bl)

+ uhw (I Q) sy + u™ " 1w" (I w)dafo (4.145)

+ u” W (In C)d4g

with the coefficients

€ l Xl X —2vy,
Ly Maj<*(aj,81") l € Lo, 1 510 (0,0)
dl(aj,ﬁl’) = w Yk / dZW — majﬂl, |:Tyklv_ﬂj + (gkl + In 6) gﬁv+ﬁj :| )

o0

(4.146)
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X! 1 Vi,
(1,0) o v 77211] (af,B81") ! (0, 6 Uy (0,0)
d2(a] gry = —W K /OO dz—r i+ Mag,prr {(__ +1In 6) V_pj + gb’ +85 |

W(z) 2uy,
(4.147)
daguary = M G505 (4.148)
dilh sy = =m0 (4.149)
where we defined
mb; g = (Mg [—2(=1)" + 2igeq + (—1)*mRy + (—1)°m'Ry] . (4.150)

We repeat the procedure for eliminating irregular terms as w — 0 for degenerate case

as well.
7 (LD (LD Ve W 1,0
¢S(aj7/3l/)< ) ~uFw kld]_ (0, B1") + Qu kW (IHW)d;g(aJ Bl
+ TR (ln C)dg (aj, Bl’ +u YR (ln w)d4&]l a1 (4.151)

(1,0)

T VR (]n C)d4(a] s1)

or the explicit w dependence can be written as

~s(l’l.) N R "kle”’“lcﬂ(LI») y+ 2 Vi1 (In w) d 'Y
(ag,81") (ag,B1")

(e 5’1’ >l (4.152)
+ CVleUZVkl (ln C) oe] ﬁl/ _'_ C Yk (ln C)d4gaj Bl')

(0,1

v

where we added the terms (—w”’“l a1 l)( )) and (—w”’ﬂ Inwdy ijl)ﬁl,) ?}f{,) ng;l)( )>

(g1 ey
respectively and remembering that dséij) o) = ?roﬁlal a] Bl’ We also defined
(L,0) _ (1,0 i 7 (LD 1
dl(a]}ﬁl’) o dl(aj,ﬁl/) - (_1) 2(aj, ,Bl/)g (4153)
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4.4.5 Second Order Solution to Dirac Equations
Second Order Numerical Solution to Dirac Equations

The second order Dirac equations are

1-—
z1/1 20 _ Qf,u()( z) + W02¢

(2,0) k. + Kl
I e

2,0)
+B=0 (4154
o T T g (4.154)

2,0)
¢(

\/_

where

szl - sz 1 1 sz 0 1) J— N
B ( Loy Dty Doy L 202 (w8 u)
3 /
+ szlOszll <¢ Oty w(o ) > +— <2Q 210 + szll) Q/J(O 2
—i—./\/lOl 1?/1“ 1) +M0l+1 ¢(11+1 —i—MOlw(“ —i—./\/lOl 21/}(0;—2)+M&()j?z+2)wé(;,l+2)

aj

2,1) , (0, Quyy11 1,1 Quy11 1,041 Qyyi0 (1,0
—I—/\/l( ¢a])+ “yyll 1¢ﬂ )+ wyyll 1@/}ﬁ+)+ Hyylo 1¢ )

Ak Wh 20/h
+N((7]¥Ll 17%% 1) +N(Ol+l)¢0l+1 +Noz¢(01)+N(TJr,Ll 27%% 2) +N(Ol+2)¢0l+2
(4.155)
MED 3 (gspo(1 — 2) +w) (2Q% + Q1) _ qr(1 — 2)(2Qu104n0 + Qur1 A1) o2
o 16h 4h
a3(k'x + K1)(2Q2,10 + Qixll)o_l
16vh ’
(4.156)
(00%2) _. _3 (grpo(1 = 2) +w) Qhy | ¢ (1 = 2)QmAm] aszzll
Maj =i { 32h * 8N R
n a3(i2k + ke, + K(IF 2))me110_1 o kaanan
32vh 16vh
(4.157)
N(O li2) 3C)yyll 1 (O +1) _ 3ny11ny10 1 N(O,l) _ _3 (2Q3y10 + Qg2/y11) 0_1
" BTN 8vh rooem 16vVh ’
(4.158)
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Figure 4.7: Plot of spectral function A(w, k, = k, k, = 2.8538) vs. w for parameters
u_025 ;= 0.005, ¢ =0, A =1, g =2, o = 2.25072, T—00613andf0r
¢=0.0,0. 05 0 07,0.1 respectively.

where o = +,—, j = 1,2 and 8 = —a, m = 3 — j. The coefficients /\/laojl ,M(O AF1)
are given in(4.110) and (4.111) respectively.

The first order Dirac equations show us that the (I +1), ({), and (I £ 2) modes of
the zeroth and first order spinor fields are mixed with each other.

The most general form of the retarded Green’s function for both degenerate and

non-degenerate cases is provided in [117] as

B, +0(&Y

Gp ~ " o SR (4.159)
Aa Lol ‘I‘ §4Aal ol 64 ZB:l ) Bl— (lo)al al,Bl—1 + ﬁl+(10)al al,Bl+1
’ Api-1,61-1 Agi1, 8141

We do numerical calculation to find the spectral function from this retarded
Green’s function and see that there is no band gap formed in near k;, — kp for

non-degenerate case.
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Retarded Green’s function gives a pole at the Fermi surface where k; = k. Near
the Fermi surface we can write the retarded Green’s function for degenerate case
Vg, — Uk as

40 pO

GRalal = 0 5 alol Oil’al T (4.160)
(A( ?al + 5414;13041)2 - €4A¢(3<l?al—1A((1l)—1,al + O(£°)

al

To find the retarded Green’s function we solve second order Dirac equations, i.e.
(4.154), at the boundary choosing the ingoing boundary conditions at the horizon.

Remember that near the Fermi surface the retarded Green’s functions has the form

A
= 4.161
Gr w—vp(k—kr)+ X(w, k) (4.161)

where X is the self energy for fermionic excitations near Fermi surface and Z is the
residue of the pole or in other words the quasiparticle weight. Therefore, we can write
Ag)l?al + 5414&213041 = w—vp(k — kp) +i(c; — icy)w? ™ where vp, ¢y, ¢y are real constants
and are determined from boundary data.

The retarded Green’s function has three different cases depending on the
parameters.

For vy, > %, the system has fermionic quasiparticles and the effective theory is a
Fermi liquid. In this case the imaginary part of the self-energy behaves as oc w?. Also
in this case the spectral function has a nice Lorentzian distribution centered around
w = 0. For v, > % the dominant linear term leads dispersion and we obtain

(w—vp(k — kp))B(O)

al,al
: . 4.162
w—vp(k — kr))? — A2 +ici (w — vp(k — kp))w™* ( )

GRal,ozl = (

Near Fermi surface and small w there are two peaks in the spectral function

(A(w, kz, ky) = S[Gruu + Gra)) of the system are found in w = vp(k; — kp) £ A
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Figure 4.8: Plot of spectral function A(w = 0.0005, k, = k, k) vs. k, for parameters

u = 0.25, 77—4—0005 q=0,A=1,q =18, po = 2.25072, T —00613andf0r
Ho

£ =0.0,0.07,0.075 respectively.

as seen in Fig.4.7. Here the band gap, A is first order in &2 and is given by

A(l)

54Aal al-14al—1,al (4.163)
and its width can be changed by taking second order terms into account. Fig. 4.7
also shows us that the order of the gap is in the order of &, ie. w ~ A ~ &2
¢ = 0 corresponds to above critical temperature case. As we increase the & value
the magnitude of the gap also increases. But after a certain £ value the perturbation
breaks down. The width of the peaks in the order of &% therefore they can be
ignored and they will seem to be sharp peaks. For the parameters used for plotting
Fig.4.7, v, = 1.5064 which is greater than 0.5 and shows the Fermi liquid property.

We can also observe the presence of the gap in A(w, k;, ky) vs. k, graph as seen in

Fig.4.8 at small w near Fermi surface region. Again perturbation breaks down near

€ ~ 0.08.

110



On the other hand, for v, < 1, i.e. in non-Fermi liquid case the non-analytic term

dominates non-linear dispersion and we can write A0 ool T §4A = Ccow?k — vp(k —

al,al

kp) +ic; — w?* which gives the retarded Green’s function

(w? — vp(k — kr))
(wQVkl _ UF(kl _ kF>>2 — A2 4+ i01<w2ykl _ UF(kl _ kF))WQVkl )

G Ral,al ™ (4.164)

where the two peaks are at w?m = vr(k; — krp) £ A and as opposed to the Fermi
liquid case both the width of the non-linear dispersion and band gap are in the order
of £1/2k.

Finally, for vy, = %, leads too marginal Fermi liquid. There is still a Fermi surface
but the self energy scaling is not quadratic in w but ¥ o wlnw. Therefore, near
Fermi surface and w = 0 the w dependence of matrix elements of A are Ay o =

w+ cwhnw —vp(k — kp) +icwlnw.
Second Order Analytical Solution to Dirac Equations

In the near region the second order Dirac equation is

8@:)((3’[) —i0 d2D _ F

(mcr + mcrl) é[:)g’l)

/ ) \/_ (4 165)
L PN M@ =0 '
( C_> Bil'=1%1
with
oA o oA o
Maﬁll’q)(ll) 1qAt11 3@(61,1)+ 1q.At10 03@(1,5) (4.166)

2, <1+§O)0 G (1+§0)

where we used the boundary condition that at the boundary of the near region Q) =
Q:: = Que = Qyy = 1. After the coordinate transformation the second order equation

18

= h haoh ~
83@&2’” hllq) <h%1 + b2, + (_1)04% _ (—1)ah22) (I)g’l)—i_yoij =0 (4.167)
11 11
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where

> Yasw (4.168)

Bil'=1%1,1
with
; o 5L ; 5 (L)
iq(—(=1)%h11 + ho2) Maguw P N iqMopw @
}/(aﬁ,ll/) = ut — (—1) hlla m (4169)

Similar to the first order case the special solution at second order can be written as

o Ly, . 0o Ly .
(2.0) — l 1 R2ag Y (aj,pl) l y oGt (aj,pl)
ns(ajﬁl’)(“) = " haj /6 du W + 24 /6 du T

v ‘ Ly (4.170)
l /772aj (ag,81") /Mgt (aj,Bl)
— Mgy, | du'———— du' ———— .
’7/ W(w) +”2W/u W)
We substitute (4.143) and (4.135) in (4.170) and find
2,[ ~n Y 1% l 1% 1% Vg, 14 2,[
s(ag oy () AU 810Dy b T M sy D Wty
V=l+1
+uw(In ¢) 84(ij)ﬁl,) +u W™ (In €) 558][)6”) (4.171)
+ uiw i (In W>54Ea;)ﬂy) +u MW (In w)sg,gi’jl.)ﬁl,) +...
where the coefficients are found as the following.
€ l Yl
@) _ v Maj ! (ag)
Sl(aj,,Bl’)_w kZLdZW
Vi —Vk y 1 6721/’“1
+q Z Mg {#ij ot t N3gj <ln6+ 5 > > Nif;. az] ;
Bil'=l41 ky — Vi Ky Ky
(4.172)

€ l Yl
@) _ 20t (o)
S2(ag,pr) = W kl/mdz W(2)

M. AT N N N (1 !
- it | ———— Nyl A NL (e ,
qﬁl'zl:ﬂ o ky T Vi, Hgel 2v 35] : 45J : 2Vkl

(4.173)
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2v
2,1 &
33204,)5;/ =q Z M,p, w—lVNlﬂj ol > (4.174)

Bil'=1+1 ky Ky
20 v
S4(ajpry = —4 Z MapgwN3gj o s (4.175)
Byl =141
2,1 /
55§aa)ﬁz' =4 Z Maﬂ,ll'Nzllgj,az (4.176)
Bl =l+1

where we defined

. (=1)°
1BJ al = 9(—ug)3/?

o (=1)°
363 al = 9(—ug)3/?

(="
N4ﬂj al = 9(_u0)3/2

(—imRy + (=1)"“geq + i(1+ ) 7,
(—imRy + (—1)"“geq + i(1 + vy,)) 71z (4.177)

(—imRy + (—=1)"“gqeq — i(—1+ vy,)) a

(2.)

Due to the coefficients of s3,’5,) and 5520

(0d,B1) terms in the second order special
solution

w — 0 limit is not regular therefore we add (—w"™ nLjSQEi’Jl-)BZ,)) and (—w" 7724'3587;),31/))
respectively. Therefore, we can write the second order solution at zero temperature

as

7 2,l ~n U v 2[ W v v v 2[
w((ajg( ) Rutiw k’sg (ag.p) T Y utres aj)ﬂl’) +uthw (ln<)54<ay)m')

v=id1 (4.178)

M (In Qs u i ()3

or we can also write

7(2,1 ~ U 2 ~(2,1 Vi, VgV, (2,
¢Eaj§(<) (3, azﬁl’ + ), (rwhes aj,)ﬁl/)
'=l+1

s ) 4179
+ (Mw? kl(lno&l a]ﬂl’ +¢ kl(lnC)SL’)EiJlﬂl’) ( )

+ (MR (In w)sf(cg gy T
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with

~(2,0) o (2,0) i (2,0) ~(2,0) o (2,0) i (2,0) l
Sty = Stagary — (S 2050 Sigagary = Sgagery — (F1) 850509 -

(4.180)
We managed to eliminate of irregular solution due to w terms but the coefficients
(4.172), (4.174) are not regular in the degenerate case, i.e. v, = v, as in the first
order case. Next, we will try to resolve the divergent coefficients problem for the

degenerate case.

Degenerate case vy, = vy,,:

Now, we repeat the same steps for second order near region solution (4.171).

2,1 2,1 _ 2,0 , 2,1
nsgaj,)m')(“) ”“Vklwyklslgaj,)ﬁl') +u ™ Szgaj,)ﬂl’) +uiw™ Unw)sifgaj,)ﬁl')

+ u™hw (In W)S4EZ;),BI’) +uw™ (In 055&1)&/) +u W (In Osﬁgiﬁ?ﬁl')

o+ uP kYR ]nw(ln C)S7 ag)ﬁl/) + u YR wPR In w(ln C) a]l)ﬁl/)
+ uRw (Inw) 59&1)&') +uw (In¢) Slogi}?ﬁl’)
2,0)

o,

(4.181)

with the coefficients

€ l Yl
C8) - Maj ¥ (aj,p1) ! ~ 1
S1(ajpr) = W / dZ—W(zJ) +4q Z M g Dip (1 + 27& In 6) ;o (4.182)
> B

(2.1) ¢ ThaYosa0) Dijs
) _ —v < ay,Bl l 21/
S2(aj ) = W / dZ—W(Z) —a) My 5 S, o (4.183)
> B
~ 1
aj ﬁl/ == qz aj,Bl |:_D1,3 + D‘;/g (1/_ + 21n 6):| y (4184)
Ky
Sa(upt) = Z Jﬁl’_€2ykl ) (4.185)
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~ 1 € 2
en
5(aj,8l) qz Ma] U [_Dlﬁ + D3g (g +1In e) — Dyp } , (4.186)

) 2y,

2;) € Mk 1
6(aj,Bl') — qZMag Al {—Dsﬁ 20 + Dyg (gkl —1In 6)} , (4.187)
aj m, - qz L ar3Dss (4.188)
ss(aj ) Z L aDag (4.189)
o) = qz La2Dsg (4.190)
sm aml, = Z L avDss | (4.191)
S1101 a0 Z L svDag | (4.192)

where we defined

Dy = % (—imRy + (—1)geq +i(1 + vi)) digjn » (4.193)
Dys = 9((_—;0);/2 (iR + (—1) " geq +i(1 + vi,)) ds o (4.194)
Dyg = 9(—_T10);/2 (—imRe + (—1)geq +i(1 — v3,)) digj - (4.195)

To regularize the second order solution in w for degenerate case we repeat the same
procedure with the u™"*w"" terms and find
7(2,1 v v 2,1 1% 1%
Doy (0) RCH™ 9810+ (™ (Inw)Sa
+ (VR R (In C)s5 (o] Bl/) + ¢ (In ()SG (o, ,Bl/)

+¢"w™s Inw(ln Q)se(ary + ¢ nw(InC)ss(ry g (4.196)

+ ("W (Inw)’sg Ea}l‘?ﬁzf) + (W™ (In C) Slogi}ly)ﬂw

e o
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~ (2,0) o (2,0 (2,0) 51 ~ (2, o (2,0) (2,0 51
S1(ajar) = S1(ajery — (—1)S205 59 83 (aj,81) = S3(aj, ﬁl/) —(-1y S4.(aj,81)
SNBEi}Z',)ﬁz') = Ssgi}ly)ﬁz') —(-1y S9<aa Bl) G -
(4.197)

4.4.6 The Far Region

The reason for us to use the matching method is that expanding in small w is
problematic at zero or at T' < u temperatures due to the fact that w-term is dominant
in the near horizon region. To find the leading order equation in the far region we set
w = 0 at zeroth, first, and second orders. In the far region, i.e. as z — 0 the solution

to the leading order equations can be written as

- 0 1
PN (2) = A mmR + ByhmE +.. (4.198)
1 0
where s = 0,1,2,... is the order of perturbation. Now, we use the matching method

to find the coefficients A &) and B ) gince the retarded Green’s function is G R =
BA~!. The matching method is applied in the overlap region, i.e. the inner boundary
of the far region and the boundary of the near horizon region. In general the small w

expansion of the retarded Green’s function is

B( )+ wB '+ OW?) + Grr(w) (B(_O) +wBY + (’)(w2))

Gr(w k) = K—g ) ©) )
AY 4 wAD + Ow?) + Grr(w) (A, +wAW ¢ ow))

(4.199)

where K is the normalization factor but it does not affect the result, thus can be set
=1 [120]. In the following calculations we will be interested in the leading order

but they can be generalized to higher orders in w.
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The non-degenerate case the far region solutions read

= A 0% + Gl Al al, D Edw

A(O)

al,al = “tal,al V_a2

(0) (0)— (Ol 0,0) 2y
Bal al Bal al V_al + gaIR al, alv-‘ral(") M )

( 1 ]. ~1 Vi, +Vg Vk:
Al Bl Aal mfnlaszw P A Aal Bl’n3a2ﬁl’w v Aaz Bl’n4o¢261’ )
1) _ 1)« Vg, +Vk (1,3) 2uy, (1,4)
Bsr = BylgyMiaogrw ™V + By Bl/n3a25l’w v+ By 51/”4(1251/ ;

2 _ (2, 1) (2,4) gl W2V (2,3) Vi, Uk (2,4) 2y
Alor = (Adl " S1a2 + A S4a2 Lt § :Aal 1 33a2 A A 4a2W tInw

+ A 55042 ’

%%=Oﬁ”m+F”%Q2%+ZF$%MMWW+F”Lw%mw

+ BBt

a2 ¢

(4.200)

For degenerate case

0 — (0. 0)+ v
Af(ll?al = At(;vl)alv—a% + gaIRA((;vl)alv-i-a;wQ K )
0 0)—_ (0, 0)+. (0,0) 2
Bc(vl?al - Btgel)al G+ gaIRBézl)al LﬁwQ e

Al = (A Bz + A ) 0 + A g + 2405 ™ Ino
B = (B B ) 4 B+ 258
Afz?az = (A((fz RE lloc2 + A(2 R S5a2 + A (210 510a2> w4 (Afz _E éoc? + A(2 K 7a2> 2k In w
+ (A(2 6)séa2 + A 2 ll)slHQQ) + Agj’g)séaz Inw + A(2 %) Shaow? 1 (Inw)?

+ (terms from non-degenerate 1) |

B(Q)

al,al —

(B(2 Vgl + BBV 4 B® 10)8[10@) W o (B 08hs + BY 7)Sl7a2> Wi
+ (3(2 6)Sl6a2 + B(2 11)Sln 2) + B(()zzl )58a2 Inw+ 3(2 9)59042“’21/’” (Inw)?

+ (terms from non-degenerate (")

(4.201)
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as given in [117].

4.5 Conclusion

In this study, we have explored the holographic fermionic spectral function to see the
band gap structure due to the presence of a spontaneously generated holographic
lattice structure. Holographic fermionic field was put into a finite but small
temperature black hole and the Einstein, Maxwell, scalar, and Dirac equations were
solved both analytically and numerically using perturbation theory. The results of
our calculations are consistent with the lattice effect in a periodic potential and we
found out that there is a band gap formed at the edge of the Brillouin zone, i.e.
degenerate case with vy, = 1y, due to the interaction between different levels. The
magnitude of this gap increases as we increase magnitude of the order parameter, &,
up to a certain value in which the perturbation breaks down.

A similar system was studied in papers [117] and [118| to analyze the holographic
lattice effect on the Fermi surface. The contribution of our paper to these studies is
that in our system the holographic lattice structure was spontaneously generated by
a higher order derivative term which we studied previously in [12].

In [121] and [122] they introduced the dipole coupling in Q-lattice background to
dynamically generate the Mott gap and analyze its behavior as a function of dipole
coupling and the effects of lattice parameters and to analyze the metal-insulator
transitions. As a future study, it would be interesting to explore the Mott gap and the
metal-insulator transitions by studying our system in Chapter 3 in a spontaneously

generated holographic lattice background.
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Chapter 5

Conclusion and Outlook

In this PhD thesis holographic duals of the spatially inhomogeneous phases, a robust
phase diagram, and fermionic system with lattice effects have been presented. The
summary of these studies are as follows.

We started with presenting a holographic model which includes a U(1) gauge field
and a scalar field coupled to a charged AdS black hole with a spatially homogeneous
chemical potential in Chapter 2. As we turned on the higher derivative interaction
term between the U(1) gauge field and the scalar field a spatially dependent scalar
field and a spatially inhomogeneous charge density at the boundary was spontaneously
generated below a transition temperature, 7. We discussed the dependence of the
critical temperature to parameters like wavenumber (k), higher derivative coupling
constant (;%)’ charge of the U(1) gauge field (¢), scaling dimension (A), and second
higher-derivative coupling constant (2—;) Plotting the transition temperature as
a function of wavenumber, k, shows that the maximum transition temperature
corresponds to the critical temperature, T, of the system. The scaling dimension does
not make a significant difference in our results. We also found out that inhomogeneous
solution is more dominant for small enough ¢ value. Finally, the second higher

derivative term plays the UV-cutoff role to obtain a finite wavenumber, k. In

addition to these results we explored the fully backreacted system below the critical
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temperature using the perturbation theory and our analytical results confirm that
the spatial dependent charge density was spontaneously generated at the boundary
gauge theory.

In Chapter 4 we analyzed the behavior of the Fermi surface in spatially
inhomogeneous background that was spontaneously generated by higher derivative
coupling term studied in Chapter 2. To this end, we needed the numerical results
of the previously analytically studied system. By using the perturbation theory we
numerically solved the Einstein, Maxwell, scalar field equation system which gave
us the opportunity to observe the spatial variation of metric functions due to the
backreaction of the spatially dependent gauge field. We were also able to see the
spatial variation of the charge density of the boundary gauge field theory numerically.
These results confirmed our claim in Chapter 2 that the holographic lattice structure
was spontaneously generated at the boundary. To study the Fermi surface we added
holographic fermions to the system and analyzed the single fermion spectral function.
As a result of the degeneracy the interaction of different momentum levels leads to
the band gap structure which is well defined in condensed matter physics.

Another interesting application of gauge/gravity duality was studied in Chapter 3
where a robust holographic dual of phase diagram was explored. The holographic dual
of the phase diagram was formed by using a dipole coupling between the fermion and
gauge fields in the bulk. A pole in the spectral function of the holographic fermionic
system is an indicator of a Fermi and non-Fermi liquid depending on the scaling
dimension v, and a zero is an indicator of a Mott insulator. The coexistence of both
poles and zeroes indicates the pseudo-gap phase in the phase diagram. The important
contribution of this study was pointing out that since there is duality between zeroes
and poles of the Green’s function, Gr, the Mott phase can be studied by mapping
it to the Fermi liquid phase by applying a sign change to dipole coupling constant
between the massles fermion and the gauge field.

To finalize this thesis we will present an outlook for future studies based on the

work presented in this thesis.
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One interesting work that can be done is generalizing the spontaneously generated
one-dimensional holographic lattice structure to two-dimensional lattice effect which
in general can be anisotropic in z — y plane.

In most of the gauge/gravity duality studies probe limit is studied and lattice
effects are ignored. Therefore, to see the lattice effects we can apply our spontaneously
generated holographic lattice model to different systems to analyze the lattice effect
to different mechanisms. One of the implications of the spontaneously generated
holographic lattice effect can be to study the lattice effect on the optical conductivity.
This work has been done by Horowitz et. al. in [62] and [63]. They added the lattice
by introducing a neutral scalar field with boundary conditions corresponding to a
periodic source and also by a spatially varying chemical potential in both AdS,; and
AdSj5 spacetimes. Their studies revealed that adding the lattice to the background
leads to broadening of the delta function at w = 0 of the real part of the optical
conductivity. Also the real and imaginary parts of the optical conductivity obeys
the simple Drude form at low frequencies and then they show a power-law depence
on frequency, o ~ w2/ in the mid-infrared regime. Given these findings, it would
be interesting to analyze the frequency dependent optical conductivity of a lattice in
both spatial directions.

Another possible follow up study can be to explore the Mott metal-insulator
transition which involves strongly correlated system and requires methods other than
conventional techniques. We can study the effect of lattice constant to this transition
by putting the holographic fermions with dipole coupling system into a spatially
inhomogeneous background. This was done in [121] by introducing a Q-lattice instead
of the spontaneously generating the holographic lattice structure. As a result of their
study they found out that the lattice amplitude and the wave number provides a
wider parameter space and this leads to an abundant Mott physics. Since in our
holographic lattice system we have more parameters we believe that we will be able

to analyze the Mott physics in more detail.
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The ultimate goal of the gauge/gravity duality is to become an alternate solution
for understanding the strongly correlated electron systems where conventional
methods cannot be used. The phase diagram of high-T, superconductors has a variety
of phases like Mott insulator, strange metal, pseudo-gap phase which are not well
understood yet due to their strongly coupled nature. We hope that gauge/gravity
duality studies will expand our understanding of these phases and contribute to

condensed matter physics.
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Appendix A

Calculation of the metric functions

Quale) ==
X [2,qut10 —2(1 — w)poAjyp(w) — 12/2;1(11}) + ng(ZU)Atz(w) dw
(A.1)
where
Atl(Z)——/O dw wA+14 o (w) + w” [P;P(gf(ii)AF( )+ wF' (w))?] (A.2)
and

Awn(2) =16(z — 1)2°P(2)?[F'(2)]? + 32A(2 — 1)2P?(2) F(2)F'(2)
+ [16p50° (2 — 1)22 + A%2% (4 (g + 4) + poz" — (g + 8) ppz® + 1627 + 162) | F?(2)
+16k%2°P(2) (nugz* + 1) F?(z) — 48AP(2)F*(2) .
(A.3)
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Similarly,

szlo(Z) :m
X /1 [—210Ano(w) + 2(1 — w)po Ay (w) + prgAsi (w) + w2 ALy (w)] dw
(A.4)
where

7 s @ (w) + w? [P (w) (AF (w) + wF (w))?]
A.i(z) = —/0 dww 2P2(w) . (A5)

and

[¢*(1 — 2)2%p3 + ((A = 3)A + k222 (1 + 2'npg)) P(2)]
P(z) (A.6)
+ (1= 2)P(2) [AF(2) + zF'(2)]* .

AZQ(Z) = —

_ [ w? Y1y aaca, 4y 20 N
sz10(2>—/0 dwm/l §k w (w nuo—l)F (w )dw (A?)

and calculations show us that Q,y10(2) = —Qua10(2). Therefore, we find

z 2 w’
Quyi0(z) = — /0 dwm /1 SKR S e — )P () dw’ . (A8)

Maxwell’s, and Einstein’s equations for the remaining first-order modes, i.e.

Qu1, Q22115 Quai1, Qyy11 and Qz211, are reduced to the following equations.
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Quant [2 8Kz +4(2 — )P + pg2®) + (12 = 82)P]  4K’Qyynn

ngu + ngu +

2(z —1)z2P (z—1)P
2k22Qu.11 ((2 — 1) P + P) ((z—1)zP'+(4—-32)P) Q! 2Q)
_ Tz —4k 21/ xxll zz11

(z—1)P “ Qo 2(z — 1)2P L
((z =1)zP"+ (4 - 32)P) Q;yll MgZQQttn B /LOZQAQH n oz At LA =0
2(z —1)zP 2(z—1)P P P—zp T
(A.9)
8k*z + p3=*) Qun 8k*2Qyy11
, k20, ( 0 vy
Qaat1 + @y — 452" CQuani (2) + (2= 1)2P' + (4—32)P ' (2 —1)2P' + (4 —32)P
A DPQuy | (G- DP ) + (12 82)P) Qo
(z—=1)zP"+ (4 —32)P 2((z—=1)zP"+ (4 —32)P)
2p102° A1y 2u0(2 — 1)2° Ajyy _
— - + AQ - 0 )
(z—1)2zP'+(4—-32)P (2—1)zP' +(4—-32)P
(A.10)
/ / [(Z — 1)P/ + P] Qttll [(3Z — 4)P — (Z — 1)ZP/] szll
Qe+ Qun * 50 )P 2z~ 1)2P (A1)
MOZQAt11 -
+ 7P +A; =0,

[3(z = 1)zP" — (2 — 4)P] Q4 [(z = 1)2P" — (2 = 2)P] g/yn

1 1/
@y ¥ 2(z—1)zP - (z—1)zP
_ [(z = 1)zP" + (4 — 32) P)| Q.1 i (157> Qun . poz* Ay
2(z—1)zP 2P —22P P
[2(2(2(z = )P" + p22?) —4(z —2)P') + 4(2 — 3)P] Q.11 poz* A
— + + A, =0
2(z—1)z2P (z—1)P

(A.12)
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(2 (2 (=8K* +2(2 — 1)P" + p¢2?) —4(z — 2)P') + 4(2 — 3)P] Q..11

" "
ttll + szll -

2(z—1)z2P
Qui1 (8K — piz?) B 4k2*Qpy (2 = D)P'+ P)  (3(z—1)2P' — (2 = 4)P) Qlyyy
2(z—1)P (z—1)P 2(z —1)zP
(=D = (2 =2)P)Qron (2 —1)2P + (4 =32)P) Q.1
(z—1)zP 2(z —1)zP
NOZQA:tll ,UOZQAtn

+ - 4]{:22@;211 ‘I’ A5 == O 5

P (z—1)P

(A.13)
and from Maxwell’s equation
A4 4k* A . 244, 2kpo2*Qeann n Qi1 | 0@y | M@y
(z—1HP z-1 z—1 2(1jz) 2(z—1) 2(z-—1) (A.14)
+ —g(olQ_ZZLB +Ag =0
where

P[P (2 (i3S 4 22) — (A = B)A) + A2z — P2 4 idg?(= — 1)27]

A= 2(z — 1) P2
+ EZZAFIQ + AFZQA—IF/
2 Y
(A.15)
A — 2A(z — 1)P2*AFF' (z — 1) P22A+LIE2
2T =1)zP +(4-32)P (z—1)2P' +(4—32)P
Al
S2A-1 [(A — A — k2 (220 + 22) + #29112(21;1)z2 + A2z — 1)P| F? (A.16)
B (2 —1)zP' + (4 — 32)P ’
1
As =§F22A_1 (zF' + AF) | (A.17)
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1
A4 :—Z2AF/2 + AZQAleF/

2

L AR [P((A DA 4R (1)) — A% PP e 1)
21— 2)P? !
(A.18)

A5 :%ZZAF,Z 4 AZZAleFI

| ERP (A = 8)A R (et — 1) — ANz - PP R - )
2(1 — 2)P? ’
(A.19)

2A-2 (2 2.3

Ay 2t = 2R (A.20)

(z—1)P
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Appendix B

The first order scalar equation below

1¢

2 pio
Co=——— B.1
2 op ( )
o — 2P N poz? [8A + (2A — 1V)pdzt — 223 (A (ud +4) — pd) — 82% — 82 + 4]
YT ap? 8(z — 1) P2 ’
(B.2)
c 2% p0(1+ 24+ 2%)  2PApgP 2Kz nug
° P3 2P? (- —1)P (B3)
N Apoz [2HA = 2)pd + 23(4 4+ 3pd — A(4+ pd)) — 82(2 + 1) + 4A] '
8(z —1)P? ’
1
D, = —Qzz10 — Qszll ) (B4>
(2A —2Az4+2-2) P 1 22A —2Az+2—-2) 2F
D, = 77 - 2z -

1 = aato (z—1)z P +4Q H (z—1)z P
Qetr0’ | Qunn | Qrero | Qoann ;yIO Q;yll Qzzto’  Qlon
+2+4+2+4+2+4 2 4

(B.5)
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Dy _ Gaz10 (z (Nk2p22° + (A — Az)P') + AP(A + (A — 2)(—2) — 3))

(z —1)22P

Qe (K2 + A = DP) + AP(-A + (A = 2)z +3))

2(z —1)22P

M3Qtt10 (nlffip - q2> Q11 <_]:2TI; - M(Q)q2> 24 V1o <q2 - nkjf?)
+ P2 + 2P2 + P2
L FoAni (¢ = 20K°2P) | K Quwio (152" = 1) | K Quun (52" — 1)
p? (z—1)P 2(z—1)P
n A (2(1tt10/ — 2dzz10" + QQ;xlo + QQ;ym + Q;tll - Q/zzll + Q;cccll + Q;yll)
4z

2oz Ve

P(z)
(B.6)

where Qtt10, Qzz10, V1o 1S found by setting ¢ — 0 in (A.1), (A4), and (4.22)

respectively.
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Appendix C

Details of Spinor Rotation

Consider the Dirac equations

, m 1—2)+w]
ﬁw+1+7fw+1+{kx+m—“qf( \/E) Ui — ks = 0,

m uqr(l —z —|—w:
Mz;g—?%ﬁ[kﬁfm i ﬂ) :z/zﬂ—kywl =0,
ﬂw’1+%_1+{—km—KZ—“Qf(l‘z)“’ o= ks = 0,

z Vh ]

, m 1—2)+w]
\/E@/)_2—7f¢_2+[—kx—l(l+uqf( \/ﬁ) Yoy — ke = 0. (C.1)

The first and third equations can be combined into

Vh(ir + M) + %WH +Apg) — {qu(l \;{) i w] (V42 + Ap_3)

(kg — Moy + (—ky — Ak )th_y =0 . (C.2)

Let k, + K1 = kjcos 6, k, = k;sin@ with k& = \/(k:x + K1) + kZ and choose

A=— tang (C.3)
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Then (C.2) becomes

Va2 + =L (Ao + [k’l = “"f“;;) - “] (44 ) s) =0, (C.4)

which is identical to the first equation with k, = 0. Similarly, we obtain

(1-2)4w

Vh

Vhlsat o) ==L (fpat M) + [kzl + 2 } ($s1+ A1) = 0. (C.5)

Similarly, choosing § = cot (g) we obtain

Vh({iy + 69_y) + %(@Ml + 0 1) + |k — pay(l —z) t o (Vg2 +0¢Y_2) =0,

Vi
) ] (C.6)
Vil + 802) = "L+ 80 + |-k HEEZDEE sy —0,
) ) (C.7)

i.e., the modes decouple and the equations are the same as with k, = 0. Solutions

only depend on k; and we define

LR A0 S SSRGS L0 (C.8)

i = v+ oul, B =+ oG (€9)

which is given in (4.45).
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