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Abstract

Using the AdS/CFT correspondence, we study the anisotropic transport properties of
both supersymmetric and non-supersymmetric matter fields on (2+1)-dimensional defects
coupled to a (3+1)-dimensional N'=4 SYM “heat bath”.

We address on the one hand the purely conformal defect where the only non-vanishing
background field that we turn on is a “topological”, parameter parametrizing the impact
on the bulk. On the other hand we also address the case of a finite external background
magnetic field, finite net charge density and finite mass.

We find in the purely conformal limit that the system possesses a conduction threshold
given by the wave number of the perturbation and that the charge transport arises from
a quasiparticle spectrum which is consistent with an intuitive picture where the defect
acquires a finite width in the direction of the SYM bulk. We also examine finite-coupling
modifications arising from higher derivative interactions in the probe brane action.

In the case of finite density, mass and magnetic field, our results generalize the con-
formal case. We discover at high frequencies a spectrum of quasiparticle resonances due
to the magnetic field and finite density and at small frequencies a Drude-like expansion
around the DC limit. Both of these regimes display many generic features and some fea-
tures that we attribute to strong coupling, such as a minimum DC conductivity and an
unusual behavior of the “cyclotron” and plasmon frequencies, which become correlated to
the resonances found in the conformal case. We further study the hydrodynamic regime
and the relaxation properties, in which the system displays a set of different possible tran-
sitions to the collisionless regime. The mass dependence can be cast in two regimes: a
generic relativistic behavior dominated by the UV and a non-linear hydrodynamic behav-
ior dominated by the IR. In the massless case, we also extend earlier results [49] to find
an interesting duality under the transformation of the conductivity and the exchange of
density and magnetic field.

Furthermore, we look at the thermodynamics and the phase diagram, which reproduces
general features found earlier in 341 dimensional systems and demonstrates stability in
the relevant phase [45].
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Chapter 1

Introduction

1.1 Motivation

1.1.1 Quasi-chronological History of String Theory

String theory can be described in terms of various dual descriptions, depending on the limit
from which we “probe” the theory. From a point of view of constructively trying to refute
the theory, at least based on its theoretical consistency, it can be described as a Hydra —
each time we try to decapitate it, i.e., each time it seems to run into an inconsistency, two
new heads grow back, and furthermore, one head is immortal. From a sociological point
of view, however, it is best described as a plant belonging to the family of the Poaceae,
in particular the subgroup of the Bambusodae, which grow their many culms from a vast
underground network of roots at a high speed in a short period and display huge mass
flowerings spaced over a timescale of decades.

It was conceived in the early 1970s as a phenomenological model to explain the cross-
sections observed in hadron scattering experiments, as it could successfully explain the
“Regge trajectory” behavior [1I]. In one form, it is based on the action of a string at
tension 7', that is essentially given by the volume of a string embedded in a d-dimensional
spacetime with embedding coordinates X* in terms of the induced metric on the string
“world-volume” Gy, = 0, X", X,

Sy = —T/dza\/—detG, (1.1.1)



referred to as the Nambu-Goto action. As this turns out to be hard to quantize, one can
alternatively try to use the 2-dimensional sigma model action (“Polyakov action”, invented
by Brink, Deser and Howe [2])

T
Sp = =5 / d*ov/— det hh® 0, X" 9, X, , (1.1.2)

which is obviously invariant under the choice of the “auxiliary” metric h on the string.
It is equivalent on the classical level as it gives the same equations of motion; and it was
quantized by Polyakov in [3]. The string tension is usually expressed in terms of the Regge

slope ' or the string length I, as T' = #a, = ﬁ

However, the brief period of flowering died off and activity slowed down when it turned
out that string theory was in contrast with experiment and it was finally terminated by
the discovery of quarks, QCD and asymptotic freedom [4]. The latter could successfully
and accurately explain the observations, and later became a corner-stone of the immensely
successful standard model of particle physics.

It was re-incarnated shortly after, when it was re-considered as a theory of quantum
gravity because of its massless spin-2 states [5]. However, it was discovered that the
theory possesses a 2d-conformal anomaly, unless one assumes the critical dimensionality
of spacetime, d = 26 [6]. Then, it turns out that the spectrum of the theory contains a
tachyon of mass-squared m? = —1/a’. Furthermore, the spectrum was lacking fermions,
which are a necessary constituent of a grand unified theory.

The latter shortcoming was fixed first by Ramond, and Neveu and Schwarz by adding
to the d scalars X* of the worldsheet theory d fermions ¢* — the so-called RNS formalism
[7. In 1981, it was alternatively demonstrated in the Green-Schwarz, or “superspace”,
formalism that one can add fermions by extending the d-dimensional spacetime to include
also Grassmann-odd coordinates [9]. This made the theory much more attractive. It
turns out that the critical dimension, at which it becomes anomaly-free is then d=10
[10]. Furthermore, it was discovered by Gliozzi, Scherk and Olive that the theory can
be restricted to a spacetime-supersymmetric sector using the so-called GSO projection,
that defines a “G-parity” and projects out G-positive or G-negative states [8]. This had
the important result of projecting out the tachyon, making the theory well-behaved and
consistent. In some sense, this is one of the “miracles of supersymmetry” in the same
spirit as the fact that the supersymmetric extension of the standard model ensures the
cancellation of radiative corrections to the Higgs mass.

Eventually, it turns out that there are 5 different consistent string theories in 10 di-
mensions: Type II string theory contains oriented closed strings. The two type II theories,



type ITA and type IIB, differ only in the choice of the GSO projection. The consequence of
this is that they share the same so-called NS-NS sector that contains at the massless level
a scalar ¢, the symmetric tensor G and a 2-form gauge potential B. They differ, however,
in the so-called R-R sector that contains in the case of type ITA a 1- and a 3-form gauge
potential C™ and C® | and in the case of type IIB string theory a scalar, 2- and a 4-form
C© C® and C®. Here and below, it is understood that there is further the appropri-
ate set of superpartners. Type I string theory contains both unoriented open and closed
strings. Its massless spectrum, as in type II string theory, consists of the dilaton, graviton
and three-form, and additionally of the gauge field (1-form) from the open string sector.
Furthermore, there are two kinds of “heterotic” string theories. Heterotic sting theories are
unoriented string theories that contain the left-moving sector of the 26 dimensional bosonic
string theory, and the right-moving sector of the 10 dimensional super string theory. At the
massless level they display Fg x Eg symmetry or SO(32) symmetry and are called Fg x Eg
heterotic string theory or SO(32) heterotic string theory, accordingly. Heterotic string
theories are of great interest to string-phenomenology, but not relevant for this thesis. In
addition, one also considers the low-energy limit of 11 dimensional supergravity to belong
to this set of theories.

It turns out that, mysteriously, all 6 theories are linked by a set of dualities: S-duality
— a strong-weak coupling duality and T-duality. If we suppose that one of the dimensions
has the topology of a circle with radius R, T-duality exchanges R « [?/R. If a string in
such a background had n “winding” modes and m “Kaluza-Klein” [12] (essentially periodic
harmonic) modes, this duality will further exchange m « n. Furthermore, these theories
are related by taking orbifolds and orientifolds — spacetime parity operations.

Also, it was shown that the low-energy limit of the theories is 10-dimensional super-
gravity, at the example of type IIB string theory, the bosonic part is:

Ssucra = o /dfc’lov -G <62¢ (R+ 4(Vo)* - %|H(3)\2) (1.1.3)
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where H®) = ¢B®@_ it — gqom fG) = G — O HG) and FO) = F6) — 1/20@ A
H® +1/2 B® A F®). The vacuum expectation value of ¢? is commonly referred to as the
string coupling gs. For more information , the reader is referred e.g. to [I1].

At this stage, however, the theory is not even remotely close to describing observations
of nature. This is because we are living in 341 macroscopic dimensions, and also our
spectrum of fundamental particles is not the one naively obtained from string theory. This
problem was later addressed in two ways.



One way was to compactify the spacetime by assuming that the spacetime is a product
manifold of the type R(®V) x $9=¢ where the ¥-manifold is assumed to be compact with a
small radius, such that the corresponding Kaluza-Klein excitations in the compact direc-
tions have high energies. Then, the symmetry group of that compact manifold is observed
as a symmetry group of the fundamental particles from the view of the d + 1 dimensional
spacetime. Certainly, the concept of having the particle theory encoded in the geometry
of spacetime, and probed by strings sounds appealing.

However, it turned out that such compactifications are generically unstable as one can
naively visualize by considering a winding mode of a string trying to minimize the radius
of a compact direction. This shortcoming was solved through “moduli stabilization” in so-
called flux compactifications shortly after the turn of the millennium by adding a magnetic
flux to the compact dimension (e.g. in [I3] [14]). These models were not only able to
stabilize moduli and generate a particle spectrum, but also to break supersymmetry and
induce a small positive cosmological constant for the flat directions [15].

Soon it was discovered though, that such flux compactifications give rise to a large
number of different consistent string theory backgrounds (“vacua”) [16] and that the inverse
problem of obtaining the vacuum “construction” from “observable” parameters is an NP-
hard problem [I7]. This raised worries that the theory might not be predictive. On
the other hand, it was noted, however, that similar “landscapes” are not uncommon in
physics. Furthermore, this “landscape of string theory” gave rise to statistical studies of
string theory vacua (see e.g. [18]), to models of cosmological selection mechanisms and
eternal inflation [19]. From another point of view, those results moved string theory from
being a candidate for a unique theory of nature, depending only on the string coupling
towards being a mathematical framework, that allows the construction of a large set of
different consistent theories — just like quantum field theory.

Another way how the above-mentioned problem can be addressed is through D-branes,
that arise naturally as follows. The string spectrum contains two kinds of strings: Open
strings which have boundary conditions at their end points and closed strings, that have
periodic boundary conditions. For the open strings, there are two kinds of boundary
conditions that we can give to each scalar in the sigma model, i.e. to each spacetime
dimension: Dirichlet boundary conditions, which we fix the value of the scalar i.e. the
position of the string endpoint (i.e. such that its time derivative to zero), and Ramond-
Ramond boundary conditions, which correspond to freely moving endpoints and require
the derivative of the scaler along the string length to vanish. It was discovered in 1995
by Polchinski [20] that it turns out that assigning hypersurfaces in spacetime to Dirichlet
boundary conditions of strings, i.e. attaching strings to them, causes these Hypersurfaces
gain dynamics: They become physical objects, called “D-branes”. They can be described
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by the Born-Infeld action [21I] in terms of the induced metric G and the gauge field strength

1
gs(2ml )P 1y -

In the case of superstring theory, the action still takes the same form, however spacetime
supersymmetry can be incorporated by an appropriate definition of F' and G, in which
case the action is referred to as the Dirac-Born-Infeld actionl This form of the action is
natural, because in the absence of a gauge field, the action is just the volume of the brane
that can be written neatly as [ dV times the brane tension. Furthermore, it was discovered
that in a supergravity background, there is the so-called Wess-Zumino term

Swz = T, / (Z O<">e2’fl?F> (1.1.5)
Dp

n

SB] = —TDp/ \/— det(ij—{—Q’/Tlng,) s TDp = (114)
Dp

through which D-Branes interact directly with the n-form gauge fields of supergravity. It
is understood that only the terms that do appropriately pull back to the brane volume
are considered. D-Branes turned out to be very interesting objects. For example the
gauge field on the D-Branes is sourced by the endpoints of strings ending on the brane.
Reviving the concept of assigning quantum numbers, so-called Chan-Paton factors, to the
end points of strings unveiled an interesting structure of symmetry groups associated to
configurations of branes. String end-points of oriented strings can now be interpreted as
quark-antiquark pairs. Since the endpoints are charged under the corresponding U(1)’s,
making them degenerate, i.e. considering n coincident branes, enhances the gauge group to
a U(n) symmetry. Furthermore, considering the massless spectrum of strings living at the
intersection of branes in an intersecting brane configurations make it possible to associate
products of symmetry groups to such configurations. This allowed the use of branes not
only to reduce the dimensionality of spacetime to 3+1 dimensions in “braneworld scenarios”
but also to address the hierarchy problem [22] and to attempt to reproduce the standard
model gauge group (see e.g. [23]). The factor of gis in the brane tension compared to
the string tension implies that at weak coupling, D-branes are very heavy objects. It also
turns out that Dp-branes, i.e. p+1 dimensional D-branes are sources for p+2-form flux
of supergravity with one “unit” p-form charge. Consequentially, even-p branes can only
be present in type ITA supergravity and odd-p branes in type IIB supergravity. These
properties make them also very interesting in a gravitational context. For example, a stack
of N D-branes may form a black p-brane solution, a black hole solution that looks roughly
similar to a Myers-Perry black hole with a p-dimensional horizon — more precisely with the

n common abusive notation also the BI action is referred to as DBI action.



solution

ds* = Z7V?(=Kdt* +di2) + 2" (K~ 'dr® + r°dQ3_,)

Crt) = g N Z7V 1) da® AL Ada? ) e = ngg%p (1.1.6)
T—p T—p
7z = 1+ap<r_P> : K:1_<T_H>
r r
pla—2p FTP
where o, = /1 + A= — %= and r,, is parametrically P ~ g NIZ (see e.g. [24,125,126]).
Tp Tp

Special cases are D3-branes for which FF®) = xF®) and D7-branes whose solution has a
conical deficit angle. Furthermore we get an extremal solution with AdS,2 x S® P near-
horizon geometry in the extremal limit oy, = 1.

One interesting limit of D-brane solutions is the so-called decoupling limit [, — 0. This
essentially corresponds in the black brane solution to dropping the “1” in Z and gives us
an AdS black hole. From looking at the DBI action, we also see that this corresponds to
decoupling the gravitational modes from the field theory modes, hence the name. In this
limit, the solution is only stable at black hole temperatures above the Hawking-Page phase
transition [27]. In contrast to Schwarzschild black holes the temperature of these solutions
is proportional to ry /L% g, rather than proportional to 1/ry.

D-branes are furthermore used for aspects in cosmology [28] or to construct “black
objects”; for example for comparing the black hole entropy to the microscopic entropy
obtained from the degeneracy of states first done in [29]. Hence, D-branes are an important
part of most of recent attempts to put string theory in the context of physicsﬂ.

1.1.2 AdS/CFT

D-branes also turned out to be necessary for the discovery and implementation of the
gauge-gravity duality in string theory. The Holographic principle, i.e. the concept that the
information for a d-dimensional theory of quantum gravity is specified on a d-1 dimensional
hypersurface was was first suggested by 't Hooft in [31] and was followed-up by Susskind
[32], which, however, received initially limited interest. That was changed when Maldacena
conjectured the first implementation of a gauge-gravity duality in string theory [33]. His
conjecture claims that type IIB string theory in an AdSs x S° background with N, units
of 5-form flux be dual to a supersymmetric N' = 4 SU(N,) Yang-Mills theory, i.e. a
supersymmetric SU(N,) gauge theory with 4 supercharges defined on the boundary of the

2Physics is considered here to be a scientific theory by Karl Popper’s definition [30].



AdS spacetime, in the case of Poincaré coordinates 0 AdSs; = R®Y . In principle, in its
strongest form, the duality is supposed to hold at all values of g, and ;.

On the one hand, this can be motivated by the fact that the isometries of the AdSs,
S0(4,2), and the S5, SO(6), give precisely the conformal group and the R-symmetry group
of the field theory, respectively. The fact that the AdS isometries yield the conformal sym-
metry of the gauge theory led to the generalized concept of the AdS/CFT correspondence,
associating d-dimensional conformal field theories of various types with string theory con-
figurations in a spacetime that has an AdS,,; factor. For a comprehensive review of such
generalizations and most other aspects see [34]. On the other hand, one can see motiva-
tion in the fact that this background is the asymptotic solution in the decoupling limit
of N, coincident D3 branes, and the field theory induced by open strings ending on the
branes is an SU(N,). This allows a very physical interpretation in which one considers
strings extending into the spacetime from infinity to probe the spacetime. More precisely,
the correspondence relates the operators O of the SYM to the boundary values ¢, of the
fields ¢ in the string theory by equating the partition function of the CF'T to the partition
function of the string theory, evaluated under a set of boundary conditions:

ZCFT = <€f8AdS ¢OO> - Zstring(¢|8AdS - qu) : (117)

Numerically, the correspondence furthermore relates the Yang-Mills coupling to the string
coupling by ¢%,,; = 47g, and the AdS length and the size of the sphere to the rank of the
gauge group, L}, = Lgs = 4mg,Ncl;. The motivation for the latter can be seen from the
fact that these lengths are precisely obtained from the supergravity solution for a stack
of N. D3-branes. This becomes very interesting from the point of view of the effective
coupling in the field theory. The 't Hooft coupling is given by A = ¢%,,N,, which is in
terms of gravity parameters \ = %, implying that at large radius of curvature, i.e. weak
effective gravitational coupling, the field theory is strongly coupled.

This makes the AdS/CFT correspondence, provided it holds, an interesting computa-
tional tool in limits where conventional field theory methods fail. However, this makes it
also difficult to verify, or even prove, the correspondence because in converse, the weak
coupling limit in the field theory corresponds to highly curved spacetimes in string theory
— and even the next-to-leading corrections to supergravity are not all known [36]. Hence,
generically a check requires a non-perturbative formulation of either of the theories, and
to date successful checks have concentrated on quantities that are “protected” by super-
symmetry like n-point functions of chiral primary operators [37] and specific limits like the
planar limit of finite A, but still N — oo and g; — 0 [38]. However, there is a vast amount
of activity going beyond those cases e.g. using the Bethe Ansatz [39].



At large N, the partition function on the gravity side can be approximately expressed in
terms of the supergravity action Ss,4,q, Obviously evaluated with the appropriate boundary
conditions, as Zgying ~ e~Ssusra This provides for the straightforward computation of field
theory correlators [35] and also for the association of background properties or parameters
in the field theory with parameters in the gravity theory. Subsequently, this method
was further developed and extended to various different contexts. For example, it was
extended from the decoupling limit of D3-branes to general Dp-branes where obviously the
field theory is modified compared to the D3/N =4 SYM case [40].

The common intuition is that the radial direction of the AdS spacetime corresponds to
the energy in the field theory, as can be seen from the fact that a conformal transformation
in the field theory corresponds to an isomorphism in the radial coordinate in the AdS
spacetime. Placing the asymptotic boundary at some finite radius corresponds then to
integrating out the degrees of freedom at high energies. Similarly a finite temperature can
be introduced by introducing a black hole horizon at some radius rg, i.e. considering a
stack of black D-branes. The temperature of the thermal field theory is then just given by

the temperature of the dual stack of D3 branes, in the case of D3 branes T' = ——.
AdS

For practical applications in an experimental context, one of the limitations of the above
was the fact that the fields on the field theory side transform in the adjoint representation of
the U(N.). To introduce matter in the fundamental representation and make the duality
more relevant for the only fundamental strongly coupled field theory in nature, QCD,
the approach of using probe branes was introduced. This was first done by introducing
a small number of Ny “probe” DT7-branes into the background, covering all of the AdS
directions [41, 42]. Fields on the probe brane are then dual to operators in the fundamental
representation of the SU(N.), and the U(N;) symmetry of the stack of probe branes
corresponds to the flavor symmetry. This model is a good example of how one can guess
the dual field theory from the massless level of the string spectrum in the gravity setup,
as the massless level of the open string spectrum at the intersection in this case contains
a hypermultiplet that transforms under the fundamental representation of the SU(N,). If
one considers the so-called “quenched limit” of Ny < NN, this setup is further simplified by
the fact that the backreaction of the probe branes on the D3 background can be ignored
at leading order. Obviously this setup is still significantly different from the standard
model QCD, but studying the physical properties of both this model and the T-dual D4-
D6 setup have received great interest [43, [44]. Particular activity has been related to the
thermodynamics and the phase structure [45] and the “meson spectrum” [46].

From an experimental point of view, certainly the hydrodynamics have been most
interesting due to the similarity to recent heavy ion collision experiments at RHIC [47]
(and in the future also at the LHC) that study properties of the quark-gluon plasma - the
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phase of matter at high temperatures and high densities in which quarks and gluons are in
a superfluid phase, that is supposed to have existed a few tens of micro seconds after the
big bang. Despite the very different details of the theory, some generic properties about
this phase of matter may be predicted by AdS/CFT. The most celebrated result may have
been the universal ratio of the shear viscosity to the entropy density of n/s = 1/(4x), that
applies to a large class of theories. In fact, including higher order terms on the gravity side
suggests that this is a minimum bound [48], and experiments suggest that this bound is
closely saturated in QCD [47].

Another very recent area in which the AdS/CFT correspondence has received great
interest for its applications is condensed matter physics. In that context, initial interest
has been on the transport properties of 2 + 1 dimensional field theories, obtained from a
dual M2-brane setup with AdS, x S°® spacetime [49], which found a very interesting result
for the isotropic conductivity that turned out to be frequency independent. Subsequent
research for example obtained the DC Hall conductivity from a dyonic blackhole setup
[50], studied the Nernst effect [51] and other issues [52] [63]. Most interest has received
the construction of gravitational setups whose field theory duals show the phase transition
of a superconductor. These constructions were initially based on black holes with “scalar
hair” and SU(2) backgrounds outside string theory, but later setups were also constructed
within string theory [54]. It is interesting to see how closely they reproduce effects observed
in experimental condensed matter physics, as it was discovered for example that also
the holographic constructions possess a critical magnetic field and the magnetic field is
quantized in vortices [55]. Another recent branch has been the construction of gravitational
setups, whose dual field theories are non-relativistic and have the conformal symmetry
reduced to Schrodinger symmetry [56]. There is hope that this may yield the construction
of a wide range of gravitational duals to field theories in condensed matter physics, which
are in most cases non-relativistic.

The hope that AdS/CFT may prove useful in condensed matter physics is on the one
hand supported by the fact that it not only can potentially provide insight and observable
properties for some strongly coupled theories that may be similar to those in condensed
matter physics, but also that it provides those results in a very uniform and general fashion
in just one calculation, rather than deriving different approximate solutions in different
limits as it is the case with current ordinary field theory methods [57, 58]. On the other
hand, condensed matter physics provides an interesting playground for AdS/CFT, because
there is a large number of 2+1 dimensional systems that display conformal behavior, i.e.
there are potentially many different strongly coupled CFTs of relevance to experiment as
we line out in the next subsection and there is a vast number of 3+1 dimensional AdS vacua
in string theory that may be used to construct gravitational duals [57, [58]. In contrast to



this, there is only one QCD.

Obviously, there are many other equally fascinating applications of the AdS/CFT cor-
respondence, such as studies of extremal black holes via the AdSy/CFT?' correspondence
[59] or entropy counting for 3 dimensional black holes [60].

1.1.3 Some hard problems in condensed matter physics

Of particular interest for applications of AdS/CFT has become the so-called quantum crit-
ical phase of condensed matter systems. Most commonly, a phase transition is understood
to be happening at finite temperature, when the temperature moves from a regime fa-
voring one state of a system towards a regime favoring another state. There are however
also phase transitions at zero temperature, which occur if one tunes a generalized “cou-
pling” constant J, e.g. the pressure or the background magnetic field of a system, so-called
“quantum phase transitions”. These quantum phase transitions occur whenever there is a
level crossing of the ground state of the Hamiltonian with the lowest excited state. Most
commonly however, level crossings will be “avoided” in finite size systems. For large sys-
tem sizes though, there is a limiting case in which the ground state and first excited state
become infinitely close in energy at one point in phase space, which does also become a
quantum phase transition. Examples are phase transitions in antiferromagnets and some
superconductor-insulator transitions.

The system becomes scale invariant as the coupling is tuned to the quantum critical
point, just like the diverging correlation length as one approaches the critical temperature of
a second order phase transition. Hence, it has conformal symmetry and can be described by
a conformal field theory. While it was known for a long time that at finite temperature, the
quantum critical phase transition does not always continue into a single phase transition
between the finite-temperature extensions of the two phases and may show some cross-
over phase, this area in phase space received not much interest until recently. It turns out
that the phase at the quantum critical point extends into the finite temperature regime,
where there is a “quantum critical phase” in which the only length scale is given by the
temperature. This is shown in fig. [I.1, where we show a generic quantum phase transition
between some ordered and some unordered phase.

While scale invariance is a key feature of phase transitions in condensed matter physics,
also at finite temperature, this case is special, as there is a whole region of finite volume
in phase space that can be described by a conformal field theory. As an example, the
conductivity in the quantum critical phase is thought to be controlled by a universal
function ¥ that depends on the ratio w/T and some dimensional temperature scaling,

10



o(w) = Q*(T/c)4 2% (w/T) for some microscopically determined velocity c. Obtaining 3
however is a difficult task and can only be done in certain limits. For instance, for large

frequencies, one expects o ~ w92 [58].
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Figure 1.1: Left: A generic quantum critical phase transition and quantum critical phase.
Right: A generic surface phase diagram.

Defect field theories are basically field theories in which matter that is confined to some
hypersurface interacts via a field theory in the bulk. While there is some review literature
in a soft condensed matter context related to aspects like the statistical mechanics of
crystal defects in the context of melting behaviors, defects in polymers or flux tubes in
superconductors (for a review see [61]), there seems to be not much review literature
related to the defects and their aspects that we are interested in. Hence, a motivated guess
may be that they have many properties in common with surfaces, which have been studied
extensively.

To illustrate their properties, we can look at a generic surface phase diagram in fig.
[I.1, of some system described by a bulk coupling J, and a surface coupling, J; — for a
review on the subject see [62]. There, we see that over most of the parameter range, the
surface and the bulk are in the same phase, and display a simultaneous “ordinary” phase
transition. As we tune the surface coupling beyond a “special point”, which is some critical
multiple of the bulk coupling, the phase transitions on the surface and in the bulk separate
into a surface phase transition and an “extraordinary” phase transition in which there is
a phase transition only in the bulk. It is obvious from the ratio Jg/.J, in this regime that
the ordered phase on the surface extends to higher temperatures than the ordered phase
in the bulk. However it is quite interesting that this splitting of phase transitions typically
occurs as Js; becomes greater than .J, and hence there is no “mirror symmetric” version of
this plot.
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1.2 This thesis

1.2.1 Context

As outlined above, most research in AdS/CFT applied to condensed matter physics studies
241 dimensional systems, in particular purely 241 dimensional systems. Since our world
however is 3+1 dimensional, all 241 dimensional systems are strictly speaking defects. In
some cases this fact may be less relevant and in other cases more relevant.

Hence, in this thesis, we are studying the physics of a 2+1 dimensional defect of charged
matter (“quarks”) interacting in a 3+1 dimensional N' = 4 SU(N,) SYM background,
based on the transport properties of this matter along the defect. In that sense we will be
put sometimes in the perspective of an experimentalist, trying to interpret our results. To
identify the characteristics that are due to having a defect rather than just a plain 241
dimensional field theory, a major theme in this research is the inclusion of a parameter
that is related to a difference in the level of the gauge group N. — d N, between both sides
of the defect.

Also, we will try to link the properties obtained in different regimes rather than studying
only one particular limit or one particular effect. In this spirit, we will study all frequency
and wavenumber scales, from the hydrodynamic limit (the “collision-dominated” regime at
small frequencies and small wavenumbers) up to the quasiparticle limit (the “collisionless”
regime at large frequencies) — and we will demonstrate in several cases how a length scale
obtained in one regime, direction or context will govern some properties also in another
regime. Furthermore, we will be interested how effects from ordinary weakly coupled free
electron gas type physics that we are familiar with will manifest themselves in this strongly
coupled system, as we turn on various condensed matter parameters, i.e. the net baryon
number density, background magnetic field and “quark” mass. Certainly, since we are
working at finite temperatures, there will aways be a finite total “quark” density, and the
net baryon number density in some sense corresponds to the difference of the number of
“quarks” and “anti-quarks”. While those quantities may move us away from the quantum
critical point in the defect field theory, the bulk theory will still remain A" = 4 SYM. In
terms of the phase diagram of surface phase transitions, this would move us along the
direction of surface coupling towards the extraordinary phase transition.

One interest is furthermore to explore what happens to the result of the constant
conductivity due to electromagnetic duality in [49] in this defect setup, at finite background
quantities and in the presence of higher order corrections in the gravity side i.e. finite
coupling in the field theory side.
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Our defect CFT is realized by inserting Ny probe D5- or D7-branes into the background
of a black stack of D3-branes. In either construction, the difference 6N, in the level of the
gauge group of the 3+1 SYM will be introduced by an additional flux on the probe brane
in the compact sphere. The defect CFT constructed with the D5-branes is certainly well
known [41, 63, [64]. Certain aspects of the D7-brane construction have also been studied
previously [65] 66] but we should note that the internal flux introduced here is essential
to remove an instability that would otherwise appear in this construction. The finite
magnetic field and net density are introduced using the well-known duals of a magnetic
field and an electric field, respectively, in the world-volume of the probe brane. The finite
quark mass will be obtained by a deformation of the embedding in the compact sphere in
the same way in which it was done in the duals for 341 dimensional QCD-like systems
[45], [67, 68, [44]. To obtain the transport properties, we will use linear response theory to
study the conductivity on the defect at finite frequency, temperature and wave-number,
i.e., the conductivity of an anisotropic current.

1.2.2 Outline

The outline of this Thesis is as follows: In chapter[2] we study the properties of the defect in
the absence of any of the background quantities, only considering a finite difference in the
level of the gauge groups. In section|2.1], we review the holographic framework, in particular
the embedding of the probe D-branes in the AdSs x S° background. In section , we
obtain the basic results for the spectral functions, starting with a review of the methodology
and then the computation of the transverse and longitudinal conductivities in section [2.2.1]
Here we also calculate the diffusion constant for charge transport in subsection [2.2.1.3| and
comment on the agreement with the diffusion-dominated conductivity in the hydrodynamic
regime, i.e., in the regime at small frequency and wave-number w,q < T'. This is followed
by a discussion of the collisionless, (¢ 2, T'), regime using analytical approximations in
section , for both the insulating case (at small frequencies) and the optical regime (at
large frequencies). Using those results, we study the spectrum of quasinormal modes in
section [2.3] In section [2.4] we examine the effect of stringy corrections to the gauge theory
on the probe branes, which describes the behavior of the dual currents on the defect. In
particular, electromagnetic duality is lost when these o/-corrections are included, which has
interesting implications for the conductivity at strong but finite ‘t Hooft coupling. Finally,
we consider the computation of a topological Hall conductivity in section 2.5 Some details
of our analysis of this chapter are relegated to appendices: In Appendix[A] we demonstrate
the regularity of the probe brane at the horizon. Appendix [B] presents some details of the
analysis including certain o' corrections in the D5-brane worldvolume action. In appendix

13



[C, we do an analytical study of a slightly simplified model of the defect, which gives further
qualitative insight, and aids the numerical computation of the quasinormal modes.

In chapter , we consider the effects of finite background parameters, the (net) baryon
number density, background magnetic field and finite quark mass. In section [3.1.2] we
describe how to introduce the background quantities in the defect system and describe
several problems that arise in the D3-D7 setup - which motivate us not to pursue the
massive D7 case. We then show in section [3.2] how we generalize the methods of section
2.2.1] in this case, and also demonstrate the effects of electromagnetic duality at finite
density and magnetic field. In section [3.3] we then review some basic properties of weakly
coupled systems in order to introduce the terminology and remind the reader of some
intuition. In section |3.4) we derive analytic results in various limits, first in the isotropic
DC limit w — 0 and in the small frequency expansion beyond the DC limit. Then, we
consider the small temperature limit small frequencies ¢ > 1 > w in various regimes of
the density and magnetic field and finally we obtain the diffusion constant and “electric”
permittivity and consider the hydrodynamic regime (w, ¢ < 1). The numerically-obtained
full spectral curves are presented in section (3.5 where we also later present and discuss
the purely dissipative poles that we obtain numerically and study the quasiparticle poles
in the correlator that we obtain numerically both directly and from the spectral curves.
We present the explicit form of the induced metric on the brane in appendix [D] and in
appendix [E] we discuss the contribution of the defect to the thermodynamics and its phase
structure.

Previously published material

The research presented in chapter [2] and in the related appendices has been published in :
R. C. Myers and M. C. Wapler, “Transport Properties of Holographic Defects,” JHEP
0812, 115 (2008) [arXiv:0811.0480 [hep-th]].

The research presented in chapter [3] and appendix [E] will soon be posted on the arXiv and
subsequently submitted to scientific journals.
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Chapter 2

Bare Defects

2.1 Defect Branes

The AdS/CFT correspondence is most studied and best understood as the duality between
type IIb string theory on AdSs x S5 and N/ = 4 super-Yang-Mills theory with U(N,) gauge
group. In this context, all fields in the SYM theory transform in the adjoint representa-
tion of the gauge group. One approach to introducing matter fields transforming in the
fundamental representation is to insert probe D7-branes into the supergravity background
[42]. However, this approach can also be used to construct a defect field theory, where the
fundamental fields are only supported on a subspace within the four-dimensional space-
time of the gauge theory. In particular, we will consider constructing a (2+ 1)-dimensional
defect by inserting N, Dp-branes, with three dimensions parallel to the SYM directions
and p — 3 directions wrapped on the S°. In the following, we work with both probe D5-
and D7-branes. If we consider the supergravity background as the throat geometry of NV,
D3-branes, our defect constructions are described by the following array:

0O 1 2 3 4 5 6 7 8 9
background : D3 X x X X (2.1.1)
probe : D5 X X X X X X o
D7 x x X X X X X X

The Db5-brane construction is supersymmetric and the dual field theory is now the
SYM gauge theory coupled to N; fundamental hypermultiplets, which are confined to a
(2+1)-dimensional defect. Note that the supersymmetry has been reduced from N' =4 to
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N = 2 by the introduction of the defect. In the D7-brane case, we have lost supersymme-
try altogether and the defect supports N; flavours of fermions, again in the fundamental
representation [65]. One should worry that the lack of supersymmetry in the latter case
will manifest itself with the appearance of instabilities. However, we will explicitly show
below in section that this problem can be avoided. In the limit N; < N, the D5- and
D7-branes may be treated as probes in the supergravity background, i.e., we may ignore
the gravitational back-reaction of the branes.

As we commented above, a similar holographic framework has been used extensively
to study the properties of the NV = 2 gauge theory constructed with parallel D7- and
D3-branes, i.e., the fundamental fields propagate in the full four-dimensional spacetime
— e.g., see [44] [43, 45]. If a mass M, is introduced for the hypermultiplets, it was found
that the scale M, ~ M,/ VA plays a special role in this theory. First, the “mesons”,
bound states of a fundamental and an anti-fundamental field, are deeply bound with their
spectrum of masses characterized by M,,, [46]. Next at a temperature T' ~ M,,,, the system
undergoes a phase transition characterized by the dissociation of the mesonic bound states
[45]. The analogous results can be verified for the defect theories considered here. That is,
the meson spectrum is characterized by the same mass scale My, [70, [71] and these states
are completely dissociated in a phase transition at 7' ~ M,,, as we show in appendix [E]
However, these results are tangential for this chapter, as we will only consider the conformal
regime with M, = 0 and concentrate instead on exploring the defect-specific nature of the
system.

Common to both of our constructions is the supergravity background dual to N' = 4
SYM at finite temperature. This background is a planar black hole in AdSs, corresponding
to the decoupling limit of IV, black D3-branes [72]:

g5t = (—h(r)de* + da® + dy? + d=?) +L—2 ar + r2d02 cw (2.1.2)
VE VI \ ey ") e T T 5
where h(r) = 1—rg/r*. The gauge theory directions correspond the coordinates {t, z,y, 2 }.
The radius of curvature L is defined in terms of the string coupling constant g, and the
string length scale ¢, as L* = 4w g,N,¢*. The holographic dictionary relates the Yang-
Mills and string coupling constants as ¢g2,, = 4rg, and so we may write L* = A\ ¢! where
A = g2, N, is the 't Hooft coupling. As usual, we work in the supergravity approximation,
ignoring the effects of string loops or higher derivative terms suppressed by powers of £,
(except in section and appendix . Hence, we are working in the limit where both
N,, A = oo. The background contains an event horizon at » = ry. The temperature
of the SYM theory is then equivalent to the Hawking temperature:
To
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2.1.1 D5-branes

Introducing Db5-branes as in ([2.1.1) was the original application of probe branes for the
holographic construction of a defect CFT — e.g., see [41] 63]. The worldvolume action
which will determine the embedding of the probe D5-branes has the usual Dirac-Born-
Infeld (DBI) and Wess-Zumino (WZ) terms:

I; = —N: T; / dSo\/—det (P[G] + 2m2F) + N, Ts / CW A 272F . (2.1.4)

Implicitly we have assumed that the N, D5-branes are all coincident. Hence, in principle,
their worldvolume supports a U(N;) gauge theory, however, implicitly above and in the
following, we only consider the gauge field in the diagonal U(1) of this U(N;). We choose
coordinates on the five-sphere in such that

dQ: = dip® + cos® 9 (d02 + sin? 4 dgb) + sin® ¢ dQ3 . (2.1.5)

The D5-branes wrap the two-sphere parameterized by {6, ¢} above, fill three of the gauge
theory directions {t¢, x,y} and extend in the radial direction r. We also introduce a flux of
the worldvolume gauge field on the two-sphere:

Fyg = Q?Vf sin . (2.1.6)
One may verify that this flux corresponds to dissolving ¢ D3-branes into the worldvolume
of the N; D5-branes along the {¢,z,y,r} directions, since the branes with flux sources cW
through the WZ term in (2.1.4)).

Now in general, the D5-brane embedding would be specified by giving its profile in both
the angular direction ¢ (r) and the D3-brane direction z(r). These embeddings all have
translational symmetry in the {t, z,y}-space, as well as invariance under SO(3) rotations
on the internal two-sphere. In the following, we consider only the embeddings with 1) = 0,
i.e., where the D5-brane wraps a maximal two-sphere in the internal space. One can easily
verify this choice corresponds to a solution of the worldvolume embedding equations. This
choice also corresponds to setting the mass of the fundamental fields to zero, i.e., M, = 0,
and so as we will describe below, this choice also ensures that the dual field theory with
the defect remains conformal.

Hence in our analysis, we must determine the profile z(r). The induced metric on the
Db5-branes is now described by
2 12 2

ds? = — (=h(r)dt® + da® + dy*) + (— + -

I 2R §8Tz2> dr? + L* (d92 +sin? 6 dqb) .

(2.1.7)
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We can integrate over the two-sphere directions to produce a factor of

7{ Po/dets: (P[G] + 2n2F) = 4w (N2L* + 7204¢*)'* = 4xN,L2 /T4 f2 (2.1.8)
52

where
g moq

=N AN
in the DBI part of the action (2.1.4]). The full D5-brane action then becomes

(2.1.9)

1
2

4
Is = —4nN;Ts+\/1 + fQ/d?’a: dr r? (1 + T—h(r)é?rzz) — 47erT5i /dgx drr*d,z .

LA L?
(2.1.10)
To simplify the analysis, we introduce the following coordinates:
To To
U=, X =157 (2.1.11)

With this new notation, h(u) = 1 — u* and so the horizon is now at u = 1 while the
asymptotic region is reached when u — 0. The worldvolume action can now be written as:

Iy = —47rrngT5/d3xZ—Z [\/1 + 2 (1 +h(u)x’2)% - fx/} : (2.1.12)

where ' = 0, x. This expression is independent of y, such that the variation with respect
to x’ yields a constant of motion:

% [m h(u)x

(1 + h(u)x?)

/

=C. (2.1.13)

7zt

To avoid singular behavior at the horizon, we need to fix the integration constant to be

C = f. In this case, (2.1.13) yields

X = N
V14 fPul
Given this expression, the profile y(u) can be expressed in terms of an incomplete elliptic

integral. However, in the following, it will sufficient to have a closed form expression for
X'. We illustrate a typical profile in figure 2.1]

(2.1.14)
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] : Figure 2.1: The brane profile x for f = 10
s b < ] above the horizon in terms of u and below
' the horizon in terms of r/rg. The angle of
S T \ N 1 o the “tangent curve” in the plot represents
— Y 1 r/ro the physical angle of the brane w.r.t. wor r,

F—— ‘tangent curve': u is spacelike \ ] . . .
2 | —--‘tangent curve': ristimelike \ J0.5 respectlvely; obtained from the unit norm

T=0 \ ] :
5 — O\ vectors. The temperature scaling of the
[----horizon O\ .

- 1 5 5 i : 0.0 7" = 0 profile corresponding to x = —fu

is fiducial.

In terms of our original coordinates, we have
0z L* f
o \Jris frrd

Here we may consider the supersymmetric limit with o = 0, in which case (2.1.15]) sim-
plifies to z = —L?f/r. In this case, one can confirm that the induced metric corre-
sponds to AdS, x S? with an AdS radius of curvature of Lags, = L /1 + f? [41]. Hence
the system inherits SO(2,3) symmetry from the AdS,; geometry, which reflects the fact
that the dual field theory remains conformal in the presence of the defect. This conformal
invariance can also be shown directly by an analysis of the field theory [73]. Subsequently,
the construction of the fully back-reacted geometries corresponding to the D5-branes em-
bedded in AdSs x S5 demonstrate that the preservation of the SO(2,3) symmetry is a fully
nonperturbative result [64].

(2.1.15)

One may note that with the supersymmetric profile, 2 = —L?f/r, there are an addi-
tional ¢ = VAN, f/m D3-branes stretching from z = 0 to —oo, assuming f > 0. Hence
if one were to include back-reaction, the asymptotic five-form flux would be shifted from
N, — N, + ¢ units on this side of the space. The same will apply at a finite temperature.
Even though the brane falls through the horizon at a finite distance in this case, continuity
at the horizon dictates that the background will carry N, + ¢ units of flux out to z = —o0.
In either case, the natural interpretation is that the dual CFT has a U (N, +¢q) gauge group
in the region z < 0, while the gauge group remains U(N,) for z > 0.

It is interesting to pursue the interpretation of the above brane configuration in the
dual CFT further. A detailed AdS/CFT dictionary has been developed for this defect
system [63, [73]. In particular, one finds that the defect lagrangian contains potential
source terms for the adjoint scalars in the SYM theory [63, [74]. The D5-brane carrying
flux f corresponds to producing a noncommutative configuration of adjoint scalars in a
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U(q) subgroup of the U(N, + ¢) in the z < 0 region [70]. In fact, in this supersymmetric
configuration, the profile of the D5-branes can be precisely matched to the scalar profile

using noncommutative geometry [75]: r* = (2m€2)* - Tr(®?) where 3 Tr(®?) = % %.
f

As the D5-brane wraps a maximal two-sphere inside the S®, one might worry about the
stability of this configuration. Indeed the worldvolume field, corresponding to fluctuations
in the angle 1, is found to be a tachyon with [41]

2 2 9
m2 = — =— > — . 2.1.16
VTR0 B e (2110

However, the last inequality indicates that the ¢-mode satisfies the Breitenlohner-Freedman
bound [76] in the asymptotically AdSy geometry induced on the D5-brane worldvolume.
Hence this field does not in fact produce an instability.

Another concern may arise in considering the intersection of the D5-branes with the
event horizon in (2.1.2]). There we note that

f

4 I — 2.1.17
X |u71 m ( )
or in terms of original coordinates
0 L?
= / (2.1.18)

or r—ro B 7’3\/1+f2'

Since the D5-brane enters the event horizon at an angle, one might worry that the induced
geometry is singular [68]. However, one can verify that this intuition is incorrect and that in
fact, the D5-brane geometry remains smooth as it crosses the horizon. Hence the induced
metric describes a smooth ‘black hole’ geometry on the D5-brane worldvolume. A
related question is: what is the surface gravity or the temperature of the induced horizon?
It is a simple exercise to show that the relevant temperature matches that of the bulk
geometry, i.e., that given in . Of course, this reflects the fact that the defect and
bulk fields will be in thermal equilibrium, as expected.

We address one other potential concern related to the internal flux . Throughout
the paper, we will be considering finite values of f, typically of O(1). Hence according to
, we are introducing q ~ O(\/X) D3-branes and so one might worry about whether
it is reasonable to consider the probe brane limit, 7.e., to ignore the gravitational back-
reaction of the branes. Of course, this is not a problem since the overall tension of the

D5-branes is not significantly modified by the flux, as can be seen from (2.1.10). The
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essential point is that the D3-branes are distributed on the D5-branes over the internal
two-sphere which has an area of order L? ~ v/A and so the density of D3-branes remains
small, i.e., the density is O(f).

2.1.2 D7 probes

The case of D7 probe branes is similar to the previous section with D5-branes. The main
difference lies in the internal part of the geometry. In particular, the D7-branes wrap
a(n equatorial) four-sphere in the internal S®. As before, we consider D3-branes dissolved
into the probe branes. In the present case, the D7-branes source the three-brane charge
through in the appropriate term in the WZ action: 1(27¢?)*T; [ CW A F A F. Hence,
considering a stack of N, coincident D7-branes with a U(1V;) gauge symmetry, we introduce
a nonvanishing second Chern class on the internal four-sphere: ¢, = # 3%4 TrF A F.

The D7-branes are fixed to wrap a maximal four-sphere while the embedding in the
AdSj is described by z = z(r). The induced metric on the D7-branes becomes

7.2

E

L2 2
(=h(r)dt® + dz* + dy*) + (— + T—z'2> dr® + L*d)j . (2.1.19)

2
ds r2h(r) = L?

Since the present configuration contains a nontrivial nonabelian gauge field, the worldvol-
ume action requires a nonabelian extension of the DBI action [77]

I; = Ty / d%0 STry/—det (P[G] + 2m(2F) + %T7(27r€f)2 / Tr (CWAFAF) . (2.1.20)

This action uses the proposal of a maximally symmetric gauge trace, denoted by ‘STr’
[78]. To be precise, the trace includes a symmetric average over all orderings of F, — and
implicitly any appearances of the nonabelian scalars as well [79] but the latter will not be
relevant in the present analysis. This prescription correctly agrees with the string action to
fourth order in the field strength [78] but is known to miss certain commutator terms which
begin to appear at sixth order [80]. However, the contribution of such terms is typically
suppressed by factors of 1/N; and so they can be safely neglected for sufficiently large N,
[75], [81].

As before, we integrate over the internal space in the DBI action. Here the internal S*
carries an nonabelian gauge field giving the instanton number ¢,. This configuration was
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extensively studied in [81] and hence using their results, we find

Jq{ d*QQ STr \/detgs (P[G] + 2702 F)
S4

1 1
= }[ d*Q \/gst \/ L8+ S L2 2 Fup 0 + a(27r£§)4(.sabchabW)Z
S4

8 4 2 p4
= = (N: L* + 67| gs|) - (2.1.21)
In the latter, we use (anti-)self-duality for the instanton configuration: Fy;, = (—)%eadeF cd
for ¢; > 0 (¢, < 0). Implicitly, we are also assuming that the instanton number is uniform
on the four-sphere, which limits ¢, < N(N2 — 1)/6 [81]. Substituting and the
embedding into , the action for the background configuration becomes

4

812N, 2 rd 812N,

_ 4 3 r 4 3 r
I7— L (1+|Q|)T7/d Jd?"ﬁ 1+ﬁh(r) — 3 LQT7/d O'd’f'ﬁzl,
(2.1.22)
where we defined for convenience () = 67r2i—%qﬁ7f = %qﬁz' Now, the computations analogous

to those in section yield an identical embedding x(u) as in (2.1.14) but the constant
f is replaced by
Q

= —. 2.1.23

fr o0 ( )

The microscopic interpretation of the D7-brane configuration in the dual CFT is not as

clear in the present case. However, as before, the gauge group in the region z < 0 will be

enhanced to U(N.+¢;) assuming ¢, > 0. There should be source terms on the defect which

excite a noncommutative configuration of the adjoint scalars in the transverse space. The

latter can be interpreted in terms of noncommutative geometry as giving the profile of the
D7-branes, at least to leading order in 1/N; [81].

An important difference between the present case and that in the previous section with
D5-branes is that in the mass of the tachyonic mode v corresponding to the S* part of
the D7-branes “slipping off” the maximal S* in the internal space. A simple calculation
reveals that

4 4 Q| +1
mi = - = — . 2.1.24
VT TTQ ) | T, 21 .
Recall that the BF bound requires m? > —7— [76] and hence is only satisfied for
AdS,

Q| > g Hence one can trust the results in the following sections for the D7-branes only
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for f2 > 49/32 and we might think of the internal flux on the S* as creating some pressure
that stabilizes the size of the S*. However, we should caution the reader that what we
have shown is that the most obvious instability is removed for sufficiently large ). While
suggestive, this does not prove the D7-brane configuration is absolutely stable.

Beyond this crucial difference, the analysis of these two systems (i.e., defects con-
structed with D5- or D7-branes) is completely the same. Hence in the following, we focus
on the first case of D5-branes and only comment on differences in coefficients that may
arise for D7-branes where appropriate.

2.2 Correlators

In this section, we obtain examine various correlators of the currents dual to the world-
volume gauge field A,. First we review the basic form of the correlators below, following
[49]. Then we numerically compute the spectral functions in and then examine the
dependence of the correlators on the temperature and the flux f in[2.2.2]

In the following, we use holographic techniques to calculate the retarded Green’s func-
tion for a conserved current J,(x) on the defect. The defect degrees of freedom form a
(241)-dimensional CFT which restricts the form of the correlators:

Cn(® —y) = =i0(2" — y°) ([Ju(2), L(y)]) . (2.2.25)

where translation invariance is assumed. The correlator can be Fourier transformed to
C,w(p) with p* = (w, k:) Now current conservation and rotational invariance (full Lorentz
invariance is lost with 7" > 0) restrict the form of the Fourier transform of this correlator
to be [49]

Cuv(p) = Py, 11 (p) + Py, T (p) . (2.2.26)
where the transverse and longitudinal projectors can be written as
ki k;
T 3 vy T
P = 5@'—?, Fy, =0,
PuPv
Pl = 1. — —’;2 —- P, (2.2.27)

If we take into account that the conformal dimension of the current J,(z) is 2, the com-

ponents I17°F in ([2.2.26]) take the form:
" (p) = /p? K™ (w/T,k/T). (2.2.28)

'We work with the mostly positive signature so that n,, = diag(—1,+1, +1).
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In the limit of 7" = 0, we have IT17 (p) = I1*(p) = II(p) and recover the Lorentz invariant
correlator

_ _ Puby
Cuv(p) = (mw 2 > I(p). (2.2.29)

In order to produce physical observables, and to interpret our results from a condensed
matter point of view, we will calculate the conductivity from the Kubo formula

2.2.1 Spectral functions

In this section, we compute spectral functions for excitations of fundamental fields on
the defect by studying fluctuations of the worldvolume fields on the D5-brane probes. In
particular, we focus on correlators of the the worldvolume vector A,, which is dual to the
conserved current J* corresponding to the diagonal U(1) of the global flavour symmetry
on the defect. The worldvolume gauge field gives rise to several types of modes, one of
which is a vector with respect to the Lorentz group in the (2+1)-dimensional defect. These
modes are characterized as having only A 1 2 nonzero while the components on the internal
two-sphere are vanishing [71]. Further the radial component A, can consistently be set to
zero because we only study modes which are constant on the internal space [71].

While the full action for the gauge fields on the D5-branes receives contributions from
both the Dirac-Born-Infeld (DBI) action plus a Wess-Zumino term, since our gauge field
fluctuations have vanishing radial and S? components, only the DBI portion of the action is
relevant in determining their dynamics. Since we only study linearized fluctuations about
the background, the gauge field action is only needed to quadratic order, which is simply

2 62 2 1
Igauge = —47TL2 /1—|—f2NfT5/d30d7’ /_g% — —P/d?’odr /_—gFQ.
94
(2.2.31)

Here we have integrated over the internal S? as in (2.1.8) and use g, to denote the induced
metric (2.1.7) in the AdS; directions. Above, we also defined the effective gauge coupling
for the four-dimensional Maxwell field:

1 2 N; N,

— =167 L /14 f2N,T5 = /14 f2= —=". (2.2.32)
91 ™ VA

For the D7 case, this becomes

1 32mt N,

93 3

F2

N; N,
R

CL+ QDT = 1+ @)~

(2.2.33)
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Note that the gauge field action (2.2.31]) corresponds to the standard Maxwell action in
a four-dimensional curved spacetime. Hence, these gauge fluctuations will exhibit elec-
tromagnetic duality, which was shown to play and interesting role in the physics of the
conformal field theory in [49]. We will explore this point further in section 2.4 Of course,

Maxwell’s equations follow as
0o (V=g F®) =0. (2.2.34)

Using these equations of motion, the Maxwell action (2.2.31]) becomes a total derivative
and following the standard prescription, we obtain the desired correlator from the resulting
boundary term. To proceed, let us first give the explicit metric on the brane,

L? [7"8 du?

74 (= h(w)dt* + dz® + dy®) + — (1 + h(u)x'Q)] : (2.2.35)

ds® = h(w)

u2

in terms of the dimensionless radial coordinate u, as given in (2.1.11). Then the action

(2.2.31)) becomes

1 a 1 aa uu u—1
Lyquge= —Q—Kﬁ/dzgodu@a [\/—gAbF b} = —2—gi/d30 [\/—gg g AaauAa}uﬂo(2.2.36)

u—1

o 1 To 3 1
= _Q_QEE d’o {(1 AR (h(u)A;0,A; + h(u)A,0,A, — AtﬁuAt)]
The usual AdS/CFT prescription tells us that we will only need the contribution at the
asymptotic boundary u — 0 [82]. Following [83], we take the Fourier transform of the
gauge field,

u—0

A dgk ik-oA
#(U) = We H<k7 U) ) (2237>
to write the boundary action as
1 1 3 i u—1
Igauge = _%W/d k |:V _gg/—Lﬂg AM(UJ _k')auA#(U/, k):|u_>0
To 1

= _QgiLQ ok /d3k [(1 +h(u)X/2)71/2 (h(u)Ag(u, —k)0, Ay (u, k)

+h(u) Ay (u, —k)Du Ay (u, k) — Ay(u, —k)3y Ay (u, k)" —5 (2.2.38)

u—0
with a single sum of p being implicit in the first line.
Looking at the asymptotic behavior of the fields, we write

A, (k,u)

Au(kvu) = AMO(k)AM(k,‘ UO) )

(2.2.39)
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where ug is a UV regulator and it is understood that eventually the limit uy — 0 will be

taken. We can then derive the flux factor for, say, A, by taking variations with respect to
AyO [82]

" 2 [ (14 h(u)x)'? Ay(uo, —k)Ay(uo, k) | 7 -
where g = 2 - = I we will show later how &y relates to the charge permittivity.
L g1

The flux |D should be conserved, i.e., be independent of the radius u. The usual
AdS/CFT prescription tells us to evaluate 1t at the asymptotic boundary, while applying

infalling boundary conditions at the horizon (u = 1), to find the retarded Green’s function
(2.2.25) for the current J, in the defect CFT [82]:

Oyy = _Q}—yy

hu)  Ay(u, —k)duA, (u, k)
|:<1 + h(u)X/2 12 A (u07 _k)Ay<u0? k)

w,ug—0

)
_ \/%ﬂ{a f:yf))} . (2.2.41)

The other correlators €, follow in general by rewriting (2.2.39) as A, (k,u) = A,o(k) M" (u, k)
[49] and making the variation ﬁ In our case the ¢,t and x,z correlators are given
by ([2.2.41] m with the indices approprlately replaced:

o - €0 [&Aw(u k €0 [&LAt(u, k)

k) . _
T ) L 0 d Cy 7 | A b L%. (2.2.42)

Ay (u, k
In order to evaluate the spectral function, we must solve the equations of motion
(2.2.34]). It is convenient to introduce dimensionless coordinates by rescaling the defect
coordinates as
t= L2t, T = 2% y= T2Y- (2.2.43)

Without loss of generality, we also assume the fluctuations only carry momentum in the =

direction, i.e., k* = (@, §,0) — note that, e.g., & = L?/ry w = w/mT. We note that given
the Fourier transform 1) the vector potentials vary as ethu® in the gauge theory

directions.
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Now the explicit equations of motion simplify to

b=u: 0 = WA+ qhAj, (2.2.44)
- H H .-

b=t: 0 = A7-— ﬁAg - (7 A; + @03A;z) | (2.2.45)
N n H H .

b=1z: 0 = Ag + (E - ﬁ) A% + m (WQAj + u)qu) y (2246)
. n H H, _, 9

where ‘prime’ denotes 0, and
H(u) =1+ h(u)x?. (2.2.48)

Before proceeding further, we make the following convenient definition for the conductivi-
ties .

1

—C;; = 7Toy; .
) J J
Comparing to (2.2.30)), here we are simply dividing by the dimensionless frequency w,
rather than w.

(2.2.49)

Uij =

2.2.1.1 Transverse correlator

Let us look carefully at the § equation (2.2.47). We see firstly, that in the limit © — 0, it
reduces to

0=A7+ 1+ )@ - A5 . (2.2.50)

The solution of interest is then Ay = Agge "V (I+/2)(@2=0*)u where the sign in the exponen-
tial is chosen so that the solution corresponds to an infalling wave. Given this solution, if
one now calculates the correlator with (2.2.41]) and applies (2.2.30)), the resulting conduc-

tivity is

Gy = c0v/1 — @32
The cut in the conductivity at © = ¢ may be surprising and we return to this point in section
2.3.2] We will refer to this simple result as the low temperature approximation, reasoning as
follows: The result applies for large dimensionless “frequencies”, i.e., | (14 £2)(@%—¢?)|"/? >
1 to be precise. However, recalling that e.g., © = w/nT, if we fix the dimensionful quantities
{w, q}, then eq. should apply in the limit of very low temperatures.

(2.2.51)

27



To solve for the full spectral functions, we must proceed with numerical calculations.
First, we impose infalling boundary conditions at the horizon — recall that the time-
dependence of the potentials is e 7. If we expand about 1—u — 07, we find an appropriate
description of the field to be
Ay~ (1— (2.2.52)
where a5 ) R

SE R? S PR

4 1+ f>  @&?+4 2
In order to implement the infalling boundary condition and to ensure numerical stability,
(2.2.54)

u4)i£;/4efﬂuf<u) :

ut )Mt (1 + B —u) + )
(2.2.53)

we choose the Ansatz
Ay =(1-
and solve for F(u), which is nonsingular at the horizon, with 0,F(u) = 0 at u = 1. As the

second boundary condition, we fix the asymptotic normalization: Aj|,—1 = 1.

Reﬁ-yy: T — 0 approximation
Tep |—f=0
0.8 |—f=2

[—f=5

Figure 2.2: The normalized transverse conductivity Re 7,,(w)/eo at ¢ € {1,2,3,4} for
various values of the flux f. The low temperature approximation ([2.2.51)) is shown as the

dotted line for each q.

Figure shows Re d,,(w)/eo for various values of ¢ and f2. We see that at f = 0 the
spectral functions are similar to those in [49]. However, as f increases, they approach the

low temperature limit (2.2.51f) more closely, and show some oscillatory behavior at @ > ¢.
We will discuss aspects of this behavior in section [2.2.2]
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2.2.1.2 Longitudinal correlator

Now, let us consider the tt equation ([2.2.45)). It is easy to see that (2.2.44H2.2.46)) are not

independent, and we cannot produce a second order equation involving A; only. However,
we can produce one for A%:

h H hH H., H H, ., .
0= A - (E(ﬁ)/—Fﬁ)Ag + (Eﬁ(ﬁ)/_ (ﬁ)/)A; + (@ = h) AL, (2.2:55)

which simplifies to
AN (o mN (AN H 4
o (AL +(___> (_t) + e np L 2.2.56
<\/ﬁ> n ok ) \vE) Tl )i (2:2.56)

and hence is the same as ([2.2.47)) for A; replaced by A%/ V'H. Let us set Al=c vH Ay with
some constant ¢ to be determined. Now, to find 9,A4;(u, k)/A;(u, k) at u = 0, we employ

(2.2.45) and A7 = C\/H(AQ7 + 4L 4;) as in [49]. It follows then from A/|,—g = 0 = H'|,—o

that
VI1+ 2, i
c= ,—f (7 Ajo + ©GAz0) - (2.2.57)
Ag|u:0
O Az (u,k) OuAg(u,k)
Hence, we can read off [ A{(tu’k) i|u—>0 d [m] - from

t A;j ‘u:O

/ 2 -
Al Lt PVHA; (¢°Ajo + @G Asz0) - (2.2.58)

Finally as in [49], we find
Cy=—253/Cyy, and  Cpp = —e00*/C,,. (2.2.59)
Applying (2.2.49)), these results yield interesting relations for the corresponding con-
ductivities. In particular, (2.2.59)) yields
Guw = €0/ Tyy - (2.2.60)

We can also consider a low temperature limit as above. However, this is most easily derived
by combining (2.2.51)) and ([2.2.60)) to find

€0
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Again, we will return to discuss the cut appearing in the conductivity at @ = § in section
2.3.2} and the conductivity can only be found in general from numerical calculations. Some
typical results for (the real part of) G,, are shown in figure [2.3] We note that again that
as the flux f increases, our results approach the low temperature approximation ,
together with some “oscillatory” behavior similar to that found in the transverse case. In
contrast to the results in the previous section, the conductivity here diverges as @ — ¢, as
can be anticipated from ([2.2.61]).

Red'xxi T = 0 approximation
r—f=0

f—f=2

[—f=5

E f=10

PN ow s o o

Figure 2.3: The normalized longitudinal conductivity Re &,.(®)/eo at ¢ € {1,2,3,4} for
various values of the flux f. The low temperature approximation (2.2.61f) is shown as the
dotted line for each q.

2.2.1.3 Diffusion constant on the defect

The worldvolume gauge field corresponds to a conserved current on the defect in the dual
CFT. In the hydrodynamic regime, one then expects to see the diffusion of the conserved

charge according to Fick’s law: .
0,7 =D V*°. (2.2.62)

This expectation can be confirmed in a holographic context [101], 102, 103] and, in fact, the
computation of the diffusion constant D can be performed in a number of different ways.
In the following, we use the membrane paradigm approach.

The computation of the diffusion constant via the membrane paradigm was discussed
in [T0I] where explicit formulae for various transport coefficients in terms of metric com-
ponents for a wide class of backgrounds were derived. There, the authors considered per-
turbations of a black brane background and a formula for the diffusion constant (eq. (2.27)
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n [101]) resulted from a derivation of Fick’s law. An analogous computation can be per-
formed for the D5-branes’ vector field for black hole embeddings considered here, with the

result
Jin
far (-ousm V22)

RS DRSS (2.2.63)

+f2 1/2
/ \/1—|—f2u4 il

In the first expression above, the metric ¢ is the induced metric on the D5-branes (2.1.7))
and giy is the determinant of the metric on the internal two-sphere (with unit radius). The
integral can be evaluated analytically yielding a hypergeometric function:

b Y9 1
\/E gxa:\/ _gttgpp

p=1

115

I(f) = 2Fi(5, 57— f%) (2.2.64)

Figure shows a plot of I(f).

1 <
\\

0.8 \\\

0.6 \\\\\\\\

0.4 T Figure 2.4: The integral I(f): The solid line
: is the exact result as given in eq. (2.2.64]).

0.2} The upper dashed (lower dotted) line cor-
: responds to the first term (first two terms)

02E 5 7.5 10 12.5 15 in the large f expansion in eq. (2.2.70)).

This same integral in eq. (2.2.63|) reappears at various points in our analysis and so it
is useful to gain some better intuition for this expression. First, let us rewrite the integral
as

1/2 s
I = f- —_ . 2.2.65
D=7 = (2260
Now, we find that we can expand the integrand around s = 0 as
1 1 3
1— —s* 4+ 288 + ... (2.2.66)

Vitst 2 8
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and around s = oo

—_

1 1 3

~ —(1— s+ s ). 2.2.67
VItst Fl=gsH g +.) ( )
At s = 1, the convergence of both sequences goes as # and a more precise approximation
s

1 1
= " E(1 —(s—1)+...). (2.2.68)

Combining (2.2.65)) with these expansions, we can find the integral in various approxima-
tions

. 1 Lpy 3
f<1: I(f) 1 10f2 + (2.2.69)
f>1: I(f) ~ cof V2= 14+ %f‘?’— %f‘5 + ... (2.2.70)

f~l: I(f) ~ f’1/2(01 + %((fm— 1) — %(flﬂ— 1) +...)) (2.2.71)

where ¢; = fol % =27 T2 (2) and coo = [)° \/% = 2¢; ~ 1.854. Further, we note

that the expansion about s = 0 is just the expansion of the hypergeometric function as a
hypergeometric series.

Hence, at small and very large f, we have for the diffusion constant

1 with f — 0,
DT — {%o\/? with F — oo. (2.2.72)

We note that the f = 0 result is different from but close to the value found for M2-brane
hydrodynamics [I04]: DT = 3/4w. Also note that in the limit of large f, the diffusion
constant grows as /f.

2.2.1.4 Low Frequency Limit and Permittivity

We can find the permittivity ¢ from the hydrodynamic limit 7' > w, ¢ [84],

eDwg*  enDT ¢
w2+ (Dg?)? @2+ (m DT §)?"

In this regime, the spectral function is dominated by the diffusion pole & = —im DT ¢, as
dictated by Fick’s law ([2.2.62). The diffusion constant is D = —V}T;FI (f), as we calculate
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50.1 A £=0,g=0.1

)N f=4,0=0.1-- - -
-ImGyf | \ £=0,0=0.2
PRI f=4,q=0.2— -
sd || \ diffusion only —
30. 7“' \\\ I ~
:y A\ : . —lm Cu(®)
0. N Figure 2.5: === for f € {0,4} and

g € {0.1,0.2}. The solid lines correspond

the approximate result (2.2.73)) with only
the diffusion pole appearing in the hydro-

0. 05 0.1 0.15 0.2 o dynamic limit.

S

10.

in section [2.2.1.3] where we also define the function I(f). Comparing to our numerical
results for the spectral functions as shown in figure for various values of f and ¢ < 1,
we find € = 745, We can verify the latter from the definition of the permittivity [85], 186]

qu_)

e = limOC’tt, (2274)

which is in perfect agreement with the numerical result.

2.2.2 Temperature and f dependence

In the previous sections, we found an interesting dependence of the conductivity on the
temperature and the flux f. These properties characterize the nature of the defect, as
shown more in detail in figure [2.6, There we see that at low T or large f, there is a
conduction threshold at w = ¢q. We can interpret this as the energy required to excite
a collective excitation of the conducting mode. In the regime w < ¢, the conductivity
appears exponentially suppressed as one might expect with a chemical potential g. That
is, this exponential suppression in the low-temperature “DC limit” might be interpreted
as the Boltzmann tail of some thermal distribution function. Examining this behavior in
more detail in the next section suggests the introduction of an effective temperature, which
seems to play an interesting role in the subsequent analysis. Examining the conductivity
at low T or large f also reveals “oscillations” in the spectral curves. The frequency of
this oscillations has a non-trivial dependence on f and seems to depend inversely on the
temperature, as one might expect from the general scaling properties. Their amplitude
is roughly independent of f, but depends on some positive power of the temperature
and decreases with increasing 2. In the following, we will also extract some quantitative
approximation to this pattern.

S
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0.4 f=2,9=1 0.4
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0. 0.
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Figure 2.6: On the left, we plot the normalized transverse conductivity Re &,,(w)/eq for
g = 1 and f = 2 at various temperatures, in terms of the frequency w. On the right:
Re 6, (w)/eo for ¢ = 1 and T' = 2 for various values of f. In both plots, the 7" — 0 limit
is shown with the narrow black curve.

First, we study these two effects analytically as a perturbation around the zero tem-
perature limit. Next, we will show how they arise from poles in the spectral functions that
can be interpreted in the field theory as the quasiparticle states of the resonances on the
defect and arise on the gravity side through the quasinormal modes of the vector field.
Finally, we will demonstrate the latter by reconstructing the location of the poles in the
complex frequency plane from the data on the real axis and also by analytically solving a
toy model that is very similar to our present problem.

2.2.2.1 Effective temperature

First let us study the temperature dependence of the DC limit. This can be easily done by
finding an approximate solution in the ¢ > T limit. For simplicity, we will also take w < T
We will concentrate on the transverse correlators, but we will see that the conductivity is
obtained from a small perturbation around a large background, such that by , a
similar behavior applies to the longitudinal correlator in the limit that we will consider.
Before proceeding, it is useful to recall here that h(u) = 1 — u* while H(u) is given by
, so that asymptotically as u — 0, H — /1 + f? while near the horizon where
u— 1, H— 1.

Let us first re-express ([2.2.47)) in terms of the Ansatz A; = Ay e/" ¢, such that Cyy =
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€0

\/@ liInu—>0 C:

<’+C2+(%—%)C+%(%2—@2>:0- (2.2.75)

We see that for large ¢ (i.e., ¢ > T), this equation is dominated by the second and last

terms, such that an approximate solution is ( = £y, (o = ¢4/ % Implicitly, here we have

chosen the branch corresponding to A; decaying near the horizon. Further, as we will see
below, this also corresponds to an infalling boundary condition at the horizon. The terms
that we ignored are then of the order gh~3/2, such that the approximation is valid in the
region 1 — u > ¢~ 2. The subleading terms in ¢ are of the order gu3h~".

Next, we study the linearized equation for a small perturbation { — (o + €:

h/ Hl ~2H h/ H/
€ + ¢ <E ~ 5~ 2§0) + % — (o + (E - ﬁ) o =€ — ea(u) — Bu) (2.2.76)

with the general solution

¢ = elodua(® <60 + / dae‘foﬁdﬁ“(ﬂ)ﬁ(d)) . (2.2.77)

0

In the limit that we considered for ¢, this reduces simply to € = epe2/o 9% hecause of
the exponential suppression in the last term in . As one would have physically
expected, this perturbation grows as one approaches the horizon, and decays away near
infinity. The subleading terms from the part of o(u) that we ignored in the integral in the
exponent is again of order ¢*u3h=!.

To find €, fix the w dependence and further constrain the subleading terms, we proceed
by considering an approximate solution in the region h = 1 — u* < 1, which has overlap
with h > G2. The equation we need to solve is now

4 P @
4 — C+ (C+>-—-—= =0 2.2.78
which has a general analytic but not very illuminating solution in terms of Bessel functions,
allowing for a combination of infalling and outgoing waves at the horizon © = 1. Choosing

an infalling boundary condition leaves us with

CPho (2415567 55) — 1615 (2+ 1) (2 + 153 ¢ 4)

1
¢ = 8h(2 -+ i2)oF (L +1%: 1) ’

(2.2.79)
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where oF}(a;x) is the confluent hypergeometric limit function [90]. To match with the
h < 1 regime of the asymptotic solution, we begin by expanding to first order in @ and
then do an expansion around ¢*h > 1, which gives us

_— )
Cn —L 2 g tVh (2.2.80)

Hence the full solution for h > ¢ 2

H 1 16 el
¢ = —d\/% + o+ A g f) - z‘@dTZ“qf“ w (14 B(u,q, f)) . (2.2.81)

where A(u, G, f) is some function that behaves away from the horizon as < O(u?, ") and
B(u, q, f) behaves as < O(u @°). Near the horizon, i.e., for h < 72, the solution behaves
as ¢ ~ _Zﬁ — 82+21L"2 . As a consistency check in the region 1 > h > G2, it is easy
to verify that the (small) imaginary and (dominating) real parts do indeed satisfy

when taking into account the next-to-leading terms.

From (2.2.81)), we find that the leading term in the conductivity is

H

Gy ~ 16me0Ge 20 Vi (2.2.82)

Inspired by a Boltzmann factor, and by the zero-temperature conduction threshold wy = ¢,
we can interprete the exponential factor as exp[—¢q/T.f¢] where

T w)
Tepr = 5 ( u)) (2.2.83)

We note that the integral is finite since the integrand converges as h'/? at u — 1. There
are two limits in which we can evaluate this integral analytically: f =0 and f > 1. In
these limits one finds

(3
Fo0: Ty —1YT (5) 11987 (2.2.84)

2 T(3)

F>l: Ty (3}4) = <1 + (% - %) %) (2.2.85)

~ 0.847 % (1 + 0.372/\/?> .
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{Figure 2.7: Ratio of the “effective temper-

ature” derived from the temperature and ¢

! dependence at ¢ > 1> @ to the blackhole

~ | temperature as a function of the flux f. We

o mumerice 1 show the exact expression derived from the

—— exaet solution | | | ¢ — oo limit and the numerical estimate at
5. 10. 15. 20.  f finite q.

Comparing these results with the numerics, we find good convergence in a consistent
manner of both the profile of A,(u) and the effective temperature with increasing ¢. Since
the approximation that gave us the integrand in is valid up to roughly h > ¢~ 2,
we expect that T.;;/T measured at finite ¢ has a relative accuracy of roughly ¢—'. A
simple way to estimate the effective temperature from the conductivity is to compute
Oglog %y ~ %ﬁ at large values of §. The factor of ! that we have included here ensures
that the convergence to the actual value of T.s; is faster than logarithmic in ¢. In figure
, we show the comparison to the numerical estimate computed at ¢/T.rs ~ 47, that is
the best numerically stable estimate, and demonstrate how the estimates converge to the

exact results.

As illustrated in figure 2.7, our new effective temperature does not match the actual
temperature of the system, except for f ~ 0.85. At this point, we emphasize that, as
discussed in section [2.1], the degrees of freedom on the defect are in equilibrium with the
thermal bath of adjoint fields with temperature T'. Of course, T.s; is still a scale that
seems to play an interesting role in the defect conformal field theory, as we will see in
the following. Again, the reason that we assign this scale the appellation of “effective
temperature” is that it appears to play the role of a temperature when the conductivity
(2.2.82) is interpreted as a Boltzmann distribution. It would be interesting if one could also
give a physical interpretation to the pre-factor 167¢q in front of the exponential in .

2.2.2.2 Resonances on the defect

Next, we study the oscillatory behavior of the spectral functions at @ > ¢, using two
different methods. Our results for the transverse correlator C), obviously can also be
translated to give us the longitudinal correlators C,,., Cy using . Hence we will
only discuss the former case.
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We begin with the WKB-like expansion that gave ([2.2.76)), which was the starting point
for the effective temperature above. Now however, we do not have the scale h ~ §* where we
can match the near-horizon approximation to the asymptotic approximation. Furthermore,

h
exhibiting the exponential decay found above. The latter also reduces the validity of the

approximation that led to (2.2.76)) and further we have to worry about the logarithmically
diverging integral [ ¢y o< Inh as u — 1. So let us take the solution (2.2.77)), but now with

o | 2 hY hY

and match this in the limit ©v — 1 to the appropriate expansion of (2.2.79)):

the dominant solution for € is now oscillatory since ¢ ~ (4 = z'*/—ﬁw\ /1 — hg—z, rather than

52 ~2

i@ iq - q
¢ — + — +O(h) = =G + om T O(h). (2.2.87)

h 20 — 44

Now, we see that the divergent oscillations from the e/ ® terms in ([2.2.77) must cancel, and
thg2 approximation € < (p should be valid near the horizon. Taking the limit lim, ., € =
= ey of (2.2.77), and solving for ¢, gives us then

&2 42iw

1
0

1 [1+ f? u - 1 h’(jz/cb2
= €y — duhy| —L =2 Jo duco (e o — = f) 2.2.88

It turns out that the O(h™') divergent terms in eza + § in do indeed cancel, such
that the integral converges with the integrand oc h2h*/? as u — 1. Unfortunately, we were
not able to evaluate this integral analytically, even in the limits where various quantities
involved getting large or small. We show this approximate result compared to the
full numerical result in figure [2.9]

Because of the rapid convergence as u — 1, we see however that most of the contribution
to the integral comes from regions where h ~ 1, in particular for large f. Hence as a very
crude approximation, we can set h = 1 and hence § = 0, which allows us to compute the
integral analytically:

€0 ~ egy/1+ fre HOVIHPINN1-/5* (2.2.89)

While we do not expect this latter expression to give us the correct phase and amplitude
information, we still anticipate that this result gives a good approximation for the frequency

of the oscillations, 21/1 + f2I(f)/1 — ¢2/&?.
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There is an alternative way of seeing more physically from the bulk point of view, how
the finite temperature effects arise by casting the equation of motion for A, (2.2.47) in the
form of the Schrodinger equation, as suggested in [91]:
vH

L

(=02 +h@®) A, = &*A,  where p = / di (2.2.90)
0

1. fo1—

V(p) f=2—
f=5—

0.8 f=10

0.6

Figure 2.8: The effective Schrédinger po-
tential V(p) = ¢*h for the gauge field on
5. 6. p the brane. We set ¢ =1 in the plot.

In terms of this new radial coordinate, the horizon gets mapped to p — oo, and we
see that p is rapidly varying only for v < f~'/2 and for h <« 1. This suggests that
for large f we can approximately split the problem in two regions: An asymptotic one
where h ~ 1 and p ~ peo(u) = [ div/H and the near-horizon region, where h < 1 and
p ~ pu(u) = po— 1 In(h) for some py. Going even further in our approximation, we assume
a square potential V = ¢ for p < poo(1) = /1 + f2I(f) and V = 0 for p > p(1), which
is displayed in figure 2.8 where we see that this approximation is indeed justified. At this
point, we might also observe that the effective Schrodinger potential appearing here is very
similar in structure to that found for supergravity modes [92] and for mesonic modes, as
discussed in [93].

With the square potential, it is trivial to find the solution for infalling boundary con-
ditions at the horizon:

Ag2/1 = @ [@rem 0 VIHID) cp <1+ F2(f)
Ay ~ Ao((l + W) e—i&\/l—q2/@2(p_\/1+f21(f))
(1= VI= @RV RPID) s TF ()
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Keeping in mind the change of coordinates, this gives us in terms of the Ansatz that we
used for the perturbative treatment

17@2/@2
o 1- 2 cos? (/1421 1—62 /52
(o = o T | B BV V)

cosh? @/ 1+ F21() /B /57— 1) ~32 /2?

>

&
(SN

<

&

SN

The solution for @ > ¢ has the same location of the maxima as , up to a small
shift because of the overall slope of the curve, but it is missing an exponential suppression
factor (for increasing frequencies) in the amplitude because we approximated the smooth
potential by a discontinuous one. For @ < ¢, we also find the exponential suppression that
leads to the effective temperature computed at o — 0, . Hence, we can clearly see
how both effects arise from a resonant mode on the width of the defect, and from tunnelling
through the defect region, respectively. In appendix [C], we approximate the potential by a
hyperbolic tangent, for which we can find an analytic solution, and find that is very closely
reproduces the exact result with a significant deviation only at frequencies |1 — ¢?/&?| < 1
where the spectral function is most sensitive to the details of the potential.

We show a comparison of the conductivity obtained from the different approximations

in figure . As expected, the perturbative approximation in (2.2.88)) gives a very close

approximation for small perturbations around the T — 0 result, Cy?fl;ll;m—iz?c“ < 1,
— vy

but deviates significantly wherever the finite temperature effects become important. The
analytical result from the approximate tanh potential however, provides a
good fit for small ¢ and all values of @. For larger § 2 7 and @ > ¢, there is a significant
phase shift proportional to the separation of the resonances but their amplitudes, separation
and the tailoff for @ < ¢ fit very closely. This is because the phase ¢ is sensitive to absolute
changes in the integral of the potential, d¢ f 5V o @2, such that already small deviations
in V/@* may have a big effect.

2.3 Quasinormal modes and quasiparticles

In general, the thermal correlators will have poles in the lower half of the complex frequency
plane — e.g., see discussion in [91] or [93]. The positions of these poles characterize the
energy and lifetime of various excitations in the system. When one of these poles is close
to the real axis, the spectral function will show a distinct peak and the corresponding
excitation can be interpreted as a quasiparticle. That is, the excitation satisfies Landau’s
criterion for a quasiparticle that the lifetime is much greater than the inverse energy. As
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Figure 2.9: Comparing the conductivity obtained from the numerics, from the approxi-
mation ([2.2.89)), from the approximation using a tanh potential (C.1.7)) and from the sum
of residues obtained from its poles ((C.2.16)). Here we focus on the oscillatory behavior by

plotting Ag,, = Re <5yy(dj) — e/ 1 — 972/512), i.e., we subtract off the low temperature
limit (2.2.51)). Left: f € {0,4} and ¢ = 2. Right: ¢ € {2,4} and f = 4.

illustrated in figures and [2.3] which essentially plot the spectral function, the defect
theory is developing metastable quasiparticles in the large f regime. Hence it is of interest
to examine the pole structure of the correlators and the spectrum of quasiparticles in the
defect conformal field theory. This gives us not only more information on the defect field
theory, but also allows us to speculate more on the nature of the defect.

In principle, we could always find the poles in the thermal correlators by simply numer-
ically computing them over the entire complex frequency plane. Of course, such a brute
force approach would present an enormously challenging problem at a technical level. How-
ever, since the correlators should be meromorphic, we can alternatively try to extract this
information by fitting along the real axis, the spectral function derived from an approx-
imate analytical solution of poles and positive powers — an approach similar in spirit to
that followed in [93]. To do so, we use the complex “rest frame” frequency 7 = \/@? — ¢>
which maps [0, ] — [iq, 0] and [§, co[— [0, co[. The motivation to do so is the fact that the
resonance pattern is most suitably characterized by %5%, — 1 as a function of 7, as shown
in figure|2.10, There we see that even at finite temperature this quantity varies only slowly
with varying ¢q. Certainly, in the low temperature limit, we expect Lorentz invariance to
be restored and then correlators will naturally depend on the combination @? — G2, as is

implicit in (2.2.51)) and (2.2.61)).
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* v tion is very similar for different values of .

2.3.1 Finding the Ansatz

The strategy that we will take to find the poles is to take a suitable Ansatz for the lo-
cation of the n'™ pole in the complex frequency plane, 7, = +y(n) — i7o(n), and for
the corresponding residue, and allow for the parameters to vary slowly. If the Ansatz is
good enough, and the parameters vary slowly enough, then we can fit the conductivity
resulting from a sequence with constant parameters (g, J9) to the numerical result using
only the data in the region around the n'* “resonance”. This data can be parametrized
by the amplitude of the resonance around the background and by the gap between the
resonances. The resulting parameters (7y(n),30(n)) then give the location of the pole 7,

and it’s residue.

A suitable guess for the full Ansatz is

Cpy = —&0 Z < o+ 505 im0 5+ (7 —i%)) :

v+ n(vy + i90) v —n(y — i3

(2.3.91)
where the constant terms were introduced to cancel the otherwise divergent behavior of the
series, since the pole terms do not decay for large n. The condition that allows us to locally
treat the sum as an infinite series with constant {7, 70} is now 9, log{y(n),Fo(n)} < 1

and 9, log{7p(n), %0(n)} < —=%z. Rewriting (2.3.91)) in a more suggestive form, we find for
reR, e, w>q
in 277 _ jginh 2070
o sin 55755 — isinh 215
Im Cy, = goIm Vcot( _ ) — eaIm 7 ;”0/ 20?0 . (2.3.92)
o + o cosh 75 — cos 253
0 0
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such that we get the conductivity

230

3 72

ot (2.3.93)
— cos =2

Yo+

sinh

Oyy = €0

) 2

2700

cosh =
I/g +’Y(2)

which turns out to be finite at 7 — 0. These exponentially suppressed resonances are
characteristically what we expect and we can, in principle, fit the parameters 7y and 7y to
the resonance pattern.

To be more precise however, we need to go back to the original “physical” frequency
w. Keeping the location of the poles and the residue fixed, the sum becomes now

w Vo — %0
=gp—1 — 2.3.94
Cy = €0 og(ﬂO_H%) + (2.3.94)
1 ~ _.~ ~ _.~ 2 ~ _.~ 2
a3 e - e =)
w_

- 12 - 12 - -
=T\ (@ (0 + 30)2) @ +n2( — 50)%) 7 (@ + n2(B0 — 0)?)

(@+ 1200 +150)?)"* \@ + (@ +n2(00 +90)2) " (@ + (0 +%)?)

(% + i90)>2 (i + i70)? >)
1/2 )

where the term %log Zg;—gg cancels the unphysical negative DC conductivity in the § >
Up, Yo limit that would arise otherwise. Note there is still a logarithmic divergence in the
real part, that we are not interested in. This sequence does not sum to any known analytic
expression, but the integral approximation can be computed straightforwardly analytically,
such that in order to eventually study the sequence numerically, we will only sum the first
few hundred poles and add a small “background” contribution from the rest of the poles

using the integral.

Following the same considerations, we also find an Ansatz for the longitudinal correla-
tor,

_ 1 ("—%) Uy — i%0) 1
Cxx — €OZ(H—1)7T<(~2 % 1/2 o 2

1 ~ .~
n—s)(o +1 1
UL S m)  (23.95)
(@ + (n=3) (0 +5)*) ™ &+ (@ + (n=3) (70 +%0)°)
which converges and needs no regularization or terms with positive powers of @. In terms
of U, the poles are located at (n — 1/2)(£y — 190), with residues n+1/2’ as we expect by

(2.2.59) from the ansatz for C,,.
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In order to finally obtain the location of the poles and their residue, we split the spectral
function at the minima into segments around each maximum and simply fit them to our
Ansatz giving us a set of parameters that we attribute to the local properties of the sequence
at the most nearby pole, as described in the beginning of the section. We obtain both 74
and 7y and an overall factor (14 €4) (or (1+€%)* on the negative branch) for the residues.
The latter is needed because the resonance pattern is exponentially suppressed already
for reasonably small 7 2 7, such that the background of the fitted sequence needs to be
adjusted to in precise agreement with the background of the data, in order to extract the
relevant information which is contained in the resonances. As it turns out that |e4| < 1,
we will not comment about its value for the rest of the paper, because it is irrelevant
for both the quantitative and the qualitative discussions. In principle, one can introduce
more parameters, such as an overall shift in the frequency, but this would not improve the
results, since in practice, it simply introduces extra degeneracy in parametrizing the fit.

2.3.2 Quasiparticles from the collisionless regime

Given the Ansatz for the transverse and longitudinal correlators above, we will now discuss
the results for determining the positions of the poles. The results are only displayed for
Re 7 > 0 but as shown in , there is a corresponding set of poles with Re v < 0.
In this section, we focus on the collisionless or short-wavelength regime with @ > 1 and
gz 1.

As a first test, we compare the fitted location of the poles to their exact location for
the tanh potential in appendix [C.2] We expect that this gives us a good estimate for the
quality of the fit for the actual spectral functions. Some typical results are shown in the
first plot of figure . We find that for f = 0, the fit is very poor, with the § = 7/4
result being worse than the ¢§ = 7w case, and there is a small deviation for f = 4 at large
@, again with a slightly better fit for larger ¢. Apart from that, i.e., for large f or large
¢ and small @, the fit is very good. This is just what we would have expected from our
conditions for the validity of the Ansatz as smaller ¢ imply more rapidly varying 7y, 7o at
least for the first few poles and both small f and ¢ and large @ move the poles further
away from the real axis. Furthermore, for large @, the amplitude of the resonance pattern
becomes quickly suppressed and so it is subject to systematic deviations and noise.

Now, let us look at the qualitative behavior. We see that, as anticipated with the
Ansatz, the poles lie roughly equally spaced on a straight line, i.e., they are resonances in
a region of fixed width with fixed “mass” to inverse lifetime ratio. With increasing f, both
the separation of the poles and the slope of the line of poles decreases, i.e., the poles are
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moving closer to the real axis. Of course, these changes are reflected by the appearance of
distinct peaks in the previous plots of conductivity at large f. This behavior is roughly
independent of ¢, and there is an overall shift depending on ¢, that is larger for smaller
values of f. One might expect both the decreasing energy gap and the increasing mass to
width ratio since the length scale due to the width of the defect increases and the shape of
the step in the potential is approximately fixed. The deviation of the poles from a straight
line is stronger for large ¢ and reflects the fact that the shallow potential at small ¢ is
fully probed at small 7, whereas at large ¢, the resonances at small 7 are only sensitive
to the details of the top of the potential, and only probe the steeper regions at higher
n. This effect is obviously more visible at large f because of the closer spacing of the
resonances. We also see that the poles of the transverse correlator lie roughly half-way
between the poles of the longitudinal correlator, as anticipated in . Comparing the
various approximations to the location of the poles of the actual spectral function, we see
the behavior that we saw in figure [2.9 encoded in a different way. Here, we see the shift of
the poles of the tanh potential that is more significant for larger q.

As an aside, let us briefly return to the cuts that appeared in the the transverse and
longitudinal conductivities, in and , with the limit 7" — 0. Given the
present analysis, it is natural to conclude that this cut arises through an accumulation of
poles near @ ~ ¢. Assuming the locations of the poles in the v plane, 77,, to be roughly
independent of ¢, we find that for ¢ > 1 we get @, = /P2 + ¢ ~ G+ 2/q. This then
leads to an infinite number of poles accumulating near w = ¢ as T' — 0 and resulting in a
cut.

While the Ansatz fixes the poles along a straight line with a fixed spacing,
i.e., . = n( — 19p) in the Re o > 0 region, we fit the parameters locally to each peak
of the spectral function and so the fitted poles deviate slightly from this simple Ansatz.
Keeping in mind the limitations, let us try to extract some quantitative information on
these deviations. In particular, at large n, the poles approach a straight line of the form
Up = 00+ 10y +n(Do+150) (¥, = 00 +1idy+ (n—1/2) (P +1i%) in the longitudinal case). To
extract this information, we use different techniques in different regimes, which we outline
to forewarn the reader about the validity of the results. For large f, where we have at
least the first 5 well-fitted poles, we ignore the first 0-3 poles, leaving us at least 5 poles,
such that we can fit the asymptotic lines plus a decaying exponential to Re 7, and Im 7,
and still get information about the accuracy. For some cases, the exponential fit fails, and
we resort to fitting a straight line and estimate the accuracy from the second derivative in
the location of the poles.

The assumption of an exponential deviation from a straight line may seem somewhat
arbitrary, but it turns out to be the right choice, as it is the only natural candidate whose
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Figure 2.11: Left: Comparing the exact location of the poles of the transverse correlator
to the fit, using the approximate tanh-potential of appendix , at values f € {0,4,25}
and ¢ = 1. Right: Comparing the poles of the transverse correlator with the ones of the
longitudinal correlator at f € {0,4,25} and ¢ € {1,4}. The lines are only shown to guide
the eye as to which poles correspond to the same values of f,q.

results are independent within errors from the particular choice of the number of poles
used for the regression. The location of the poles from the tanh potential, for example,
contains by this criterion an O(Inn) term as expected from (C.2.10)).

In the borderline case, where there are 4 poles, we extract the uncertainties by fitting
the last 3 poles to the asymptotic line with the deviation estimated by the fit with 4 points.
For 3 poles only, we still get a rough estimate for the asymptotic limit (from the last 2
points) and for the accuracy by including the first point. For f = 0, we always find only
the first two poles, so we can give only an order of magnitude guess for the rest of the
sequence. Finally, we estimate the uncertainties from the errors in the fit of the sequence
of poles and from the deviation of the estimated location of poles to their exact location
in the case of the tanh potential. We use the latter also to add a shift to try to correct for
systematic errors in the fit of the Ansatz (2.3.94] to the numerical data. We are
somewhat sloppy with the uncertainties in the sense that we do not distinguish between
random and systematic errors. So we assume that the accuracy of the fits is limited by
systematic uncertainties in the convergence towards the asymptotic straight line, which
may result in a slight overestimating of uncertainties in the averaged data that we present
below. As expected, the results from the transverse and longitudinal poles are identical
within the errors and so we average over them.

Let us now examine some of the results of our fitting in figure [2.12] In the first two
plots, we show results for the energy gap between the quasinormal modes, 7. In particular
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for large f, we see that the asymptotic behavior of 7/0y matches a simple straight-line
fit: 7/0y = civf + ¢o with ¢ ~ 1.821 and ¢y ~ —0.539. In the first plot, this behavior
seems to match well with the asymptotic behavior of n7/(2T.s;) and wD(f)T. Note,
however, that the second plot shows that upon closer examination, the deviation between
7/Uy and the curves set by these scales in the large f regime seems to be beyond the
errors expected for our numerical fit to 75. Note that large f behavior in gives
7T/ (2T.s5) ~ 1.854+/F —0.690, while vields 7DT ~ 1.854y/f — 1. The asymptotic
behaviors for these quantities have precisely the same slope and the difference is in the
constant term (and the subleading 1/+/f terms), as can be seen in figure 2.12] This slope
is only a fair match for that found in our straight-line fit. We expect that this is because
of subleading 1/+/f terms and that we would see better convergence at larger values of f.
In any event, it seems then that 7 is closely related to other characteristic scales in the
defect theory. Note that here since 7y appears to be independent of ¢ within the errors

(see figure [2.13]), the data in figure is averaged over ¢ € 7/2, m, 2.

We also show the overall shift 05 and the ratio ¢/ separately in figure for the
cases ¢ € m/2,m,27. In each case, these parameters show a 1/+/f falloff for large f.
In particular, this means that the width 4, is falling as 1/f and so we see the origin of
the quasiparticle peaks in the spectral curves. In each plot, we also show 77"/(21,¢y) for
each case and see there is good agreement within the estimated errors of the numerical
results. This is just what we expect, since the detailed shape of the step in the effective
Schrodinger potential and hence the ratio between the two modes in the asymptotic region
of the potential, is to a good approximation independent of f. The slowly varying part
of this ratio gives rise to the finite shift and the exponential suppression factor gives rise
to 4o/Po, which are in the limit of large @ proportional to the inverse of the width of the
asymptotic region of the potential. This can be more easily seen from the expressions in
appendix [C.2] From the boundary point of view, it comes at no surprise that the overall
shift of the poles is proportional to the overall energy scale, and that the quasiparticle
excitations become more stable with increasing f, which is proportional to the width of
the potential step. One could make a similar plot of 7 but we do not show the results
here. While on the whole the trends appear similar to those for 47, the values are typically
smaller by a factor of roughly 2 while the relative errors are larger by a similar factor.
Hence at least for the smaller values of ¢, the results are consistent with zero shift.

Now let us turn to the ¢ dependence of the quasinormal modes. Because of the good
agreement of the f dependence with T.;s/T, we improve the accuracy of our results by
taking a (weighted) average over the suitably scaled values of the characteristic quantities
for f € {9,16,25,36}. In figure , we show the ¢ dependence of the same quantities
as in figure [2.12] First, we see that 7y, which is supposed to depend only on the width of
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Figure 2.12: Top left: The energy gap between resonances ry presented as 7/0y. The
asymptotic v/f behavior is fit is several ways. Top right: The difference between the
previous fits and the numerical results for 7/0. The data in the top two plots is averaged
over § € 7/2,m,2w. Bottom left: The “mass to width” ratio 79/ for the sequence of
poles for several values of ¢. Bottom right: The f-dependence of the overall shift of the
poles 67. The points are the average numerical data and the narrow lines indicate the 1o
uncertainties, which includes both random and systematic errors.
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the potential, is within the uncertainties independent of §. Any change in ¢ however scales
only the height of the potential step.

From the results in appendix [C.2] we would expect that varying ¢ changes only the
overall shift of the poles, but we know already that the full result has fundamentally
different characteristics coming from the shape of the potential step because of the absence
of a significant O(Inn) term. In general, however, 7 should not change significantly, since
we consider here only f > 9, so the potential is already so wide that small details of
probing the potential step should not change the the quasinormal modes too much. Both
the shift, and the deviation from the linear Ansatz conspire to give us both the right “low
temperature background” with approximately symmetric oscillations around it as in figure
2.10, From the fact that this behavior resembles that in the resulting conductivity from
(2.3.92)), one should assume that there are small shifts and deviations for small §. One also
expects the shift to grow not faster than oc In ¢, provided that the ratio of the two modes
in the asymptotic region depends at most on some power of the height of the step in the
potential.

In figure we find roughly this behavior of the shift, with small 6,5 at small
¢ and an indication of some converging or slowly growing behavior at large g. We also
find a small drop in /P with some converging behavior at large ¢. In principle, we
could try to use this information to try to reverse engineer the calculations in appendix
[C.2] i.e., to reconstruct the ratio of the incoming and outgoing modes. For example, the
absence of a significant O(lnn) term tells us that there is no significant 7 dependence,
the approximately constant (in f) ratio 0/ shows us that the ratio of the modes has a
complex phase (and also its value) but there is nothing really interesting to learn from this.
A somewhat interesting point though is that the change in 74/ tells us that at small ¢,
the potential “appears smoother” than at large q.

2.3.3 Poles in the hydrodynamic regime

In this section, we focus on the hydrodynamic regime where w, ¢ < 1. In this regime, the
diffusion pole (2.2.73)) dominates the structure of the correlators. One might wonder, why
we have not included the diffusion pole into the sum for Cy,, as in . As we will show
below, this is because the diffusion pole disappears at a critical value of the wave-number,
g., which is below the values of ¢ that we have considered to this point. Below ¢. there
are two poles on the imaginary axis in the @ plane, one of them being the diffusion pole,
and the other one at larger absolute imaginary values of @, which decreases slowly as ¢
grows, as shown in figure [2.14] While the diffusion pole is in perfect agreement with what
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we expected, the second pole, corresponding to rapid (i.e., on thermal scales) decay of
long-range modes, is somewhat puzzling. In particular, it has a non-trivial f dependence
at small values of ¢q. It seems that for large f, the lifetime of those modes is not anymore
proportional to the length scale of the defect, but increases less rapidly.

At q., there is a branch cut, and the poles move away from the imaginary axis out into
the complex plane to turn into the first quasiparticle poles, i.e., the n = 1 poles in .
Hence at this point, the transport changes from the collision dominated phase to the
collisionless phase. This is a good example of the interplay between various length scales.
We can interpret this on the one hand as the height of the effective potential being smaller
or larger than the inverse length scale of the defect (and hence the effective temperature)
and on the other hand as separating between between modes smaller and larger than the
size of the defect. From a hydrodynamic viewpoint, however this branch cut gives us
approximately the mean free path, which is in strongly coupled systems proportional to,
and of the same order as, the temperature scale, and we see an approximate scaling of g
with the effective temperature.

0.
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20 /Tt (F)
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Figure 2.14: Left: The location of the poles on the imaginary axis below gq., rescaled by the
diffusion constant. The dashed line is what one expects for the diffusion pole. Right: The
critical values ¢. at which the purely dissipative poles disappear, multiplied with several
length scales.

On the right in figure we compare . with the various length scales in the problem,
as we did before for the spacing of the quasiparticle masses in figure[2.12] Since we are in the
completely opposite regime in terms of length scales of the perturbations, it is no surprise
that there is significant disagreement between the scaling of ¢. and 7y, but the disagreement
is surprisingly small. In addition to the opposite limit of the size of the perturbations, the
data in figure [2.12| contains only frequencies, which one can interpret as being related
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directly to the width of the defect, whereas here we consider the f-dependence of relevant
values of ¢, which measure scales along the defect. Overall, it seems that in the limit of
large f, G. ~ 2/(3D) or §. ~ 4T,s;/3. The relative factor between these two expressions
is not surprising given that, in the previous section, we noted that D = 2/T, ;¢ as f — oo.
Further, given our previous expressions for D and T,;s, we note that ¢. oc T'/+/f for large
f, i.e., q. decreases as f grows. Then as the plot shows, up to an overall numerical factor,
most features of the f-dependence of ¢. can be related to either of these other physical
scales.

In principle, the decreasing residue of the poles with increasing n allows us to track
the location of the first few poles of the longitudinal correlator even further, directly by
fitting a sequence of Lorentzians, but we will not bother about such a detailed discussion
of the hydrodynamic regime in this paper. It is interesting to see however, how the small-¢g
limit of the shift 6 + i0% shown in figure qualitatively agrees with a shift towards the
bifurcation point.

It is interesting to note that this pairing of the diffusion pole with a fast dissipative
mode was also recently found in the quasinormal mode spectrum of black holes in AdS,
[94]. However, an infinite number of pairs of poles were identified there, appearing along
the imaginary axis. In that case, the critical wave-number at which the higher pairs meet
at smaller and move off into the complex plane decreases for pairs higher up along the
imaginary axis. We looked for similar higher dissipative modes in the present framework
but it seems that the diffusion mode and its partner are the only modes appearing on the
imaginary frequency axis.

2.4 Electromagnetic duality and perturbative correc-
tions

At the outset of our analysis, we set M, = 0 which maintains conformal invariance in
the defect system. In the brane construction, this means the internal geometry is fixed
and the low energy effective action on the effective four-dimensional brane reduces to
Maxwell theory with a fixed coupling (independent of the radius)E] Hence resulting
equations of motion are invariant under electromagnetic duality, which has interesting
implications for the transport coefficients, as emphasized in [49].

2In the D5-brane embeddings for M, # 0, the size of the internal S? varies and so the effective coupling
of the Maxwell theory (2.2.31)) depends on the radius. As explained in [49], the gauge field equations are
no longer duality invariant and as a result the correlators discussed here are independent.
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Given the Maxwell action ([2.2.31)), the gauge field equations can be expressed as

~ ~ 1
VIF,=0,  V'E,=0  with F, = cumF* . (2.4.96)

Hence we have electromagnetic duality with F},, and F w satisfying the same equations of
motion. Implicitly, we used this duality in deriving the relation between the transverse
and longitudinal correlators (2.2.59)), i.e., the key step was demonstrating the A; and Ay

equations, (2.2.45) and ([2.2.47)), could be put in the same form. As in [49], this result
(2.2.59)) subsequently restricts the transport coefficients to satisfy

7 (@, §) (@, §) = —e3(@* — §) . (2.4.97)

Since with ¢ = 0, we have 17 (@, 0) = I1X(®, 0), it follows that:

>:€0:7TDT€ or o(w)=De. (2.4.98)

That is, o(w) is independent of frequency and temperature. One can show that this
remarkable result is consistent with the Einstein relationﬁ as noted already in [49]. This
is also remarkable from the point of view that at ¢ = 0, the conductivity at all frequencies
obeys the diffusion behavior, which is not what one would generically expect.

However, as for any low energy action in string theory, we must expect that there are
higher derivative interactions correcting the Maxwell action . In fact, the action
implicitly captures an infinite set of these stringy corrections, as would be illustrated
if we expanded the DBI term in powers of F'. This expansion would also demonstrate that
these higher order terms are suppressed by factors of o/ = ¢2. In terms of the dual CFT, the
contributions of these o' interactions will provide corrections to the leading supergravity
results for a finite 't Hooft coupling. However, none of the higher order terms coming from
the DBI action will modify the two-point correlators in the planar limit, i.e., in the large
N, limit, because these interactions all involve higher powers of the field strength. One
must keep in mind though that, as already alluded to in section the DBI action does
not capture all of the higher dimension stringy interactions. The full low-energy action
includes additional terms involving derivatives of the gauge field strength [95] 96], as well
as higher derivative couplings to the bulk fields, e.g., curvature terms [97, [08]. In principle,
any such interaction, which is quadratic in F', has the potential to make finite A\ corrections
to the correlators which we have studied above.

3See e.g. [85], section 7.4 for a suitable discussion of the Einstein relation.
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In appendix[B] we identified a particular higher derivative term which makes a quadratic
correction to the four-dimensional low energy action. This term makes the leading
correction to the correlators, at least when the internal flux is nonvanishing. Including this
term, the vector equations of motion become

@3 f
omvVAN1+ 2

We can recognize the higher derivative term as a string correction by recalling that L?/ VA =

V¢F,, =€L*VF'OF,,,  VMF, =0  with &= (2.4.99)

2. Clearly these equations are no longer invariant under the replacement: £, — F),,. One
could attempt an o/-corrected electromagnetic duality by defining X, = (1 — £ L?0) F,,..
Formally treating £ as a small expansion parameter, one can rewrite (2.4.99) as

VX, = —EL*V'OX,,, V"X, =0. (2.4.100)

Hence an exchange F},, — X, does not quite leave the equations of motion invariant either,
i.€., the sign of the £ term changes between and . This then confirms the
initial intuition that the o’-corrected low energy theory describing the four-dimensional
dynamics of the vector field is no longer invariant under electromagnetic duality. Hence we

can longer expect (2.4.97) and ([2.4.98) to apply when finite A corrections are taken into
account for the defect CF'T.

In the following, we examine in more detail the effect of this leading finite A correction.
For simplicityﬁ we focus on the modifications to the transverse conductivity o,,. Here
we simply present the results of our numerical calculations. The preliminary analysis
determining the analytic form of the transverse correlator is given in appendix [B] There
are two distinct contributions to the modification of the correlator. First, since the bulk
action contains an additional term, there are new surface terms which must be
evaluated in the holographic calculation. Remarkably, as described in the appendix, the
net effect of this contribution is to shift the permittivity

1 f243) _ 2¢
€0 — €o (1 — ﬁm) = &0 (1 — 1 —|—f2> . (24101)

The second modification of the correlator arises because the bulk equations of motion
have been corrected, as in (2.4.99). Hence the solutions for the vector are modified and
this change of the solution alone leads to changes in the correlator coming from the leading

4Similar considerations apply to the longitudinal conductivity but the calculations are somewhat more
involved.
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supergravity expression . Now, we have some ambiguity in how we might define
o in the theory with finite-\ corrections. Recall that this quantity originally appeared in
but above was simply related to the conductivity found in the infinite A
limit. Hence a convenient choice, which we adopt at finite A, is: ¢g = (0 — 00). Then
our numerical results indicate that this second finite-A correction also shifts ¢y precisely
as in except for a factor of —3/2. The total shift is shown in figure and the
result seems to match precisely —1/2 times the shift given in (2.4.101)).

Given that the invariance under electromagnetic duality is lost at finite A, the frequency
independence of the conductivity 6(@) = &,,(0,¢ = 0) found in (2.4.98)) is also lost as
shown in figure [2.16] Note that here we are plotting the change arising from the inclusion
of the finite A corrections, i.e., 66(0) = (@) — ¢ where our subtraction includes the finite-

A 1+f2 .

A correction to gg, as described above. Note that in the figure, the factor 1/§ oc Y¥—— is
included to cancel the f dependence coming from the factor in front of the higher order
term in (B.0.4)). While the resulting conductivity shows an oscillatory behavior, we note
that the DC conductivity, ¢.e., at © = 0, is generally smaller than at high frequencies, i.e.,
for @ — oo. The net difference is plotted in figure [2.16] as a function of f. As shown, the
numerical results are very well fit with a simple analytic form proportional to f2/(1+ f?).
Note that the first few points in this plot (including where the difference becomes positive)
are not reliable, because of the high sensitivity to errors in dey, which was only computed
approximately in a numerical calculation.

One of the interesting features that figure [2.16| seems to exhibit is that the oscillations
of 5(@)/(&ep) for various values of f are all contained within some universal envelope, that
is decaying with @. In fact, this same envelope also applies for the conductivity at finite
values of ¢, as illustrated in figure 2.17 In this figure, we are showing 65y, /(e0€) for f €
{1,4,9,16} and ¢ € {0,7/4,7/2, 7,27}, where 06,, = G,,(@, §) — Gy (@ — 00,q). Again,
the factor 1/¢ is included in the figure to cancel the f dependence explicitly appearing in
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Figure 2.16: Left: The finite-\ correction to the conductivity d&(@) for various values of
f. Right: 6(@ = 0) — (@0 — o0), the change in conductivity from @ = 0 to @ — oo at
finite .

the higher order term in . In particular, we see here that the envelope appears to
be independent of §. However, as shown in figure 2.17, for sufficiently small f (f = 1/4
in the figure), there exists a critical value of ¢, above which the conductivity is no longer
bounded by this universal envelope. Note that for the same values of f, the curves below
the critical value of ¢ are still bounded by the envelope. However, note that both &,e9 o< f
for large f and so the amplitude of oscillations in 6(@) alone is actually growing with f.

At finite ¢, the leading order result (for infinite A and N,) for &,, also exhibited similar
damped oscillations which were confined within a certain envelope, as discussed in [2.2.2.2]
Comparing this previous envelope with that for d,, (for large f 2 2), we see that the
previous one does not depend only on w, in contrast to the behavior found above. The
exponential decay of the amplitude at large @ is also slower than here than with the
envelope for the leading infinite-A result. This would imply that the finite-\ corrections
become more and more significant at large @, while they become less significant with
increasing q.

The “frequency” of the oscillations is approximately the same for the leading term and
55

€0
of /@&? — @ and also for comparison the oscillations of the infinite-A or “zero’th order”
result.

the finite-A correction. Figure [2.18| shows this in more detail by plotting yy 1D terms

We find that there is a phase shift of between 7/2 and 7 in the oscillations, implying
that they will shift towards larger @ and decrease in amplitude. We can also see that there
is some tendency for a smaller phase shift (i.e. less/no decrease in amplitude, less shift) as
f and @ increase. In terms of the location of the poles, this implies a shift towards larger
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Figure 2.17: Left: The extrema of ié(}yy for ¢ € {0,7/4,7/2,7,2r} and “large” f €
{4,9,16}. We see that all the curves are approximately bound by some universal envelope
function, that decays exponentially in ©. Right: iéfryy for ¢ € {m/4,7/2,7} and f €
{1/4,1}. For f = 1/4 and sufficiently large ¢, the conductivity is not bounded by the
universal envelope (shown in thin dots).
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Figure 2.18: Left:\/Xéayy in the rest-frame frequency v for ¢ € {w/2, 7} and f = 4, scaled
to 1. The dotted lines show oy, — /1 —@?/¢?, also scaled to 1. Right: f =16
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real and imaginary frequencies and an increased spacing between the quasinormal modes,
again more significant for large f, small ¢ and large @. Another point to view this is that
there is a finite-\ behavior, that becomes important for the higher resonances. In principle
one could quantify this more precisely by doing a perturbative treatment of the methods
used in section [2.3] but we will not discuss this here. The shift £y can be absorbed into
the residue. In terms of the potential, this implies that the potential becomes narrower,
especially at small f and small § (or large T'), which simply means that the length scale
that we attributed to the strong coupling decreases and disappears. The @ dependence
also implies that the potential becomes smoother at finite coupling.

q 20. f=4 2
T q

Tett ‘-I?“ o Iog(&ow(w 0)) + const.
17.5 effr 4 log(So,(@=0)/f ) + const.

15. 15. — /Tar.
12.5 12.5

q=n/2:
10. a 10,
7.5 Tt
log(6o(@0=0)/. const . 1.5 o
5. g(60y(@=0)/&) + .o i o 5
j 5 [oo v ) . . . .
2.5 5. 7.5 10. 12.5 15. f 0. 0.5 1. 1.5 2. 2.5 3. q

Figure 2.19: Left: log 66,,(@ = 0)/¢ (modulo a constant shift) and = (f) for ¢ = m/2.
The accuracy of the last two points are very sensitive to possible errors in dgy. Right:
log §6,, (@ = 0) and T—~(f) for f = 4. log 66, (& = 0)/¢* is shown to demonstrate the
slow convergence due to polynomial factors of q.

For © — ¢ < 0, the finite-A correction becomes quickly negative and exponentially
suppressed with increasing f and ¢, roughly as described by the “effective temperature”,
such that the exponential suppression does not get broken but is possibly modified. We
ShOW the shift %‘go) as a function of f for ¢ = 0 and a function of ¢ for f =1 in figure
| Recall that figure [2.16] shows the same results for ¢ = 0.

The form of §5,, for f SJ 2 is more similar to the resonances associated with the infinite-
A result for 7y, as the amplitude seems to decay exponentially with 7 and depends only
polynomially on ¢, as we show in figure 2.17] Just as for the large f, the decay is slower
than the one in the 0* order term. This demonstrates that the effects of finite \ are more
significant for small f, where the length scales are still dominated by the f = 0 length
scale, that we can attribute to the strong coupling. Further it shows that the length scale
due to the “width” of the defect has a tendency to persist.
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2.5 Topological Hall Effect

The conductivity in section is diagonal reflecting the parity invariance of the defect
theory. Recently AdS/CFT techniques were applied to study Hall conductivity in the three-
dimensional conformal field theories dual to an AdSs background [50,[69]. The construction
in [50] involved breaking the parity invariance by introducing a background magnetic field,
and this is along the lines that we will do in chapter [3] However, it turns out that there
is an alternative way a Hall effect may arise — in an entirely “conformal” manner. In [69],
parity invariance is broken by the introduction of an auxiliary gauge field with a nonzero 6-
term. This construction is closely related to the following where we produce an off-diagonal
conductivity by the addition of a topological f-term to the four-dimensional SYM action
[99]. A related model of the quantum Hall effect based on a probe brane construction
appears in [60].

To introduce an xy component to the conductivity, we begin by considering the Chern-
Simons part of the D5-brane action. In particular, the latter includes the following term:

(27m02)3
3!

where C'” is the RR scalar. Now the background remains a consistent solution of
the type IIB supergravity equations if we set this scalar to some arbitrary constant, i.e.,
C" = a. Of course, this choice corresponds to adding a topological #-term to the action
of the dual SYM theory [99]. Now if we recall the magnetic flux on the internal S?,
the above contribution (2.5.102)) reduces to the following four-dimensional action

Al =

N, Ty / COFAFAF (2.5.102)

Al = 2m)"° Ty 21 aq / FAF, (2.5.103)

where ¢ is the magnetic flux quantum number , indicating the number of D3-branes
dissolved into the D5-brane. Thus upon integrating out the S? part of the probe brane
geometry, this term has become a topological theta-term for the four-dimensional
worldvolume gauge fields. Since it is a topological term, it does not modify the equations

of motion (2.2.4442.2.47)) for the gauge field. However, it does produce an additional

boundary term,

(2.5.104)

u—0t+

Al = 2027) ' Tyaq / P (A, (DA, — 0,A4)]

which will modify the correlators. Note that we have simplified the above expression
by assuming that in the cases of interest (as in previous sections) the gauge fields are
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independent of y. Introducing the Fourier transform ([2.2.37]), this boundary term becomes
Al = —idrl® Ty aq/d3k [Ay (K, u) (w Ay (k,u) + Ky A(k,w))], o - (2.5.105)

Now following the same steps as in section [2.2.1] we arrive at the following off-diagonal
contributions to the retarded Green’s function:

Coy = 87 (2702 Ty aqu, Cyy = —i87(2702)* Ty a gk, . (2.5.106)

Note that in the 7" = 0 limit, we expect this contribution to the Green’s function can be
assembled in the Lorentz invariant expression:

AC,, =i e, k’, (2.5.107)

where « is the dimensionless constant:

2 8
a=8r(2rl?) Tyaqg = =4 = 229 (2.5.108)
ﬂ-gs gYM
The corresponding analysis in the D7 framework gives
o 2 2\4 N 2a g, N 8aq;
a, = 167 (2nl5) Tr a g, = =—. (2.5.109)
T9s Iy

While in principle, this form need not be preserved at finite temperature, our
results calculated at finite 7' indicates that in fact the form is preserved. Of
course, this independence of the temperature is undoubtedly related to the topological
nature of the f#-term which is responsible for this off-diagonal contribution. It is amusing

to note that since ¢ (and ¢;) is an integer, (2.5.108) and ([2.5.109) take just the form of

the integer quantum Hall effect, i.e., 0., = %= with n € Z. By this analogy, we would

associate e = 4a/g,.
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Chapter 3

Dressed Defects

3.1 Turning on the Condensed Matter Background

3.1.1 D3 = (N=4 SYM) background

Let us remind ourselves of the super Yang-Mills background outlined in section 2.1, We
start off with the well-known AdSs x S° background of N. D3 branes corresponding to
an N = 4 SYM theory on the boundary [33] 35, B4]. We work in the limit of N. — oo,
at Yang-Mills coupling ¢%,, = 2mgs — 0 in the field theory, such that we consider the
large t'Hoft coupling limit A = ¢%,,N, — oo and we can use the supergravity limit as

L* = 47g NI} — oo. At finite temperature T = —P5, the background metric is written as
2 2 4
2 T 2 4 47 L dr? r2d0? @ __r

which we used in section to obtain the brane embedding z(u). Considering only 7" > 0

allows us to go to dimensionless coordinates u = *2, t= % i T3
L? du?
ds* = ) ( (1 —uh)d? + dis + —— - u2dQ§) : (3.1.2)
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3.1.2 Introducing the defect

In the supergravity limit, the D5 brane action of the U(1) subgroup of the SU(Ny) is just
the DBI action plus a Chern-Simons term

S = —TsNy | +/—det(P[G] + 2rI2F) + TsN; / CW A 27%F (3.1.3)
D5 D5

where the factors of N; arise from taking the trace over the flavor degrees of freedom,
arising from the stack of Ny coincident branes. To simplify things further, we work in the
quenched approximation Ny < N, such that we can ignore the backreaction of the probe
branes.

Preserving translational invariance in the flat directions and rotational invariance on

the sphere, together with the choice of the embedding (2.1.1)) dictates the induced metric
on the D5 brane to be of the form

ds* = 5—; (—(1 — u")dP + dF3 + (1 +(1—u) (z’(u)2 + E”gt();g» du?
+ (1 — W(u)*)d3) . (3.1.4)

In chapter 2| we chose the trivial solution F' = 0 for the U(1) background in the flat
directions and for the S? radius ¥ = 0. Even though ¥ has a tachyonic mode, corresponding
to shrinking to zero size, it’s mass lies above the Breitenlohner-Friedmann bound myg =

2 > ——2— [76], such that it does not cause an instability. The discussion of the
Laas, Liaas,

setup was limited to the case of vanishing “quark” mass for the matter on the defect,
vanishing net density of matter and antimatter on the defect (net baryon number density)

and vanishing external magnetic field applied to the defect, but a flux F' = Nifng on the

compact sphere was turned on. This corresponds on the gravity side to having an extra
set of ¢ D3 branes pulling on the D5 from one side of the defect and on the field theory
side to having an extra number of colors, §N. = ¢ on that side of the defect. Both from
the embedding geometry z(u), and from the resulting quasiparticle spectrum in the field
theory, it was argued that this flux also introduced a finite width, Az, of the defect. The
embedding was found to be

) = ——L (3.1.5)
which has in principle some analytical solution. Here, as everywhere in this thesis, we use
the notation () := 9,(-).
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3.1.3 AdS/CMT Dictionary (Supersymmetric Case)

Now the situation is slightly more non-trivial, as we wish to introduce finite values for
the mass, baryon density and magnetic field. Using the AdS/CFT dictionary in [34] in
analogy with the 3 + 1 dimensional system, e.g. [67, 110l 50], we find the gravity dual of
the baryon density

05

tr

= 27(7T)%ep lim A’ (u) =: —272(7T)? lim E(u) (3.1.6)

u—0 u—0

py = —2m°

and magnetic field B to be related to a non-trivial U(1) background on the brane:
Fly—o = —E(u)dt Ndr + Bdx Ndy =: Fg+ Fp. (3.1.7)
We can also define the (asymmetric) background metric

G=g+F. (3.1.8)

By analogy with the 3 + 1 dimensional D3 — D7 system, we can repeat the arguments
in [45] 67, [68, 44], and associate a non-trivial embedding W(u) with a finite quark mass
M, and dual condensate C'. This condensate has on the one hand an interpretation as a
chemical potential for M, and on the other hand is considered in QCD contexts considered
as the order parameter of chiral symmetry breaking.

We can parametrize the S° as dQ2 = di? + cos? 1 dQ3 + sin? 1) dQ3 and put the D5
on the first S?, such that sint =: ¥ gives us a suitable scalar describing the size of the

sphere. In the parametrization (3.1.7)) the DBI-CS action becomes then

S :L%L%g/m#(V—danﬂl—@%2+f2+fﬁ&ﬂ> (3.1.9)

::MHR/M%YAMGMHJ%M+%JO—WV+F£M%%,

and one trivially finds the background solution

B = const. (3.1.10)
Blu) — PV 1+ f23/1 = 02(u) + u2h(u) V' (u)?
m\/l + (24 (P2 + B2) (1 + f2))ut + (1 + B2ut) W (u)2(V(u)? - 2)
Dz — —f/1 =02 (u) + u2h(u) ¥ (u)?

VIZ TR 1 (24 (7 + B (L + f2))ut + (1 BRud)U(u)2((u)? —2)
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for all the physically relevant fields, except for W(u), because that one enters the action
both directly and with one derivative. As a reminder, our notation is h(u) = 1 — u®.
For convenience, we defined the dimensionless parameters p := m% and B = %.
We see that the width of the defect from the brane picture, 2,4, = lim, <1 z(u), de-
creases as we increase B and pg as they appear only in the denominator. This may appear
somewhat counter-intuitive from a weakly coupled point of view, but it is what we should
expect, as the system is strongly coupled, or the correlation length diverges, and hence the

“contractive force” scales with the total number of particles.

The equation of motion for ¥(u) becomes
2(1+ B2uf) (1 — U2)% + u2(1 —u®) (1 — (f2 + (5* + B (1 + fA))ut + (1 + B2u*)T?(P? - 2)) 97
u4(1—\112)\/(1—\112) (1=02 4 (u2— u8)W2) (1 + (f2+ (2+ B2 (1 + f2)ut + (1 + B2ut)T2(P2 - 2))

o W,1;2u4\/1+(f2+(52+Z§2)(1+f2))u4+(1+B2u4)\112(\1/2—2) L)

(1= 02)(1— U2 1 (a2 — u)0?)

which has no analytical solution, except for some limiting cases. For u — 0, it is easy to
see that the solution becomes
U~ mu + cu*, (3.1.12)

where m and ¢ are dimensionless free parameters that are determined by the boundary
conditions. Now, we see that the argument of the T-dual case of the D3-D7 system with
3 4 1 intersecting directions [45] 67, [68], [44] also applies to our case, and the quark mass
M, and condensate C' are given by

_ _Tom T . _ 2x on 2 _ L o
Mq = 23T7Tlg = \/Xﬁm and C = \/547’( C’I"ONflST5 = ECT NfNC . (3113)
This can be straightforwardly obtained from the results in [45], but also in our case we see
that this relates to the length of a string spanning on the sphere from the D3 branes to
the D5 branes. In appendix , eq. (E.1.7), we do indeed verify that C' is the dual chemical
potential to the mass. In order to find the solution for the full geometry for a given mass
however, we need consider the equation near the horizon, where (3.1.11]) reduces to first
order, .

1 (1+ B%)Wy(1 — W2)2
2(1—U2)2 + f24 52+ B2(1 + (1 — 2)2)
effectively relating m and ¢. The only remaining boundary condition at the horizon is
then ¥, ,; = ¥,. Because this boundary condition is dictated to us by the equation of

|y = , (3.1.14)
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motion, which becomes first order at this point, and hence is determined by the other
boundary condition ¥|,—o = 0, we use m instead as a boundary condition, but we have
to find recursively W, for a given value of m. This is because implicitly, on-shell, ¢ is a
function of m and starting to integrate at « = 0 with some random combination of ¢ and
m means the equations of motion cannot be on-shell as we approach the horizon.

At vanishing density py and vanishing compact flux f, we find again that the black
hole embedding which gives us free quarks limits M, < M.;;. At M., we have the 2 4+ 1
analogue of the phase transition that was found for the 341 system in [45] [44]. It turns out
that the critical mass decreases as we turn on the magnetic field in the 2 + 1 field theory.
This is discussed in detail in appendix . This phase transition disappears (at least in our
case where we consider only the U(1) background) as we turn on either a finite baryon
density pg, or as we choose the compact magnetic flux f to be non-zero. Essentially, this
happens because the charge can only be supported by the blackhole embedding and the
action becomes singular when W(u) = 0 at finite flux just as in the 3 + 1 dimensional case
in [45].

Some of our studies of the effects of finite masses will have be done at finite py or f,
to allow for sufficiently large masses. In the limit of very large masses (i.e. ¥ — 1_ near
the horizon), one can see that over u €]0, 1], the equation of motion for ¥ is also solved by
U ~ 1 - to see this in eq. , one needs to take W' — 0 first. This demonstrates how a
new length scale arises for large masses, m > 1 as the profile splits approximately into two
parts - one with u > u,, ~ % and ¥ ~ 1 for some value u,, and one given approximately by
the asymptotic solution (3.1.12). Around wu,,, ¥” diverges. It would be interesting to see
whether this limit has any relation to the recent discussion of non-relativistic AdS/CFT

[56].

A more thorough discussion of the thermodynamics and the phase structure can be
found in appendix [E]

3.1.4 Non-supersymmetric D3 — D7 intersection

The non-supersymmetric case is very similar to the D5 case as it differs in the massless
case only by the geometry and field configuration in the S° factor. Now we parametrize
the S® in the bulk space as d2% = di)? + cos? ¢ d2%, such that we have the induced metric

L? - U/ (u)? du?
2 _ 1 A2 g2 oo N2 2
ds® = u2( (1 —u™)dt +dx2—|—(1+(1 u)(z(u) +u1—\11(u)2)>1—u4

+u?(1— U(u)?)d]) . (3.1.15)
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and we set up an instanton on the S* instead of the magnetic charge on the S?. The
coupling to the five-form flux comes now via the Chern-Simons term
(271?)?
2

Ty Ny / CUANFAF . (3.1.16)
D7

This CS term however also causes the D7 setup to differ from the D5 setup in the massive
case, as can be seen most easily by integrating this term by parts to give us (modulo a
total derivative)

(27i2)? / o ! v’
s/ TN FOANAANF SToNi—=2 | du————— ANF . (3117
2 [ D7 - ) L4 0 vV 1 — \112 R(2,1) ( )

The term on the right hand side with the factor ¥’ arises from the fact that the deformed
embedding of the S* inside the S° causes the dual F> on the sphere to pull back to the
brane worldvolume. Integrating out the S* of the worldvolume gives us then the right hand
side, which is just a Chern-Simons term with radius-dependent coupling. This was used
in [69] to obtain a Hall effect. This term will obviously modify the two-point functions,
and will be interesting to consider in further work, but there are some problems with the
massive D7 case that we will outline below, so we will here only consider the massless D7
defect.

The instanton solution was found in [75] [81] and outlined in section and yields

1
e S4TTF/\F = ¢ € Z (3.1.18)
and the S* factor o
]{ 0 = % (N L*(1 = W%) + 6720 ]) (3.1.19)
S4
such that the Ansatz (3.1.7]) puts the action into the form
8 2

S = %Nf L4T7/do4 (\/det G((1 -9 +1Q|) +Qu48uz> (3.1.20)

. ey 04 2
where we remind ourselves of the definition @ = 6m* & = G%qﬁz. In the general case

(U # 0), this action gives different solutions than (3.1.10|), however in the case ¥ = 0
the solutions are given precisely by (13.1.10)), provided we replace the flux parameter with

Iz Py
1/ 142|Q
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In section it was found that the mass of the tachyonic mode of the S* radius of the
D7 probe brane satisfies the BF bound only for f? > 49/32, and a quick calculation shows
that this also happens to apply in this background — independent of p and B. This, we will
see, is reflected in the asymptotic behavior of ¥(u). We will not bother the reader with
the lengthy form of the equations of motion for ¥, however, we note that the asymptotic
solution takes the form

3 402 — 7 -12Q
v ~ uE =—-=+ 1.21

which implies that above the BF bound, the solution will be a power law, and below the BF
bound it will be oscillatory — indicating the instability. Above the BF bound, we could,
in principle, identify those two modes with a “mass-like” operator (and a “condensate”
operator) of non-integer conformal dimension, motivated by the fact that this is related to
the separation of the D3 and D7 branes in the sphere. Possibly one could interpret this
behavior with a “running” mass. However, there is a very significant problem that may be
more worrying than the instability at vanishing mass: A solution of N; D7 branes causes
an asymptotic deficit angle of % from backreaction (see e.g. [20]). At the necessary finite

f7, and hence ¢, of order A\, we need at stack of D7 branes as determined by the limit

Ny¢(N7-1)

s > ¢, for spherically symmetric solution from [81]. In order to still have the same

kind of field theory with the same symmetries, we require Ny > 12, which implies that the
solution cannot connect to an asymptotic space-time. Note that this was exactly the S*
factor which broke supersymmetry, and this factor would be highly modified for solutions
with ¢, below this bound. Below the BF bound the oscillatory asymptotic solution is non-
physical in our setup and furthermore the corresponding operator would have complex
conformal dimension. It seems that there are some non-standard ways to interpret the
fz = 0 case in the context of the quantum Hall effect [66], but we will not pursue the
W £ 0 case in the rest of this thesis. It is a noteworthy curiosity, that in the absence of the
pullback of the CS term to the flat directions, the resulting spectral functions are identical
to the D5 case under an appropriate identification of the mass-like operators.

3.2 Computing the Conductivity

As in chapter[2], we will compute the conductivity using linear response theory, i.e. applying
the Kubo formula

R { ) . i
7 lTaij =0 = ;C’ij or for convenience 0;; = wlo;; = ZC’U» , (3.2.22)
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that gives the conductivity for currents resulting from small perturbations in terms of the
retarded Green’s function, which is given in terms of the correlator as

Cij(x —y) = —i0(=" — ") ([Ji(2), J;(w)]) - (3.2.23)

We define for later convenience ¢ = -%. Since the baryon number current J; is dual to the
gauge field of the U(1) subgroup of the U(Ny), A;, the correlator is given by the variation
of the on-shell action

528
0A}0A; 0

where A is the boundary value of the gauge field at the asymptotic boundary v = 0. The
action for the gauge field becomes to second order

1 1— \112 2 2 1
S — - d4.1' \/( ) + f [ det FaﬂGa’YFrngéa _ = aﬁGaﬁF’yéG’YJ ,
4g VAESE 2

(3.2.25)
where G is the asymmetric combined metric , and g¢? is defined as

T(2ml2)?L* /1 + f2T5 = \/1+f22\jvﬁ. (3.2.26)

In some sense, there is now a radius dependent coupling W, that always goes to

Ne}
ol

unity asymptotically or obviously everywhere in the massless case. Surprisingly, the gauge
field background dies off sufficiently fast asymptotically, such that as ©v — 0, the action
just becomes the Maxwell action with coupling g4 and in a suitable gauge A, = 0 the
correlator is still given by the asymptotic mode function

ci— f0_00uA)) (3.2.27)

V T+ f2 514’ u—0

where ¢ is defined as ¢y = &5

3.2.1 Electromagnetic duality

In this background, we see that the effective action for the gauge field is not invariant
82(./.1
~
in [49] does not apply in this case. Since the DBI action at constant coupling, i.e. in

under electromagnetic duality ' — *F. Hence, the relation C,, = that was found
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the massless case, however still obeys this duality, one would expect that it survives in
some form under the exchange of the magnetic and electric charges on the probe brane, i.e.
under the exchange of the density and magnetic field in the field theory side. To quantify
this further, let us look at the transformations under F' — xF' of the Fourier-transformed
gauge field in the gauge A, = 0 that led to , obviously at M, = 0. The relevant

components are at asymptotic infinity:
(*F)izlu=o = =V 1+ f2Fuylu=0 and (*F)ylu=o = V1 + f2Fu]u=0 , (3.2.28)

such that the variation w.r.t. the gauge field becomes in terms of the transformed gauge
field, denoted in abusive notation as xA:

9 CVITE (04 9 oA, D o/ o 1 (3.2.29)
0A, | o i@ 04, 0(xA), 04, 0(xA), ) o 20 \"MOA),  O(A), ), 0
2 (0N /
O VA0, 0 04 0 N _0(; 1 5 9 ) (3230
0Ay|.—o iw 0A, 0(xA), 0A,0(xA)y ) .o €0 O(*A), O(xA)y ) o

Rewriting the conductivity obtained from (3.2.24)) then in terms of the transformed fields
gives us

1

. . . . U

Oyy = 6_(2) (GyyOyy[*0loz + FayGay[*0lyy) (3.2.32)
. . . JURU L . .

Ouy = = (GayOyy %02z + OuaOuy[%0)yy + (FuyOry — Tuuwlyy)[*x0luy)  (3.2.33)

where we used (3.2.27) and S[F] = S[xF], and defined [xo],, = Mﬁ%' Since F' < xF’
1, 7,

exchanges the electric and magnetic charges on the probe brane defined at infinity — i.e.

exchanges density and magnetic field in the field theory side — %o is just the conductivity

and the exchange of p and B. Finally, we can solve for xo and obtain

olB.ilw = (sl B) = 2 ((5’[@3])_1) ol (3.2.34)

% cd
where a,b € {z,y}.

This result is remarkable, since it relates the transport properties under the exchange
of two quantities that are completely distinct in nature from the condensed matter point
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of view. Furthermore, it applies to a whole class of strongly coupled 2 + 1 dimensional
systems, whose gravity dual obeys the electromagnetic duality. Hence, such a relation
is a generic prediction from AdS/CFT for a quantum critical 2-dimensional system. For

theories not obeying (3.2.27)), there may be potentially additional terms in (3.2.34)). It
seems that this is an implication of the “particle-vortex duality” found in [100] [@99].

This duality holds always in the massless case to numeric accuracy. Hence it is not
possible to visually “compare” the result in a plot.

3.2.2 Explicit Computations

To proceed further let us start by writing out the equations of motion explicitly:
Ay 0= (V=GGWG™A'Y + V=GG"(G™d? + G"0P)A,
+ (V=GGmG™) (0.4, - 0,A,) (3.2.35)
Ay 0=GH9,A, + G™0,A, (3.2.36)
/
A 0= (V=GGHG™ AL + V=GG"G™ (92A; — 0,0, A,) — (V—GG“‘G”) 0,A,(3.2.37)
Ay 1 0= (V=GG™G™ALY + V=GG"G™ (A, — 0,0, A,) + (V—GG“‘G”’) 0,A3.2.38)

For convenience of the reader, we stick here to the concise notation in terms of G and
summarize the exact form of the components G in appendix [D} Also, in this expression, and
for the rest of this thesis, we absorbed the radius-dependent coupling into the determinant
of the metric, in somewhat abusive notation:

V—det G — V-G . (3.2.39)

Finally, we also remind ourselves that GY = G**, so while keeping them distinctively
for didactic reasons in most places, in some places they will be interchanged to simplify
expressions.

As in section [2.2.1.2] it can be easily verified by using the equation for A,, that the
equations for A; and A, are degenerate. Hence, we will again as in eliminate A,
from the equation for A, and produce an equation for A!, by multiplying (3.2.37) with

70



V—GGYGE" and differentiating with respect to u. This gives us:

0 = (V=GGmGa,) + (VEGGUGR02 + V=GGWGaY) A, (3.2.40)
A 2

((\/—GGWGW) ) (V=GGruGav)'

A, +
V—GGHGar Y V-GGhtGer 7
0 — (mnyGu“A’m) + (MGZ”?’Gmaﬂf%—mnyGttaZ) As (3.2.41)

(_G GttGuuGaﬁxny)/ \/__GGtquy)/A >/
_ Y ,

+

\/__GGtthac mGttGm

_ J=GawaTr Al . o . o
where A, = *——=—-=. These equations separate at vanishing density or vanishing

magnetic field — as they should, because we do not expect a Hall effect in this case.

Alx + (—G) GttGuquxny ((

Using (3.2.38)), we can recover A,|,—¢ = —iw(leIfQ), which will allow us to compute the
conductivity fensor. Near the horizon, the solutions become approximately

Ay = 1=w)** (AP + AV1—w) , A = (1-w)** (AP + AV (1 —u)) , (3.242)

where Ag(,o) and AL are arbitrary constants and Agl) and AY" are determined straightfor-
wardly in terms of py, B, Wy, Ag(,o) and A;(L«O), but somewhat lengthy and without physical
insight and hence omitted here. To compute the conductivity, we could then fix the bound-
ary conditions for A, € {1,0} and A, € {1,0} at v — 0 and enforce the leading behavior
of (3.2.42) m as a boundary condition at © — 1 as done in section . This is however a
numerically non-trivial boundar value problem. Hence, it is more rehable and less time-
intensive to simply enforce for two independent choices of {Ay : } labeled a
and b, to obtain {A,(a ),A;( ),A (a), A%(a)} and {A,(b), A} (b), A, (b),A’w(b)} at u — 1
and then use the linearity of the problem to compute the variation in exactly. Fur-
thermore, this strategy is very suitable from a computational point of view, as it allows us
to naturally the parallelize solving the equations of motion, i.e. the most time consuming
step, on a dual-core processor.

Putting everything together, we finally obtain:

i/1+ F2 25 A @) Ay(b)—A(b)Ay(@) 1 A(b) A (@) —As(a). A (b)
5— ¢ AJ(a) o(0)— A/ (6) Ay(a) V1472 Ad (@) Ay(0) = A (b) Ay(a)
— <0 2A Ay (a)—Ay(a) Ay (b) i Ad(a)A4)(6)— A (b)A) (a)
—1+f Ay (b)— A/ (b )yy(a) V12 A@AL-A/®AQ |

Formally, this is asymmetric, such that the (anti)symmetry of the numerical result is a
check for the consistency and the accuracy of the numerical solutions for A, and A,. We
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also note that in the limit of {pg, B, ¥} = 0, we just recover the equations that were found
in section 2.2.1] In principle, the duality from suggests that there may exist a field
redefinition for A, and A,, such that the asymptotic solutions for the resulting fields are
exchanged under p < B. However, there is no guarantee that this redefinition can be
written analytically.

3.3 Weak-Coupling Condensed Matter Physics

Even though we are interested in the strong coupling regime which one expects to be
quite different from the free electron gas picture, some intuition and generic properties
can be learned from this very straightforward limit and it can serve as a phenomenological
description. Hence, we remind the reader of the very basic model, which can be found in
standard textbooks [87].

3.3.1 Metals

In the Drude model, we assume a gas of non-interacting charge carriers with finite (effec-
tive) mass m.s; and charge e, which we will write out explicitly. Eventually, it will turn
out, however, that using the coefficients that do not involve m.; is a suitable parametriza-
tion also in the relativistic case. To obtain the conductivity, one then considers a small
electromagnetic background field, to which the charge carriers are coupled classically via
the Lorentz force merp(0ip — 77 'p) = ¢E + ¢t x B. As the charge carriers are massive,
they have a finite net velocity v, which is assumed to be neutralized on the time scale of
a relaxation time 7. Classically, one has then a mean velocity v = mjfﬁ =: ME , Where
we defined the charge carrier mobility u. The charge carrier mobility is related to the
Diffusion constant by the Einstein relation

D == (3.3.43)

Further, for our massive case, the magnetic field can be rewritten in terms of the cyclotron
frequency as w, = mBefef = puB/T. Now, let us consider two species of charge carriers with
equal mass and relaxation time, but opposite charge +e, such that we have a total density
of charge carriers n = n, +n_ and a net charge density An = n, —n_. This is relevant in
our case, since even at vanishing net baryon number density, po = 0, at finite temperature

T 2 M, we will always have a finite total baryon density.
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To obtain the conductivity, one then assumes an oscillatory electric field E = Ejeit
and current j = joe~ ™!, but constant magnetic field B and obtains the diagonal conduc-

tivity

g enp(l—iwr)  enp ( N inl —wit® 5 51— 3wir?

(1 —iwT)2 + w22 14 w2 1+ w?r? “T (14 w?r?)?

) + O(wr)? .

(3.3.44)
Taking into account the positive and negative charges, the Hall conductivity becomes

L eAnpw,T eAnpw, T 2iwT 5 5 3—wiT? L O(wr)?
o = = —_— =Wt wT)? .
(1 —iwT)? + w272 1+ w?r? 1+ w?r? (1 4+ w?7?)?
(3.3.45)
The dissipative part of the conductivity is then
1+ w2 + w?r?

I = ¢ d 3.4

Reo en,u<1 + w272 — W2T2)2 4 4w3T? o (3:3.46)
1 — w272 2.2

Re ot = eAnuw,.r W T (3.3.47)

(14 w22 — W272)2 4 40272

The DC conductivity at B = 0 is commonly referred to as the Drude conductivity, and
at small frequencies it is also called the Drude peak, due to the small value of 7 in metals
at room temperature. Similarly, the fact that the DC conductivity is suppressed at finite
magnetic fields is referred to as the magnetoresistance effect.

It is also interesting to notice that at the magnetic resonance around w., the Hall
conductivity changes sign, and this turns into a pole at large 7, i.e. in practice at very
small temperatures or in very “clean” semiconductors.

We can also observe a few generic properties of the frequency dependence. For example,

at B = 0, %ﬁ“ = T% and, provided the relaxation time is independent of the magnetic
field, the behavior at large frequencies is 8“2;?” = —%. An interesting relation is also
% = % at vanishing magnetic field and 3 at large magnetic fields. Also, the magnetic

field at which a‘%" changes sign is 72w? = 1 for o/l and 3 for . The fact that the quadratic
term changes sign implies that the Drude peak moves away from the real axis and becomes
a magnetic resonance.

We already see a limitation of the free electron gas picture, because — as we will see in
section — the quantum mechanical treatment implies that the first magnetic resonance
is at %wc and taking into account a finite coupling implies that there will be plasma density
resonances.
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3.3.2 Semiconductors

Semiconductors are somewhat less generic than the Drude model of conductivity, i.e. we
must assume that we are dealing with fermions, but the discussion obviously carries over to
any system of charge carriers with an excitation gap. In a semiconductor, we assume that
the valence and conduction bands are separated, E, < E., where the valence band is, as
the name says, filled such that the chemical potential lies between the bands F, < u < E..

At small temperatures, the dissipative conductivity will be dominated by n, such that
we are most interested in obtaining the density of conduction “electrons” n. and valence
“holes” n, assuming some density of states g. and g,:

> 1
ne = / dEgc(E>m (3.3.48)
and
B, ! . ,

Assuming that we are dealing with low temperatures E, — p > T and u — E, > T, we
can re-write this as

n,(T) = N(T)e Ee=m/T g (T) = N,(T)e W-EIT (3.3.50)

where we defined the edge densities of states as

o Ev
N(T) ;:/ dE ge(E)e™E=EI/T N (T) ::/ dE gy (E)e~ =BT (3.351)

[e.9]

Using those definitions, we can combine the equations (3.3.50) to write down the “law
of mass action”
nen, = N Nye EemBI/T — y(T)? (3.3.52)

which determines the charge carrier density of an intrinsic (undoped) semiconductor, n; =
n, = n.. This small charge carrier density implies (together with the purity of the crystal)
that 7 may diverge at small temperatures, as it is usually (in a metal or metallic phase with
high charge carrier density) dominated by the charge carriers and their thermal motion
(independent of the purity). Hence semiconductors may show, for example, a finite Hall
conductivity even if the material is effectively an insulator.
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The chemical potential can then be obtained from the edge densities of state

E,+E. 1_ N,
_ e Sy

. STy (3.3.53)

i
One can see that in practice in an intrinsic semiconductor at F, — E, > T, the edge
density of states has only a very small influence on the chemical potential, and hence on
the conduction threshold and the suppression of the conductivity.

3.3.3 Resonances

In the “optical” regime at larger frequencies, we are interested in quasiparticle resonances,
in particular in Landau levels and plasmons. In the case of massive charged particles,
the derivation of Landau levels is straightforward. Assuming coordinates {t,x,y, z} with
the magnetic field in the z direction, the gauge potential can be written as A = Bz dy.
Substituting this into the Schrodinger equation gives rise to a quantum harmonic oscillator
with a frequency w, = %, with the solution

1
E, = EX) + w.(n— 5) . neZt. (3.3.54)

Obviously, our charge carries are constrained to the z = 0 plane, so E,(qu)l = 0. Using the

same naive strategy for a scalar in the Klein-Gordon equation, we find that
E? =p> 4+ m? +wi(2n—1), wi =B, (3.3.55)

putting the Landau levels in the massless case at E,, = +wy;v/2n — 1. In either case, one
can apply a simple argument by assuming a finite sample size to derive the density of states

(per unit area) of
NLan.

A

In a similar fashion, Landau levels can also be obtained from the Dirac equation (see [89]
and references therein): For massless chiral fermions e.g in graphene, the result is [R9]

— ¢B. (3.3.56)

E, = twylvr[\/In|, neZ (3.3.57)

where vp is the Fermi speed (v; = 1 for a “real” relativistic system) and for a system of
chiral fermions with finite effective mass, as in multi-layered graphene, [89)

E, = tw/|n|(In|+1), neZ. (3.3.58)
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The zero-energy, field-independent Landau level is unique to chiral fermions, which makes
them very easy to identify [89].

The other quasi-particles that we are interested in are plasmons. These are collective
excitations resulting from density perturbations of the (electron) gas. They can be derived
in several ways. Classically it can be derived simply from the continuity equation V-;’ = Op
and from Gauss’ law V - E = 4dmp. Using ol E = f, we can arrive with an equation for w,
4rnpur! = w(w+i771). Another classical derivation is to assume a neutral gas of positive
and negative charges in which the charges are displaced in, say the x direction, leaving
two strips of density £An with a width d that obeys the classical equation of motion
02d = —%. Finally, a proper derivation is based on computing the Green’s function
in a gas of weakly interacting fermions (of equal charge in magnitude and sign) with the
Coulomb potential. A very instructive derivation can be found in [8§] and yields

8 k. 4re’n

— — . 3.3.59
“r 3 m m ( )

where kg is the momentum corresponding to the Fermi energy. The Green’s function is at

small momenta |q| < |w|
47 1
D= ———-—. (3.3.60)
e
(wtir—1)?
The derivation follows with only small changes also in the massless case, where we find w, =
k%87 /3 . Plasmons are usually (i.e. in weakly coupled systems) observed through optical
scattering, where one can observe spectra from multiple plasmon excitations. Studying
plasmons and surface plasmons in various materials an using them for photonic devices

seems to be a very active field of research.

3.4 Analytic results

3.4.1 Isotropic perturbations with small frequencies
3.4.1.1 DC Limit

One limit of obvious interest is the isotropic DC limit (i.e. @, ¢ < {1, f~', 671, p7'}). To

analyze this case, we define a new radial coordinate s, % = (\/—G’GWG““)_1 and study
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the original equations of motion. Now, they just read

Ay 0= A, + V=GGWG"™ (v =GGWG™ 9> + V=GGWG"d?) A,

+ VGGG (\/—GG“‘G”) (0, A, — B,A,) (3.4.61)
A, 0= G"0,0,A; + G*0,0,A, (3.4.62)
. Gtt 2 \/_ YY YUY Gtt / Yy Yuu Yt YT 2

N awele el (x/—GGt“G"”y>/8xAy (3.4.63)
Ay 0= 024, + (“G)GYWG™G"G™ (02A, — 0,0,A,)

/!
+ VGGG (V=G 9,4, (3.4.64)
First, we consider the equations in the limit v — 1. In this limit, we have % =
L5 P ! 7 +0(1) = (1{#;4) + O(1), such that s ~

V2B (24 (0-02)2) + (1422 (2452 +(1-w3)2) (v
—¢,In(1 — u*) or (1 —u?) ~ e . Note that in this coordinate, the horizon is located at
s — oo and asymptotic infinity is at s = 0. Now, the equations of motions reduce to

B (f*+ (1= 93)*) + (1L + f)(P* + f2 + (1 - ¥3)*)
(1+ B2 + f2)?
0 = 0,A , 0=0%A, (3.4.66)

0 = PA,.+(1+f% 07 A, (3.4.65)

up to order e~ . This has the solution
A = A, Aw:Ag,yei”s ; (3.4.67)
B2(f24+ (1 —U22) 4+ (1+ f2) (2 + f2+ (1 — ¥2)2
u:@WV( (1 W3)2) + (1 + f2)( (-2

1+ B2+ f2
Then, we consider the region of s € [0,0(1) x ¢5]. To obtain the diagonal and Hall
conductivities, we set e.g. A, = 0 and A; = 0 at s = 0, and study the linear dependence
of J;A4, and 0,4, on A,. Combining the equations (3.4.61)) to (3.4.64), we find that

9?A, <0 ((@2 +@P)A+ P+ B+ ﬁ2)> A,, such that the change in d;A, over this region
is 0(0:4,) SO <(&)2 +@)es(1+ f2+ B2+ ﬁ2)> A,. Hence, we have to leading order

8,A, = ivA,, (3.4.68)
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which gives us the isotropic DC diagonal conductivity and also allows us to obtain the Hall
conductivity.

Looking at A,, we find that to leading order in @, ¢, we have
0 = 8,0,A, +idA,d, (x/—GGt“GW) or (3.4.69)
0 = 02A, +iwA,V/—GG™G™d, (x/—GGt“G“y) ,

and hence A? is a consistent solution near the horizon at large s. In the asymptotic region
at small s and in the limit of @ < 1 the first integral of u can be done analytically, such
that we obtain o

0 Ay = —iA° [\/—_GG“”G“/] 1 (3.4.70)

since we should have by consistency d;A, — 0 as s — 0. Hence A,|,—0 ~ 4, X O(@) <
Ay|u:0

Finally, we note that % = 1 asu — 0, such that we can write down the DC conductivity
tensor

VB2 (124 (1-98)2)+(14+12) (P+ 2+(1-3)?) B5
5PC — ¢, 1452+ f2 1+B2+ 2
Bs VB (PP+(1-03)2)+(142) (P ++(1-93)?)
C14+B24f2 1+ B2+ f2

It is straightforward to verify that at ¥ = 0, i.e. M, = 0, this expression obeys the duality
under exchange of o « %&*1, x <y, p < B. Obviously, to obtain the full dependence
at finite mass, we have to invert M,(f, p, B, Uy), in order to obtain ¥, as a function of
{My, f,p, B} — but this is not possible in closed-form. At small masses /m < 1 and small
f, p and B, however, one can use m ~ ¥,, and at large quark mass m > 1 at finite p and

f, we have ¥y ~ 1 and the result becomes independent of the quark mass.

If we compare this result with the Drude conductivity (3.3.44)), we find that this is
o : : B _ _ &0 5 —
qualitatively what one would expect. We can identify o weT, pAn = =%p and pn

B2( 24 (1=U2)2) (14 12) (524 24+ (1—12)2 . .
£ G O] 1(+ fo VOO - e fact that the expression for un is somewhat

complicated is not surprising, since it results from the density of quark-antiquark pairs in
thermal equilibrium. What is somewhat surprising is the fact that at finite f, there is only
very limited dependence on the quark mass M, — because one might have thought that (at
vanishing pg) n is strongly suppressed at large M, — but one should not interpret too much
into this result. What comes as expected though is the fact that un oc p at large p.
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3.4.1.2 Small frequencies

Next, let us try to extract the subleading terms in the conductivity at small frequencies.
To do so, we perturb the equations of motion for A, and A, (3.4.61)),(3.4.64) around the
DC solution by taking A, — A) e™* + A;(rl:z)/ The equations of motion for ASL becomes
then at ¢ =0

240 = §(GGw) @?AOes 1 ioGW (G1) Ay (3.4.71)
w

RAY = 5(G"G™) DAV — i@G" (G) A, (3.4.72)

sty
GW = V-GGYWG™, GW.=+V-GGYWG", Gt .=V-GGWG™,
o() = ()= (Juo1 -

We also write out the symbols G in appendix @ For simplicity, we choose as above s|,—¢ =
0, and we use u as a variable to work with. Before proceeding, we look at the correction
to the conductivity:

~ - Y ~DC 1 asAg”l) A?(Jl)
Oyy = —C0— < ~ oy {1t —o T e ‘
w 5Ay u—0 w Ay Ay wu—0. AD g

Primarily, we are interested in the O(w?) corrections to the real part of the conductivity,
so we need to keep track of A1 up to O(w?) and 9,AM up to O(w?), which coincides with
the accuracy of the first perturbation, as the natural expansion parameter is w?. In the
case of poB = 0, only the diagonal term in the equations of motion contributes, so we find

to the relevant order

- b o 0(grGgm
55Aél) = — 2A?(JU) / du(1l + ws(u))% (3.4.73)
1 1 1 o) (gtuguy)
M — 5240 ) — — 7 7
Ay = A /u duguy /u du G (3.4.74)
. u g . 3(gtegw)
We remind ourselves that s(u) = [ 77, such that s(u) and the first integral of ——57—

can be easily computed analytically at M, = 0 and expressed in terms of hypergeometric
functions. The second integrals however have to be computed numerically even in the
massless case. To demonstrate convergence, we note that any combination of the form
V—GG" G is finite at u — 0 and at u — 1 we have s oc —In(1 —u*), G% (1 — u*)
6 (G™G™). The convergence of [duln(1l — u?) is also the reason why we could expand the
exponential at sufficiently small w.
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Including the case of B X pg # 0 is slightly more tedious. First, we compute A, up to

O(w?) under the condition that A,|,—o = 0. To do so, we first need to integrate 9,(9sA;)
in (3.4.64). The condition A,|,—o = 0 implies then that d,A,|,—1 ~ v [ 8,A,, such
that we can, in the limit of small &, use dsA4,|,=1 = 0. Hence, we get:

N B gJ_ B u X . gJ_ 1 U ~5 gJ_
A, = ZWAZ(JO)/O du (guy) WVA?(JO)/O da (s(u) éuy) @/0 du—(guy)>

1 1
— v A / dué(gguy) . (3.4.75)
0

Here, as in the rest of this section, we performed the integration by parts in order to limit
the number of consecutive integrals to two integrals. Now, we can compute the additional
contribution to A?(Jl), which can still be written in terms of double integrals, with the first
one computable analytically at M, = 0:

G- / éﬁ:)]u_u— /u QLZ—SWQL) (3.4.76)

~ ighA® [gj_ /Zlu (s(@) <(Séiu:)+/ldu5(ggu:)> _ giy /2a5(ggu:)>]1
) /uldﬁgL (S(ﬁ) (%Lu:)+/olczu5(gi:)) _ giy/cr (gg:)»

1 1 L 1
JAD = 240 / duﬁ [QL / éi)] - / %ﬁf) : (3.4.77)

1) _  ~24(0
50,AY = &?Al

The integral for 5A§,1) might seem divergent to the reader, but by close inspection it is
apparent that the integrand is finite as u — 1. Finally, we can write the correction to
the diagonal conductivity which simplifies significantly after some simple algebra: After
setting © = 0, we can eliminate the first term in the first line and all of the second line in
and then it turns out that most of the terms in Ag(/l) and asA@(,l) are pairwise equal,
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such that we obtain

Gy = G0C (1_ (Q/Oldus(u)% _ 2/01dus(u)5(g;)2
o [0 [ égl) —/ldugis<u>/oldu5((jiuy”>>

o 1 5(gtyguy) ~ (gJ_)

For completeness, we can also compute the contribution to the Hall conductivity. To
do so, we again consider a pertubation that keeps A,|,—o = 0. The Hall conductivity will
then be to order w?

A(l) aSA:(El)
Ooy = Oy | 1=~ — : (3.4.79)
Ay u—0 05 Au u—0

(1)
We already know A(O) , so we only need to compute 0, A . There will be two contributions,

from the diagonal and off- diagonal terms in the equation of motion for A,. Using as zeroth
order the first term

1
ALY = iwAD / dii éiy) (3.4.80)

from ((3.4.75]), we find that the contributions from the diagonal term in (3.4.71)) is
vgm) [ 5(6") 5(64)
W _ a0 [ gt [* 0060 ;
O, Ay =iw’A, /J G d G wyAy i d G (3.4.81)
where the second term comes from the oscillatory behavior towards the horizon at large s.

In the off-diagonal term, let us first write the O(w?) term

1
50,AY = ovAlY <gls() / dug—) (3.4.82)
gu
M 5pA© L G-
0A; = wrA, / Gw (g s(a) — /d~duﬁ>, (3.4.83)
giving rise to an O(w?) term
1 Glo(s
510,A0 = 2i0* A0 du? gig“) (3.4.84)
0



Using the fact that G*|,—o = 0, the direct O(w?) contributions from the cross-term are

read off from ([3.4.73) and (3.4.77)):

1 1
520,AY = im? AVG s(u)? + 2 / di?

~(@)g"
1 1 tr ou 1 1L 1 tx ou
~wap (¢ fundy (w0990 (1S [1,7670

g [t (am [at@)_ [0 )

u guy guy guy
1 NgL N ﬂi(;(gL) /ﬁ(é‘(gj_))2
-— — - 4.
+ /uduguy (5(9 )/Odu G i du G (3.4.85)

We can note that the first term in each line vanishes if we take u — 0. In this case, also
the contribution from and the last two “sub-terms” all combine into one term,
the contributions from and the first line are equal, as are the second line and the
contribution from . Hence, we see that the result can be written as :

. 35 , L §(6+
Ogy = Eom+27jl/€o/o du% (3486)
B 1 5(gtugzy) _ 5(gj_) u ~5(gj_) 1 5(gj_) u ~5(gJ_>
+u)260\/0' du guy \/0' duw — ]/250/(; dUS(U>W/O dUW .

Let us now look at the fruits of this algebra.

In figure [3.1, we show the behavior of quadratic term in relation to the magnetic field.
We see that it behaves approximately as in the simple Drude conductivity picture outlined
in section |3.3.1, with a few differences in the details. Essentially the second order terms
for the diagonal and Hall conductivities start off at B — 0 (In practice B = 107%) at
some negative value that is approximately proportional to the density and represents the
relaxation time 772 — where we notice the diverging relaxation time at py = 0 = B that
gave rise to the constant DC conductivity of (2.4.98). At larger magnetic fields, it rises
o B? and becomes positive and then tails off after some maximum. The coefficient for the
diagonal conductivity approaches a constant at large magnetic fields and the one of the
Hall conductivity tails off approximately oc B~! whilst the expectation from the Drude
picture at constant 7 would have been oc B2 — indicating at least a B-dependence of
relaxation time. The most striking feature is the “node” at which the correction term
becomes independent of the density. In the Drude model, this would be the value of w.7 at
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Figure 3.1: The quadratic factor in the small-frequency expansion of the conductivity 825’—;
as a function of the magnetic field for various values of the density. Left: f = 0. Right:

f=2.
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Figure 3.2: The quadratic factor in the small-frequency expansion of the conductivity
as a function of the magnetic field for various values of f. Left: p = 0. Right: p = 2.
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which the quadratic term vanishes. Looking in fig. at how f shifts those curves, we find
that at small B, in the negative region in the case of finite g, that they are shifted towards
0 for increasing f, implying that the relaxation time increases, whereas for large values of
B, they are shifted to larger values — which is simply an implication of the observation
that w.r ~ —2—.
Vi
Going a step further, we can check the generic predictions from section [3.3.1} In fig.
, we see that the ratio % at B — 0 approaches precisely the prediction value %
at large densities with a Conve;gence rate that decreases with increasing f — even though
we are in a completely different, i.e. strong coupling, regime. This also indicates that
at large net densities and small f, we approach the classical Drude behavior, whereas for
small densities or large f, we are in a completely different “phase”. At large magnetic

fields, however, this ratio does not become constant and depends significantly on f, but
at least it seems that always 8“2;?” > a%—‘f. Furthermore, we can look at the location of
the node, Bmt, which indicates the B value where 82“2’—; = 0, i.e. where the peak turns
into a minimum. For the diagonal conductivity, we find that fﬁ}g ~ 0.342 at f = 0 which
converges to %’}% ~ 0.397 at large f. For the Hall conductivity, the value starts at 3.15, has
a maximum of 3.90 around f ~ 80 and then converges to 3.88. The variation in the ratio

of those critical B? values is even smaller - between 9.18 and 9.84. If we were to associate

TWe = \/%7 as suggested from the DC conductivity in section |3.4.1.1}, this is reasonably

close to the values from the Drude model of §(w,7)?* and 3(w.r)*.

Looking in figure at the quadratic term of o,, at B = 0, where %29 hecomes

20
2
82‘“—; = —772 we find in fig. , that 72 is approximately proportional to the density,
with a coefficient of 772 ~ 2.65. From another perspective, this means that the relaxation
time is approximately proportional to the mean distance between “quarks”, 7 o< p, Y 2,

but not the naive geometric mean free path in a system of weakly coupled particles. The
proportionality coefficient is approximately 7 ~ 2.67, /2/)%0. The f-dependence is not sur-

prising, as increasing f appears to increase the relaxation time, which is consistent with
a decreasing effective temperature that was a recurring theme throughout chapter [2| It is
interesting though that at large densities, the effect of f is only to shift the curves in fig.
3.3 and leaves the proportionality factor constant.

Looking at the coefficients as a function of f in fig. shows our observations from a
different perspective. Essentially, the effect of f is to increase the relaxation time, and to
decrease w,7 at fixed B. The most striking feature is the observation that we had above,
that the coefficient in the Hall conductivity is proportional to f in regimes where it is
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Figure 3.3: The ratio of the quadratic factors in the small-frequency expansion of the
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various values of f. The density p changes only the behavior at small magnetic fields and
leaves the large-B tail unchanged.
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Figure 3.5: The quadratic factor in the small-frequency expansion of the conductivity 82“27—;
as a function of f. Top left: The coefficient of the diagonal conductivity for various values
of the density and the magnetic field, right: For various values of the magnetic field at
p = 1. Bottom left: The coefficient of the diagonal conductivity for various values of the
density at B € {2,4}, right: The coefficient of the Hall conductivity for various values of
the density at B € {0.5,4}.
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negative, i.e. the “Hall peak” becomes narrower.
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Figure 3.6: The quadratic factor in the small-frequency expansion of the conductivity 82‘%—;
as a function of m. Top left: The coefficient of the diagonal conductivity for various values
of the density, right: For various values of f. Bottom left: The coefficient of the diagonal
conductivity for various values of the B at f = 0.25, right: The coefficient of the Hall
conductivity for various values of the magnetic field at p2

Finally, we can look at the mass dependence in fig. [3.600 The biggest surprise from
the Drude picture view is the quadratic dependence of second the expansion coefficient on
the mass. This indicates 7 oc !, which is somewhat counterintuitive since one would
have thought that the relaxation time increases with increasing mass. If one considers
the Drude peak however to be a quasiparticle resonance, this is what one does classically
expect since it means that the quasi particle becomes more stable at larger quark mass
due to slower thermal motion and hence reduced collision rates. At vanishing density and
different values of f, the result is also in contradiction with the free particle picture, since
the DC conductivity is in a minimum at finite mass. There is an interesting maximum
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in the coefficient, which corresponds as f — 0 to the critical quark mass of the phase
transition discussed in appendix [E] Hence, it occurs at the transition from the small-mass
to the large-mass regime. This feature is even more apparent when plotting the coefficient
against B for a small value of f = 0.25, where there is a small maximum around the critical
mass. Looking at the Hall conductivity, the regimes in B in which there is a Drude peak
and in which there is a magnetoresistance minimum behave approximately like the pure
Drude peak and magnetoresistance effects. It is an interesting curiosity, that the transition
between those regimes receives a very small mass dependence.

3.4.2 Large Temperatures: Diffusion limit

In the diffusion limit, i.e. at ©® < ¢ < 1, we expect to be able to predict the transport prop-
erties from the diffusion behavior, i.e. from the diffusion constant D and the susceptibility
¢ because we expect the “mean free path” to be set by the temperature scale.

The diffusion constant was computed e.g. in [I0I] by studying the equations of motion
of the gauge field in the gravity side to obtain Fick’s Law,

j(t,¥) = =D Vjo(t, ) , (3.4.87)

on the field theory side. The derivation in [101] is very instructive and can be followed also
in our case in the presence of background fields. The expression for the diffusion constant
is then slightly modified and yields

1 ! du
— _ _(tt(Juu (YTT
D WT( GV=GIG™G )H BveceTaR (3.4.88)

where we keep in mind that in our notation /—G contains a factor of the u dependent
coupling ge_ff(u) =/ f2+ (1 —V¥(u)?)

At M, = 0, this can be evaluated analytically and expressed in terms of hypergeometric

88



functions as:

TD — (1+f2)\/1+f2_|_f32+ﬁ2/1du 1—|—f2+192u4
L+ fo+ B 0 (1+f2+(f32+/32)u4) \/1+(f2+f32+ﬁ2)u4
L+ Y1+ 248+
= 1\4 I X (3.4.89)
F 115 (f2+32+~2) ~2F1 (%%»1;3;—(f2+]§2+ﬁ2),—51:f32)
2 1 472747 p p 5(1+f2) 9

where we met the Gauss hypergeometric function o £}, which is asymptotically in our case

~ 4ﬁ(f5$g§);2)1 77, in[2.2.1.3 and F} is an Appell hypergeometric function that is here at
f = 0 asymptotically ~ %. At F # 0, the decay will be with a smaller, non-

rational, power. In fig. 3.7 we see that the diffusion constant is for small f approximately

Figure 3.7: The diffusion constant 71" D as a function of the magnetic field and density
for different values of f (left) and as a function of f and the density for different values of
the magnetic field (right)

proportional to y/p whereas for large f the dependence is approximately linear. This may
be due to the strong coupling because the usual classical geometric result for the diffusion
constant is proportional to the mean free path — which one expects to be inversely related
to the density — and the mean free path should dominated by the baryon density at large
baryon density, at least in weak-coupling intuition. However if we are for example in a
superfluid, this intuition does obviously not apply anymore.

89



At small f, the diffusion constant decays inversely proportional to the magnetic field,
which represents the fact that charged particles in magnetic fields receive extra “drag” and
become localized. At larger f, this decay slows down. Looking at the f-dependence, we see
that the diffusion constant is approximately proportional to f, with an asymptotic slope
that is independent from B. This contrasts to the dependence on p, which disappears at
large B.

Obtaining the permittivity is similarly straightforward. By definition [85] [86]

e = lim Cy, (3.4.90)

w,q—0

where it is understood that the limit w — 0 is to be taken first. Taking the limit w,q — 0
of the equation of motion for A, (3.2.37)) gives us a Poisson equation

V—-GGHG"™ A (u) "— 0. (3.4.91)
( )

We note that this equation does not yield an appropriate infalling wave behavior near the
horizon, but it is easy to see from the full equations for A; and A, that for very small but
finite w < ¢ < 1, the behavior will be appropriately resolved near the horizon. Near the
horizon, A; and A, are strongly coupled, with A; ~ %’Am, and A, follows an oscillatory
behavior, just like A, in section To solve for A;, we then simply integrate

with A; = 0 as a boundary condition at u — 1, which gives us readily the permittivity

A; ( /_GGttGuu)uzo

€ = gy — = &9 =: €0& , (3.4.92)

Aty [} duv/=GGtGu

where (\/—_GG“G““)U:O = 1. We can now see immediately, that the isotropic DC con-
ductivity in section is given by the diffusion result o, = 0,, = €D and in the
DC limit there is no contribution from other modes, as expected. However, in contrast to
the remarkable result in section [2.4] where the conductivity was at all frequencies deter-
mined precisely by the diffusion behavior, the diffusion behavior is now only valid at small
frequencies and receives corrections as we move away from w = 0 as outlined in section
[3.4.1.2] Since the integral is the same as the one for the diffusion constant, we find that
for M, = 0, we obtain the relative permittivity

~2

(5.1 1.2._(f2+é2+ 52), & +BZ>
1 1 5 ~ 1 <4727 )40 p ) 14 f2
871: F - oL 2+BQ—|—~2)—~2 )

(3.4.93)
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Figure 3.8: The relative permittivity €, as a function of the magnetic field and density for
different values of f (left) and as a function of f and the density for different values of the
magnetic field (right)

In figure[3.8] we see the interesting fact that at large f, the relative permittivity becomes
approximately constant. While one does not generically expect any specific dependence
on the magnetic field, one would expect in a simple solid state model ¢, o n and hence
g X po at large p, which is realized here at large f, but at small f it is proportional to

V/Po at large values of p.

If we compare the results of this section to the Drude model reviewed in section [3.3.1},
we can identify from the Einstein relation (3.3.43))

D
b= and n = 7T%z, . (3.4.94)

3.4.3 T — 0 limit

Next, let us look at the low temperature limit of ¢, > 1. Here, we are interested in the
equations near u = 0. The equations for A, and A, (3.2.40),(3.2.41)) are identical in this
limit, and become

Al + (@° =) A, =0 (3.4.95)
as in the “conformal limit” in section , up to order ng—i or (€2, bz)g—; The appropriate
solution gives us the diagonal conductivity &,, = €oy/1 — ¢?/&? and &,, = &

1-@ /o2
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3.4.3.1 Exponentially suppressed regime, ¢* > 1> &7, at small backgrounds,
gl > [pl, | B|

To study the low temperature limit more in detail, we start with the regime ||, |B| < ||
which is similar to the approximation in section [2.2.2

It is straightforward to see that the dominating term in the solution at finite A = 1 —u?

will still be A4,, A, ~ Ag, A, e/ V=G*/G"™ ging this to estimate the contribution of the
cross-terms in (3.2.40)),(3.2.41)), we find that they are suppressed by a factor of ¢! with
respect to the dominant diagonal terms. In the near-horizon regime at w?/¢* < h < 1,
they are suppressed by a factor of h/¢, and in the regime h < w?/q* < 1, they are
suppressed by h2G/@?*. Hence, we can proceed as follows: First we will obtain the diagonal
conductivity &y, (0., follows similarly) by solving the homogeneous part, because the
contribution from the cross-terms to the diagonal conductivity will be suppressed by the
order of the square of the suppression of the cross-terms and can hence be safely ignored.
Then we will compute the Hall conductivity from the inhomogeneous part.

Again, let us use the Ansatz A, = Agef "¢, which gives us

(mGuuny)/C <(@GMG”)/>2 G (Gtt o q~2>

2 !
=0, (3.4.96
C +§ T ‘/_GGuuny —G GtGuuGrr Gyy + Guu Gmgw ’ ( )
with the approximate result at h > w?/¢* up to O(1), ¢ = —(;ﬁ— % + % =+ (o,

G/ 5227 where we pick the negative sign corresponding to a solution that decays

o :
V=aGuugw)' /
towards the horizon. Next, we take { = —(y — (v-oarew) 2% + ¢ and gather the

. . . . 2 7GGuuny
remaining terms up to linear order in €

, 2
(g ((vacrey)
0 = € — 6(6 + 2{0) + G GG G G
N (\/—_GG““ny)'+ G\ a (Viawgw)’+ G ’+ G,
2/ —=GGuGy  2(y ) 2¢o 2/ —GGuGyy 2, Guu
=: € — ea(u) — B(u) . (3.4.97)

The general solution to this equation is
e = elo dua(® (60 + / dize™ o dﬂa(ﬂ)ﬁ(a)) . (3.4.98)
0
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The second part is a small contribution € R that is at most of order G2, so we are only
interested in the first part that evaluates to e = egCoe® o 0@ or ¢ = EHCOG_qul duo(u)
eg will be fixed in the region @?/¢® < h < 1, where there is an overlap between the
asymptotic and near horizon solutions.

At h < 1, the equation becomes:

~9 ~2
—49,¢ + % — —C + 33 v L - % = 0. (3.4.99)

1 + 1+f2 + (1- xpg)2+f2

Again, as in section this can be so~12ved analytically in terms of hypergeometric func-
tions and then be expanded for s—————h > 1, giving us in the overlap region

1+f2+(17\11(2))2+f2

~2
¢ ~ = +

2
\/_\/1 + 1+f2 + (1— \112) +52
-4 ~

o~ o~ B2
e N (3.4.100)

"2
\/_\/1 oyt e

This solution connects nicely to the asymptotic region, even matching subleading terms in
the overlap region, to give us

+ ...

SRS

Vh

!/

/ GYY
[Gw VvV —GGUWGYY Guw ~,
( = —q W—( ) _ + 0@
G 2/ —GGuuGyy 9 gyy

- qu,/%e 2 di/ G (14002 §72) (3.4.101)

Hence, the dissipative part of the diagonal conductivity reads to leading order
Re 6,, = comie 2o 4uv/ G (3.4.102)

where one could again interpret the result as having an “effective temperature” scale of

du
eff / Guu
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In the massless limit we can, as usual, find an analytic expression, which evaluates to

T WM e (113 e o
Teff = \/EF(?)/ZL) 1+f22F1 (175,17—(}6 +p +B )) . (34104)

If we were to describe this result qualitatively as the behavior of a semiconductor, then
the edge density of states would correspond to total density of baryons and anti-baryons
in thermal equilibrium, and the difference N. — N, would correspond to the baryon density

Po-

Figure 3.9: The “effective temperature” T.;;/T. Left: As a function of f and 4/p* + B2,

Right: As a function of 7 for various values of p and B

In fig. (3.9, we show how the effective temperature depends on the parameters of the
defect. In addition to the dependence on f, that we saw throughout chapter [2| turning
on a magnetic field or a finite density raises now the effective temperature approximately
o (B?+73%)"Y*. Furthermore, we find that turning on a finite mass in some sense “enhances”
the effect of the density and of f but the dependence on the mass in the presence of only
B is not very significant.

Next, let us look at the off-diagonal terms. Do do so, we first need to write out the
homogeneous part of the equation of motion for A, =: A?Cef G

C+¢+-

_GGttGICE / X tt
(v Vo G (G o) Z o (3.4.105)
/_GGtthx Guu Gacac

: : v=aetarr) o o
which has the solution up to O(1), (, = g\/j#mz) + 2% + (p, where we again pick the
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negative sign. The dominant terms in the full homogeneous solutions are then

N/ — tt(xx w w
A, = A VZCEIEY o and A, = A ! e~ oo (3.4.106)
Co V= GG““GWCO

There are now two ways to determine the perturbative contribution coming from the cross
terms. Either we again solve for the exponents ¢ — which would then contain factors of
AY/AY - or we can directly take a pertubation for A,. Even though the latter one may
seem most natural, in particular since the system is linear, we will use the first method
since it gives us the result in a very neat way. Substituting into the equation of
motion for A, , we see that the equation for e (3.4.97)) receives now an additional
term

G A9
Gtt AO ?

such that we obtain an extra contribution to €, taking only the leading term in 3 o ¢

u / 0
e = 2l <60— /O dii (gx (v=cara) Cg;tt =I5 )%) . (34.108)

Now, if we look at the equations of motion (3.2.40),(3.2.41]), we remind ourselves that in
the near horizon geometry, the equations of motion for A, and A, look the same and the
cross terms are suppressed by a factor of h/¢ with respect to the dominant terms. Hence
the coupling occurs over the range u €]0,1 — ¢] for small £ and not in the near-horizon
region. We keep ¢ to regulate the asymptotic solution in the near horizon region, in which
it is not valid. To capture the mixing then correctly, we fix ey at the horizon as above,
such that we find

~ ny _2f1—s<.0 1= ~ tu ~TY ! Guu 2]‘_176C0 Ag
€ ~~ @6 (€H+/u du Cx(V_GG G ) WG A_g

=! €hom. T Einh. (34109)

Blu) — Bu) — ¢ (\/_ Gmey) (3.4.107)

where we absorbed a factor of into €. Because of the exponential factor in the

G.T’L‘

u=1l—e¢
second term, the integral will be dominated around small u. The appropriate expansion
gives us to leading order at u < 1

€inh. = —4 B Ax 2V1+f2q“/ duude” Vi
1+ f2
pB AT !
= 4 i I+ f2qu —F 4, 2§ 3.4.110

95



and in the limit v — 0, we find

3 B A° . 3
limepy, = ————W—————>%2 + O 5 O1/§") . 3.4.111
Finally, keeping Ay|,—o = A) fixed, we get the leading terms (ignoring the exponentially
suppressed terms)

- 3 pB N -

and hence we can compute the Hall conductivity

SA! 3 pB
Gow = —o/1+ f2 —L = g ———— + O(M?/3®) + O(1/3®) . (3.4.113
Oy €o +f 5./4;0 . 602 (1+f2)5/2 q4 + ( q/q )+ ( /q ) ( )

Following through the analysis attentively, one can also see that the imaginary part of the
Hall conductivity is exponentially suppressed by a factor of e=%/Tess.

This result is remarkable, since the diagonal part of the dissipative conductivity is heav-
ily suppressed with a factor e~9/7e7 while the off-diagonal part is only suppressed by a
factor of T4/q*. This reflects the fact that at small temperatures we approach conformal
symmetry in the field theory and hence the form of the conductivity in [99] that we dis-
cussed in section 2.5l Having a purely off-diagonal conductivity is not surprising as it is for
example the case on the Hall plateaus in the quantum Hall effect or as we demonstrated
above in intrinsic semiconductors at small temperatures.

Interestingly it occurs also in intrinsic semiconductors at low temperatures. There the
absence of defects and the highly suppressed charge carrier density cause the relaxation
time 7 to diverge, whilst the carrier mobility remains approximately unchanged. Hence the
diagonal conductivity is suppressed, while the factor w.7 in the Hall conductivity
(3.3.45) causes the Hall conductivity to remain finite.
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3.4.3.2 Exponentially suppressed regime at large backgrounds, ¢ > |j|, |B| >
] >1

This regime is slightly more non-trivial, because now ¢, splits into three regimes (for
simplicity at M, = 0):

uS ——,—= (o ~ g1+ f?, (3.4.114)

11 1+ f?
VB VP [ 2 4 B2 4 22
1 2
hal @ G —VIFS (3.4.116)

\/f2+é2+ﬁ2h

In the asymptotic region, the solution is dominated by the decaying exponential, whereas
in the near horizon region, it can be written in terms of the coordinate s from section
B.4TTas

A, = Ales = AV N agma (3.4.117)

Y

B2( f24(1—12)2 14 F2)( 52+ f24(1—U2)2
where v = ©+/1 + f? ER G BL;QJ:;Q)(/) 7% 1t this solution were to overlap

with the “tail” of the asymptotic solution, u* > f*+ p? + B2, we could match them at some
1> ug 2> (f?+p?+B?)'Y4. The fact that they do not overlap, however, can be simply seen

. _ 1
from the different v dependence of d,s = Ve

N areTeTTTeTT] and (p = ¢ gzz Hence, whatever
we try now, the conductivity will disagree by some finite factor. One way to pretend
that they do overlap is to simply set h = 1 — u* — 1 and u — 1, which corresponds to

extending the #, \/Lﬁ < u < 1 region towards the horizon and the near-horizon limit into
B

the intermediate region. Matching the solutions under these conditions and ignoring the
second part of the solution for e (3.4.98]) gives us

1 2 1 524 B2 VW1 oum
e:—zw\/ +f1i[}2+ ,/guue%fuvgw (3.4.118)

with the corresponding conductivity

Oyy = —1&0

1 24 524 B2 } 7
+...—|—60\/ +f1:§2+ 6_2”01\/% + ... (3.4.119)

€
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Certainly we cannot trust any O(1) and polynomial factors, but the point to make here
is that we should still expect the exponential suppression from the effective temperature
(3.4.103). This is because the integral in the exponent is dominated by the region in which
(o does indeed dominate the solution, we took care of the deep near horizon region and
elsewhere there are no “large” terms in the equations of motion.

In principle one can also try to find a solution in the regime —=, - < 4 <1 and then
\/E \/E ~ ~

“glue” it to the near horizon and asymptotic solutions to gain more accuracy, but there
is limited insight to be learned from this and it would be much more tedious than the

calculations in B.4.3.1].

The Hall conductivity will still be dominated by the asymptotic regime since the mixing

from the near horizon region is exponentially suppressed. In principle, it is then still

3

Oyz = —505%, however we need to note that the integral that was computed in

section [3.4.3.1is dominated around the maximum of ude 2aV1+/%u a4 ¢ — 3 and
24\/14 /2

_ 1 . i
decays then also on the scale du = e ¢ and hence also the exponential suppression

however start to change around g, ~ (f2+p%+B2?)~'/%. To properly evaluate the integral
in the approximation of 2.2.2] ., need to be significantly larger than ., — otherwise the
“tail” of the polynomial term in the integral will not be sufficiently suppressed and will give
a finite contribution to the result, which will greatly overestimate the Hall conductivity.
Certainly one can always use the full integral

5 VI g Gty G 23 Go
Oyr = —80T6 / du C ( G G ) \/We u (34120)

but this is certainly a somewhat less insightful result and cannot be computed analytically.

In figure [3.10] we demonstrate the boundaries between the different regimes. To see how

far the regime of the previous section reaches, we plot In (o,,) — In (az(ﬁfym')> against - In q.

sym.)
ai,?fym ) is defined taking In (—y> to be the linear expansion of In ( z ) at large values of

¢ approximately where &, ~ 107"z, shortly before the numerics fail. In g = n corresponds
to ¢ = p". This is sensitive to changes in the factor in front of the suppressed conductivities
at large ¢. To check for the overall limit of the exponentially suppressed regime, we look
directly at ayy — aézsym) It is easy to see that the boundaries at approximately p, B~
and p, B ~ @ are verified. Using that data, we also looked at the O(1) factor 7 in front of
the exponential term in the conductivity in . It turns out that for our values of

~ 35, the numerically estimated factor varied from ~ 3.8 at p = 0 to 15 at p = 140,

q
Teyy
where the numerics carried us only up to ¢ ~ p. At the latter values, we could not expect
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Figure 3.10: Left: The check to the deviation from the 7" — 0 limit as described in the

text. Right: The numerical estimate TLH ~ —m0;In (%) compared to the analytical

result

close agreement because we were outside the regime that we considered in section [3.4.3.1
— and the value of 3.8 seems reasonably close to 7.

3.4.3.3 Dominantly large backgrounds p, B> ¢® > 1

As p, B> ¢, we find that fol Co ~ 24(f? + p* + B?)~Y/* « 1, and hence the exponential
suppression factor disappears. Furthermore, as indicated above, our estimate for the Hall
conductivity does not apply anymore, as it will be dominated by the region of u in which
the assumption (y > 1 does not apply anymore.

Looking at the problem in another way in terms of the coordinate s from section |3.4.1.1
for the DC conductivity with the equation for A, (3.4.61) gives us the relevant term
0,0:A, = ... + V-GGG G A, . (3.4.121)

Integrating this analytically in the massless case and for for sufficiently slowly varying

0,A, < Ay, ie. v < 1, wefind 6 9,4, fol du s Ay < % € R. A second integration
(1+/2)¢

gives % < Jribir and for larger frequencies v, the oscillatory behavior of A, implies
+B<+p
that the integral is further suppressed by a factor 1/@.

Hence, for p, B > @, the real part of the conductivity is dominated by the results
of the isotropic case in section m The inductive (imaginary) part of the conductivity
obviously still receives the term G,y ~ —igoZ.
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3.5 Numerical Results

In this section, we study information that can be derived from computing the correlators
numerically, in particular the overview of the frequency-dependent conductivity (i.e. the
spectral curves), the diffusion and relaxation behavior in the hydrodynamic regime, and
the spectrum of quasi-particles.

3.5.1 Spectral Curves

In this section, we present the conductivity spectrum in the presence of various background
quantities.

First, let us look at the case of finite density and magnetic field alone in fig. [3.11}
From the result of the electromagnetic duality in section [3.2.1] and the very generic results
for the Hall conductivity in section [3.3.3] we expect to see a sequence of resonances, in
which maxima and minima are exchanged between the case of finite net baryon density
and magnetic field. The fact that “plasmon” (finite-density) resonances are relatively
strong is not surprising since this is a strongly coupled system — and plasmons are a finite
coupling effect. The small-frequency regime reflects very well the classical Drude model
expectations and the small-frequency expansion from section [3.4.1] — with the Drude peak
and magnetoresistance. Looking at the resonances, we find that they are approximately
equally spaced at nw, or (n — 1/2)w,, respectively — and they decay quickly. Comparing
this to what we learned in section reveals interesting information about the quasi-
particles that carry the current: They a) must be massive and b) do not consist of chiral
fermions, in sharp contrast to graphene [89]. It is also interesting to see that we again
have an exponentially decaying amplitude as in the resonance on the width of the defect
that we studied in . The frequencies w, and w, are, however, not proportional to B
and, respectively, p and even start off at a finite value. In terms of generic weak-coupling
intuition, this would need to be explained by a non-linear magnetization behavior and
non-linear chemical potential, and in terms of a changing mass of the quasi-particles that
carry the current.

Looking at the f-dependence in figure|3.12] we find that on the one hand, increasing f,
i.e. an increasing width z,,,, or stronger “confining potential”, reduces the amplitude of the
resonances at small frequencies. This is consistent with the value that we found for the DC
conductivity . In contrast to this, we find that the suppression of the resonances
with increasing frequencies decreases with increasing f and we can see the tower of modes,
that is at small amplitudes hinted at by the ¢ = ¢( lines in the plot. This agrees with the
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of frequency and net baryon density (top) or magnetic field (bottom) for f = 0 (left) and

Figure 3.11: The real, diagonal part of the isotropic conductivity at ¢

2 (right).

f=
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Figure 3.12: The real, diagonal part of the isotropic conductivity at ¢ = 0 as a function of
frequency and magnetic field for B = 4 (left) and p = 4 (right)

effective temperature (3.4.103)) that decreases proportionally to f~'/2. Secondly, we find
that the parameters w, and w, decrease with increasing f, which we can again explain by
a non-linear behavior of the response functions or by an f-dependent quasiparticle mass.

To see what happens when we turn on a finite wavenumber of the perturbations, we
look at fig. [3.13] where we show a few of the higher resonances at f = 4 in order to see
how they depend on the wavenumber ¢. Looking at the plots on the left, there seems to
be only a small difference between the behavior of the Landau levels and plasmons. This
difference becomes however very significant when one plots the “normalized” conductivity,

g as a function of the “rest-frame frequency” \/@? — ¢ as we had done in section

1—g2 o2
Then, we see that the density resonances connect smoothly to the resonances in
the optical regime (i.e. above the conduction threshold @ = §) in the “semiconductor”
case at ¢ > 1. Certainly the statement about the continuity of the pole or “resonance” at
Vw? — ¢* = 0 is somewhat meaningless, since this arises always due to the rescaling (at
finite temperatures), but only says that the correlator is finite at w = ¢ and does not imply
a pole in the correlator. The magnetic resonances, however, seem to be discontinuous —
the n = 0 Landau level seems to disappear, when the /@2 — G = 0 pole arises, and the
higher resonances behave in a non-monotonic way. In order to see more in detail where this
discontinuity comes from, we can look at the B and p-dependence at a finite wavenumber
g = 7/2 and finite f = 4 in figure . There we see that we start off with the “bare
defect” and its finite-width resonances, and as we turn on the net baryon density, they shift
smoothly, as if we were to decrease the width of the defect. As we turn on a magnetic field,
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Figure 3.13: The real part of the conductivity o,, at varying ¢, f =2 and p =4 (top) or
_ : ~ e .
B = 4 (bottom) as a function of @ (left) and rescaled as e as a function of the

“rest-frame” frequency /@w? — ¢* (right).
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Figure 3.14: — at ¢ = /2 and f = 4 as a function of the “rest-frame” frequency

eor/1—q2% /2
V@w? — ¢* . Left: As a function of the magnetic field. Right: As a function of the density.

while there is still no apparent splitting of resonances — as one might expect if new kinds of
resonances are turned on, they are not monotonically connected. This implies that there
are some non-monotonous changes in the residue and location of the poles. It can be easily
seen from the electromagnetic duality in the plain defect, that at wavenumber ¢ = 0, there
can be only one pole, which is at @ = 0, and hence, assuming continuity, the residue of
the poles from the finite-width resonances must be proportional to ¢. On the gravity side,
this corresponds to the fact that at ¢ = 0 there is only one mode function in the gauge
field and the equations for A, and A, are the same, but at finite ¢, the equations for A,
and A, become different. Hence we find two distinct mode functions. The
same argument applies for turning on p or B. This also reflects the fact that generically,
the density of states of Landau levels is proportional to the magnetic field.

A rough, argument in the field theory is that turning on ¢ corresponds to introducing
an inhomogeneity in the z direction. Hence, the U(1) perturbations become localized
in that direction, whereas they are not localized in the y direction. Plasmons are not
generically localized, so they do not change this configuration. Landau levels however are
intrinsically localized quasi-particles, so they break translation invariance also in the y
direction and change the pattern of the resonances less smoothly. From EM duality, we
know that magnetic resonances in o,, connect smoothly to the finite-width resonances and
the density resonances connect less smoothly. This is precisely because in the x direction
the translation invariance of the plasmons becomes broken by finite ¢, whereas the Landau
levels were already localized.
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Figure 3.15: The real part of the isotropic conductivity at § = 0, B =4 and f = 2 as a
function of frequency and density (top) and at p = 4 as a function of the magnetic field
(bottom). Left: diagonal part of the conductivity tensor. Right: Hall conductivity.
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After studying the effects of having either B or p turned on, let us look at the case when
they appear simultaneously in fig. 3.15] In the diagonal part of the conductivity tensor,
we see that the magnetic- or density resonances split in two as we turn on a net density
or magnetic field, respectively. It is interesting, that there is no “tower” of excitations
splitting off each resonance and that the mean frequency of each “split level” changes
only by a small amount. Furthermore, we find that at each resonance in the diagonal
conductivity, the Hall conductivity changes sign, at least for the first two resonances. This
is just the continuation of what one expects classically for the first resonance as we saw
in section [3.3.1] It is also what one expects semi-classically, if the split states have either
positive or negative magnetic moment, carrying a total net Hall current similar to the edge
current in the Quantum Hall effect. By continuity, this implies that the plasmons (at zero
magnetic field) and the Landau levels (at zero net “charge” density) have vanishing net
magnetic moment and equal degeneracy (2). It is also worth noting that it is impossible
to have any of the resonances cross w = 0 no matter how much one tunes the parameters,
which clearly indicates that the system has no Fermi level in the classical sense. Otherwise
we would see Landau levels crossing w = 0.

(i) Rey AT (Wi R,

Figure 3.16: The real part of the isotropic conductivity at § = 0, B = 4 and j = 4 as a
function of frequency and f. Left: diagonal part of the conductivity tensor. Right: Hall
conductivity.

For completeness, we can look at the f-dependence of the Hall effect in figure|3.16, This
confirms our observations of the relation between the resonances in the diagonal part of
the conductivity and the Hall conductivity. In the regime of highly suppressed resonances
this appears through their periodicity that differ by a factor of 2. We can also see that
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their frequencies roughly behave as the resonance frequencies of the plasmons and Landau
levels.

(nT/eg) Reqryy " .

2.0 r
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Figure 3.17: The real, diagonal part of the isotropic conductivity at ¢ = 0 as a function of
frequency and quark mass for f =0, m € [0,1.18] (left) and f =0, m € [0, 8] (right).

Finally, let us look at the mass dependence. In fig. [3.17], we look at the conductivity at
§ = p = B =0, where we actually see the DC conductivity from . At f =0, we see
a significant change of the conductivity with a resonance around @ ~ 1.7 as m approaches
the critical mass of the phase transition from appendix [E] This m-dependence is suppressed
at finite f, and at f = 2, the most significant change takes place only over m ~ 0...4 —
simply because it depends roughly on f? + (1 — ¥?)? and not on the mass directly, such
that the mass dependence becomes “frozen” as ¥, becomes close to 1. In contrast to this
indirect mass dependence, the location of the very shallow maximum seems to be roughly
proportional to m. This gives some nice insight into the IR and UV dependence of the
underlying physics. Processes that take place at small energies, i.e. in the IR will be
dominated by gravity background near v = 1, and hence depend on ¥y and show most of
their mass dependence in the regime of m ~ O(1). Effects that depend on high energies,
i.e. the UV, however depend on the background near u = 0 and hence depend on m and
(only to subleading order) on ¢. We can observe the influence of the quark mass on the
finite-g resonances in figure |3.18 There we see that the gap between the resonances is
roughly proportional to m ™! at large m and the change starts oc /m? at small /m - as one
does generically expect for a relativistic system. As naively expected, the resonances are
also narrower at large m and their amplitude increases. If we look at the overall level of the
conductivity (i.e. ignore the resonances) there seems to be the correction that we found
at ¢ = 0, now as a correction to the background around which the resonances take place
at small \/@©? — ¢2. This also agrees with the picture that we see at f = 0. Looking at
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Figure 3.18: Top: The real part of the
"~ | normalized conductivity ——2£— at ¢ =

§ V1-¢?/w?
- /2 as a function of “rest-frame” frequency

2 — ¢% and quark mass at § = /2 for

f =0 m € [0,1.18] (left) and f = 2,
m € [0,8] (right). Bottom: o, for f = 2,
m € [0,8].
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the un-scaled conductivity, at the bottom in fig. [3.18] we also see that the conductivity
approaches the ¢ — 0 limit, ,, = egRe y/1 — ¢§2/@? as we increase the quark mass.

Figure 3.19: The real, diagonal part of the isotropic conductivity at ¢ = 0 as a function of
frequency and quark mass at f = 2 for B = 4 (left) and p = 4 (right)

These generic effects of turning on M, can also be seen in the plasmons and Landau
levels, and in the Hall effect, in figures [3.19] and [3.20] Again, we see that on the one hand,
the resonances become more stable at large m, and that on the other hand the energy
levels receive at small 7 a small correction o< m? and at large masses scale oc m~1!, just
like w, and w,, do classically.

Finally, we can turn on a large mass (in this case /m = 32) in order to study the structure
of the Hall effect more rigorously. In fig. [3.21], we see that the Hall conductivity has a small
overall positive (or negative if we rather look at o, or negative B p) background, and there
are poles with alternating residue, each precisely located at a maximum of the diagonal
part of the conductivity. This supports exactly our suggestion above that the Hall current
is carried collectively by localized states with net positive or negative magnetic moment.

3.5.2 Small frequency regime

In this section, we look at the behavior of the purely dissipative poles of the correla-
tor C, on the imaginary axis, that dominate the conductivity at small frequencies and
wavenumbers. Our particular interest is how they influence the DC conductivity and how
the transition to “semiconductor-like” in the quasiparticle regime at larger wavenumbers
occurs, i.e. how those poles disappear. We recall that in section [2.3.3, we found two poles
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Figure 3.20: The real, diagonal (left) and Hall (right) part of the isotropic conductivity at
q=0and f =2. Top: As a function of m at B =4, p = 4. Bottom: As a function of p at
B =4and m = 8.
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Figure 3.21: oy, = oy, and o,y at ¢ = 0,
0. 1 2 3 4. & m=32,p=232and B = 24.

— the diffusion pole and one corresponding to decay on thermal scales. Those poles were
found to move along the imaginary axis as we increase the wavenumber, meet at some
critical wavenumber, and for more short scale excitations turn into massive quasi-particles.

The numerical strategy behind locating the poles is reasonably straightforward. First,
we divide the imaginary axis in three regions, based on an educated guess, and localize the
poles in these regions in a simple recursive process at some initial wavenumber, magnetic
field, quark mass and density. Then, we can identify regions around those poles that
allow us to “track” them as we change the parameters, without having to scan the whole
imaginary axis. One caveat though is, that it is numerically increasingly difficult to find the
poles as their residue decreases, so we keep a minimum wavenumber (we will use ¢ > 0.02)
to always find the “middle” pole. We may also “lose track” of poles if their residue becomes
too small. The other caveat is that with our rudimentary method, we need to filter the
result afterwards for whether a suspected pole is a pole or just a local extremum or noise.
In most cases the distinction is obvious, but in some cases we will look at the value of
the residue that we estimate. Furthermore, since this process is reasonably numerically
intensive, we will limit the computations to a few examples.

Compared to section[2], we apply more accurate numerics to find that there is also a third
pole, corresponding to more rapidly decaying excitations. Obviously, at § = B = p = 0,
there can only be the diffusion pole because then the electromagnetic duality together with
isotropy restricts 5,16 € {—1,1}. As we tune these quantities to zero, the residue of both
poles vanishes. One of them just disappears to a constant conductivity, while the other
one turns into a unit step function of frequency in the conductivity.

First, let us look at the poles in the presence of a finite density. In fig. we show the
frequency of the diffusion pole and the second pole as a function of p, and we see that the
lower pole follows, at small g, the diffusion behavior, and then, at some critical wavenumber,
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Figure 3.22: Left: Imaginary frequency of the diffusion pole and the first higher pole as
a function of ¢ for different values of p. The frequency and wavenumber are scaled with
D, such that the diffusion equation is Dw = —i(Dgq)?. The dot indicates the point where
there is the branch cut, and the mode frequency of the poles gain a real part to become
quasi-particles. Right: The critical wavenumber as a function of p, compared to various
length scales of the problem: the effective temperature, diffusion constant and the electric
permittivity.

they merge and we have again the branch cut with the transition from the dissipative to
quasiparticle behavior. It is interesting to note that even beyond the diffusion behavior, the
curves agree reasonably closely upon the appropriate rescaling with the diffusion constant.
In fig. we also plot the critical wavenumber as a function of p. We see that there is
no length scale in our system that fits it particularly well compared to a simple 7~15~1/2
approximation — even though ﬂ% seems to fit best asymptotically. As in the case of the
diffusion constant, we note that the critical wavenumber is proportional to 1/,/p, and /p
is approximately the mean separation of the quarks. So at a small net quark density, q.
is dominated by scattering off gluons and quarks from the thermal equilibrium, and at a
large net quark density, it is the baryon density that sets this scale.

The imaginary frequency of the third pole is slightly increasing with increasing ¢, but
it has a very small residue that decreases with increasing ¢. Hence it can only be seen at
G ~ O(0.1) and we do not plot it here.

To study the nature of the second pole, we look in figure [3.23|at how the location of that
pole depends on the net baryon density. We find that this too is proportional to p~'/? at
large p, and approaches some finite value at small p. Also, the dependence on f dominates
only the small-p regime. In that figure, we also compare the location of this pole to the
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and computed in [3.4.1.2] We find that for large p, they are in perfect agreement, whereas
for small p, the inverse relaxation time diverges. For clarity, we show only the relaxation
time for f = 0. The relaxation time for larger f is in worse agreement (77! becomes
larger at small p), however the agreement at large p is equally good. This disagreement
at small p reflects the special conformal nature of the system at p = 0, with the constant
conductivity from the electromagnetic duality in (2.4.98)). This causes the relaxation time
that we computed from the conductivity to vanish, while we can obviously expect that
any excitation still decays on a finite timescale as dictated for example by causality. The
reason why we do not see this relaxation time in the conductivity at ¢ = p = 0 and
hence why the constant conductivity does not violate causality is that the residue of this
relaxation pole vanishes in the isotropic limit at vanishing density. Furthermore, we notice
that this theme of exact convergence to the Drude model ( has precisely a pole at
w = —iT71) at large p is recurrent and was already seen in figure in section .
From naive intuition about weak coupling, one might be puzzled as to why the relaxation
time scales as \/p, i.e. proportional to the inverse of mean separation between the quarks
whereas in a simple geometric weakly coupled model, the relaxation time is proportional
to the mean free path, that is proportional to the density. Because this system is strongly
coupled and there are long-range correlations, however, this intuition breaks down.

This case of very small § = 0.02, varying p and f is also a good example to study
what happens to the third pole. To do that, we can look at fig. [3.24] which shows the
location of this higher relaxation pole and (the logarithm of) its residue as a function of p,
at various values of f. We see that the residue decreases exponentially with increasing p,
while the poles move to higher imaginary frequencies, until they can’t be tracked anymore.
To illustrate this better, the frequency in the region of p in which there is no reliable residue
information anymore is plotted dashed. This is because the accuracy of the location of
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Figure 3.24: Left: The location of the second relaxation pole as a function of the net
baryon density for various values of f. Right: The logarithm of the residue of the second
relaxation pole.

the pole that is necessary to determine the residue with our methods is of the order of the
residue. Obviously, there is no guarantee that the extremum that one finds actually is a
pole if there is not good enough data to compute the residue. One could argue that we could
go to much higher accuracy since the accuracy grows exponentially with the number of
steps. However the number of steps needed to track the poles grows with the inverse of the
residue, i.e. exponentially with increasing p or ¢. If we look at the density dependence of
this pole, we find that its imaginary frequency increases with increasing density — which is
just what we expect for a naive model of weakly-coupled particles with finite cross sections
o. In particular, for small cross sections in d dimensions, o/ <« p='/? one expects
classically 75‘1 ~ vop, where v is some characteristic speed. Hence for larger densities or
larger cross sections, the scaling would naively approach ,/p. This is just what we see in
fig. |3.24] Hence, despite the limited accuracy and reliability in tracking these poles, we
can safely associate this pole with a classical, weakly-coupled relaxation behavior.

A behavior very much in contrast to the case of turning on the finite density can be
found in fig. [3.25, where we show how the relaxation poles behave at small wavenumber in
the presence of a magnetic field. We see that with increasing magnetic field, the relaxation
poles merge at some critical magnetic field, B,, and then turn into the first Landau level.
This contrasts to the classical Drude-model analysis, where the magnetic pole moves away
from the imaginary axis as soon as the magnetic field is turned on. Essentially what is
happening is that the creation of the first Landau level is inhibited below B. because of
the strong coupling. If we assume a crude model, in which the frequencies are given by
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f. Now, remember that we found in section |3.4.1.1} that 0.7 ~ \/%7, such that B, is

approximately given by the ratio of the relaxation times at vanishing magnetic field, B, ~

v 1+ 2 (T{;_l

2 71
B=0
the location of the classical relaxation pole is not closely related to the location of the
first relaxation pole. Obviously, this generic behavior is not exact, but provides a rather
qualitative description.

— 1) . This ratio depends non-monotonically on f, because apparently
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This magnetic dependence is consistent with the dependence of the relaxation poles
on the wavenumber that we show in fig. [3.26] In fact, now it is most apparent that the
behavior is reasonably well-described in terms of 7,; /7 only. This can be seen by computing

-1
2]13 <TC—_11 — 1) . For the data in fig. |3.26, this ratio is approximately constant, ranging

from 4.2 at ¢ = O 02 to 5.3 at ¢ = 1.2. Certainly it is not close to 1, but we could not expect
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this, as we chose our expression only as an example of how a branch cut in the solution for
the location of the poles as a function of the background parameters can look like. This
shows us however how suppressing the first Landau level is related to strong coupling, as
the critical magnetic field is proportional in some approximation to the difference between
the classical and strong-coupling inverse relaxation times.

iDw|
4.+ 1
3+ 1
2.+ LT
- -
- -
[ -—-—©009? e
L .-
~ i -
B=0, 0.02, 0.04, 0.06, 0.08 4 -
’ - -
1.+ . / - - - 1
—————— B=0.1,0.12,0.16,0.2,0.24 o —_ —
L /S 7 .- -
. ,: o _- - - /—/’
L e B=0.28,0.32, 0.36, 0.4, 0.44 L -
ST LT
F . i ’,/”
— - — B=048,06,08,1,12 BT
L / 71“‘;#:“_4.{3‘_’
0. MENESS . i a . 1 . . . 1 . . . 1 . . . 1
0. 0.2 0.4 06 08 Dg 1

Figure 3.27: The location of the poles on the imaginary axis as a function of the wavenum-
ber for different values of the magnetic fields. The frequency and wavenumber are scaled
with the diffusion constant, as the diffusion behavior can be written as iDw = (D ¢)?.

Finally, we can look in fig. at the dependence of the location of all three poles
on the wavenumber at varying magnetic field. At vanishing magnetic field, we start off
with the system in which there is the hydrodynamic to quasiparticle transition, and there
exists always the classical relaxation pole, that moves towards larger ch.l with increasing
G. Going beyond the critical magnetic field, we see that the relaxation poles re-appear
at some wavenumber qp < ¢. that increases with increasing magnetic field. Beyond some
second critical magnetic field, at which g = ¢., there is only one imaginary pole, that
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starts off at small ¢ as a diffusion pole and turns at large ¢ into the classical relaxation
pole. Interestingly, at large wavenumbers, we always see only the classical relaxation pole,
so the “strong” relaxation pole is an effect that arises only at small wavenumbers, i.e.
long-distance perturbations, which is what one actually expects, because of the diverging
correlation length. The effect that the magnetic field inhibits relaxation on large length
scales is precisely what we expect because of the localizing effect of the magnetic field
on charged particles. This behavior between the critical magnetic fields, in which a pair
quasiparticle poles (with positive and negative real part of the frequency) turns into a pair
of relaxation poles and then into a different quasiparticle pole nicely reflects the transition
between the regime dominated by Landau levels and the regime dominated by resonances
on the width of the defect, that we observed in the previous section. Furthermore, we see
just as in section [2.3.3] that under the appropriate rescaling with the diffusion constant,
the curves agree even beyond the actual behavior proportional to ¢* — indicating that g,
is reasonably well-described by the lengthscale from the diffusion constant. The attentive
reader will notice the “hole” in the plot near g.. This arises because it is difficult to track
the poles in this regime using our method of scanning the frequency for each value of ¢ in
this case. Obviously, swapping that order should allow us to determine the location of the
poles also in this regime.
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Figure 3.28: The imaginary frequencies of the relaxation poles as a function of the quark
mass. Left: For various values of f. Right: For various values of ¢

The effect of turning on a finite quark mass is very similar to the case of the background
magnetic field, as we see in fig. [3.28, The most significant difference is in the f-dependence,
as the critical mass at which the relaxation frequencies receive a real part increases quickly
as we increase f. This is due to the fact that the hydrodynamics is dominated by physics
in the IR, i.e. at small radii and hence depends on ¥, rather than the mass directly and
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the quark mass as a function of ¥, increases with increasing f.

iDw

Figure 3.29: The location of the poles
on the imaginary axis as a function of
the wavenumber for different values of the
quark mass. The frequency and wavenum-

ber are scaled with the diffusion constant.
| For comparison, the critical mass for the
embedding is m ~ 1.196.

Looking at the picture of the location of the poles as a function of the wavenumber in fig.
3.29] we find again that the system at small imaginary frequencies and small wavenumbers
is well-described by the diffusion behavior, however not up to as high wave numbers as in
the case of the background magnetic field. The critical mass above which there is always
only the classical relaxation pole is just below m ~ 0.75.

3.5.3 Landau Levels and Plasmons

In this subsection, we will try to shed some light on the nature of the magnetic and density
resonances that we observed in section by studying the corresponding quasiparticle
poles. For simplicity, we will focus on the isotropic (¢ = 0) case. In principle, there are
again different methods of estimating the location of the poles. The least reliable method
is simply fitting Lorentzians to the resonances. However it cannot give the right answer, as
we expect a sequence of infinitely many poles with separation vy — iy, and if we consider
the n'* resonance and provided 1 and v, are of the same order, we need to consider more
than O(n) neighboring poles. The more precise method involving only the data on the
real (frequency) axis is then as in section based on assuming an appropriate sequence
of poles, summing it (ideally analytically), and fitting the parameters locally around each
maximum - assuming they vary slowly enough, such that the “backreaction” from the
varying parameters is sufficiently suppressed. The third method is simply trying to fit
the poles by scanning an area in the complex frequency plane using an appropriate guess
obtained from the data on the real axis. Then, we can use the usual recursion to find the
poles. The most time consuming step in that method is to scan the search area for the first
time, since we can not assume that the poles are the only local extrema. For the former
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technique, we use again the Ansatz — but it turns out that methods to try to fit
the resulting analytic expression (2.3.92)) are unreliable in this case, mainly because of the
periodicity of the expression. This Ansatz basically says that all the poles are located with
equal spacing on a straight line at v, = n(£vy — iy9) (or v, = (n — 1/2)(Fvy — i) for
the Landau levels), with residues <222 (or E?Oni”fﬁ). From (2.3.93), we can then obtain
the parameters for the poles from the n'* local maximum, o,, w, and its neighboring
minima o,_1/2, Opq1/2- ASSUMING 0p_1/2 = Tpi1/2 = Omin, the exact result is in the case
of plasmons

~2 ~2
€0 - vy +
On — Omin = —2——————— Wy = nu (3.5.122)
ginh ™m0’ Dy
75+,

and similar for Landau levels. This expression can be trivially inverted to obtain 7y
and 7. Taking into account that o,_1/2 # 0p41/2, the correction when using o, =

~ N
1 (O'n—l/2 + 0n+1/2) will be of order ngg (COSh %‘J) , 1.e. it will only be significant for

2
the first few poles. However this seems to be a less bothersome shortcoming to take than
“misfitting” poles because of the periodicity. Note that the two terms in the error term,
make sure that beyond n = 1 always either of them gives us a good suppression.
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Figure 3.30: The location of the poles w,, = v,, — 17, in the complex frequency plane from
the different estimates as described in the text. For orientation purposes, the lines connect
the poles of different order in the same background. Left: Finite p = 2, Right: Finite
B=4

In fig. [3.30, we compare the two methods to obtain the poles — the “exact” direct

search and the “approximate” result from fitting to the Ansatz — for various values of f,
B and p. In the direct search, we used the maximum value of the spectral function in
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the last recursion as an indicator as to whether the pole has been found, with a threshold
at UE(”) = 100. In practice the value will be either much larger or much smaller than this
number. In the plot, we still show the “misfitted” poles for reference. Overall, we see that
the agreement of 7y is very good at finite f, and the estimates from the spectral curves
are much more reliable in the sense that there are no poles that are “not found” or have
large displacements. In fact, even if there is some disagreement, the spacing 7y between
the poles is more accurate than the overall shift of the poles. While there may be larger
disagreements for the first pole and at small values of f, we should note that in those
cases the direct fitting also fails frequently. There is no clear trend for the dependence
on p and B. Typically the approximation is slightly worse for very large values and very
small values, because in the former case the decay is more rapid, causing the resonances
to be more asymmetric. In the latter case, we also see only the first few resonances and
are not in the slowly decaying oscillatory regime — this time because of the larger spacing
between resonances. We will not demonstrate this in the plots in fig. simply because
A0/ is approximately constant when varying B or p at fixed f, and hence this is difficult
to display in a clear fashion. The agreement in the imaginary direction is slightly worse,
which is not unexpected because it depends more on the conjectured form of the residues
for the Ansatz.
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Figure 3.31: The real part 7, of the location of the poles in the complex frequency plane
as a function of the level number. The lines are linear fits. Left: Various values for B at
f =2. Right: Varying p at f =4

Next, let us look at the spectrum of the resonances as a function of the resonance level
n. In figure [3.31, we show the real part of the poles 7, for various choices of j and B at
M, = 0. Because it is important to distinguish between behaviors that are, for example,

of the kind y/n(1 + n) from strictly linear behaviors, we used the direct search for poles in

120



order to obtain the highest accuracy. It turns out that the poles follow extremely closely
a linear behavior 7, = nijy + dv (or 0, = (n — 1/2)Dy + 07 in the case of a magnetic
background field), with a small negative value for 6v. The latter is easily explained from
the behavior of the first pole that we found in the hydrodynamic regime. The constant
separation implies that the spectrum of Landau levels is indeed the classical one for the
finite mass case. This is slightly puzzling though, because one would have thought that
if the collective excitations that carry the current have an effective mass, this mass would
be finite. Then we should see a transition from the massive to the massless behavior at
some frequency. Hence, either that mass must be large or frequency dependent, or some
unusual mechanism gives rise to the Landau levels.
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Figure 3.32: The real part 7, of the location of the poles in the complex frequency plane
as a function of the level number at finite quark mass. Left: Varying m at B = 4 and
f = 4. Right: Different values of p at m = 8 and f = 2.

Looking at the case of finite quark mass in fig. |3.32] we find again no sign of a non-
constant spacing between the poles, surprisingly even around the level of the quark mass.
There is however a transition in the value of 7y around that region, which we will follow
up on later.

Finally looking at the behavior of the imaginary part of the poles, which reflects the
inverse lifetime, in fig. [3.33] we find a small but significant deviation from the linear
relation 7, = nfy + 07 (and accordingly for the Landau levels). This small drift towards
larger 4, for small n can again be explained from the non-trivial behavior of the first
(hydrodynamic) poles and from the fact that we are in a finite temperature background,
which renders the first few resonances that are close to the temperature scale less stable.

Finally, we can look at the resonances. Before looking at 7y, let us study the shift ov
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Figure 3.33: The imaginary parameter in the location of the poles, w, = vy, — i7,. Left:
Varying values of p at f = 4. Right: Varying mass m at f =4 and B = 4.
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in fig. We find that for large f, there is a universal behavior 07 o Bfl,ﬁfl with a
proportionality constant that seems independent of f. A significantly different behavior
exists only for small values of f and large values of B or p. This may be simply due to the
worse fitting because in those cases we found only the first two poles, and the second one
has already a very low amplitude such that it is at the limit of what can be recognized as
a resonance above the background. This overall behavior may be simply due to the fact
that the first quasiparticle pole originates from the relaxation poles on the imaginary axis
as we found in the previous section.
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Figure 3.35: The separation 7y in the spectrum of “plasmons” and “Landau levels” as a
function of B or p for various values of f. The plot on a right only shows the highest f
curves.

Next, let us look at the value of 7 in fig. [3.35] There are two features to notice: Firstly
the finite value of 74y at vanishing magnetic field or density, and secondly the non-trivial
dependence on B or 7 — both of which are quite different from what we would have naively
expected for plasmons and Landau levels. It turns out that there are two equivalent ways
to interpret this situation.

An interesting physical picture can be obtained by representing the data as 73 as a
function of the square of the magnetization M or chemical potential /i that we compute
in (E.2.26). As we see in fig. the result are perfectly straight lines, such that the
resonances are given by w? = w2 + %f; or wg = wi + #;)2 Obviously, we could interpret
the function a(f) as some kind of a mass scale that depends on f only, i.e. not on the width
of the defect, but only its “topological” property. If we were — inappropriately — to look
at the corresponding classical Schrodinger equation, we would see that then the magnetic

and density perturbations are not independent, but mixes with some other potential. This
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Figure 3.36: vy presented as 72 as a function of the square of the magnetization or chemical
potential M? or i? for various values of f. The plot on a right only shows the highest f

curves.

is in contrast to the fact that the overall “amplitude” of the resonances, and hence the
residue of the poles is at least for small fields proportional to the magnetic field. This is
just what happens in the case of the classical Hall effect as discussed in section [3.3.1] In
fact, we can check a few values for wy, and go back to fig. to see that this resonance
is precisely the one that we found in chapter [2| and interpreted as being resonances over
the width of the defect.
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Figure 3.37: The ratio ;O—ﬁ as a function of

B or p for various values of f.

Inspired by this, we can try to check the relation between the resonances and the length
scale given by the effective temperature that we observed in fig. [3.36, To do so, we can

T

plot the ratio Torr

in fig. |3.37

. where we see that it approaches within errors ;O—fj; ~ 2. This
e

is not a big surprise, as there is an underlying exact relation between % and pu (or M),
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that we can easily verify numerically and may in principle be able to derive analytically.
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Figure 3.38: The “inverse lifetime to mass ratio” Z—g for the magnetic and density resonances

as a function of B or p for various values of f.

Before concluding the study of the parameters of the resonances, let us look at the ratio
Z—g in fig. ﬁ Firstly, we notice the steps in the curves, that happen to coincide with data
sets at which the highest pole in the sequence of resonances drops out of the fit because
of its decreasing amplitude. This indicates the limitations in fitting the parameters (that
we expect to converge only asymptotically) accurately. Obviously, we could try to account
for the non-linearity in 4, as in section [2.3.2] but this has the downside that fitting with
more parameters makes the result less reliable and may simply hide the limitations of the
numerical result. Secondly, we see that within those limitations and even though Z—g itself

seems to approach constants in 7 or B, it seems to be best described as being proportional
to % Within the errors, it seems that the appropriate ratio is independent of f and
becomes also approximately constant in 7 and B.

Next, we can look at the location of the poles at a finite quark mass in fig. [3.39 If we
look only at 7 as a function of B, we see a surprise, as there is only an overall shift in
the curves depending on the quark mass. On the other hand, if we plot 7 as a function
of the square of the magnetization M2, we see clearly the scale M ~ 1 that separates
the massive and massless regime. Below M ~ 1, 7 is suppressed with increasing mass
and above M ~ mm, the behavior is similar to the massless case. If we compare 7y to
the effective temperature, we find that ”OT is approximately constant around 2.04...2.06
with no apparent systematic trend, so even in this case the effective temperature sets the
appropriate scale for the quasiparticle energy spectrum. In principle, it would be interesting
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Figure 3.39: 14 for various values of the quark mass parameter m at f = 4. Left: As a
function of the magnetic field. Right: 72 as a function of the magnetization M?.

to study also smaller values of f, however at smaller f and large masses, it is not possible
to find reliably at least the first two or three poles.
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In principle, we expect that the results in the presence of the finite density and the
magnetic field are different as we turn on the finite mass. Comparing v for these cases in
fig. @L we see that the difference is very small, even as m > B. We are uncertain as to
whether these deviations are significant. From the behavior at m = 8, it seems that there
may be a small effect, which is suppressed in the quasiparticle regime. This question is
resolved in , where we plot T,7¢/T" at finite mass. We see that there is indeed a small
difference between the dependence on p and B at finite quark mass. Upon close inspection
we also notice the separation between the regimes above and below the mass scale with the

scalings Tejff o BY2 or % x B, respectively, at least in the case of the magnetic field. It

seems that there, the scale is B ~ 1, whereas for the density it is p ~ m2.
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'7":"12]‘ Figure 3.41: The scale T.s;/T at f =1 and
| various values of the quark mass as a func-
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Figure 3.42: Left: % as a function of the mass and the net baryon density for various
(small) values of f. We choose the lower bound of the range 2 < 5 < 16 to avoid the phase

transition at the critical mass and numerical problems near it. Right: % as a function
of the mass and the magnetic field for various values of f.
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Because of the very good agreement between the quasiparticle spectrum and T¢¢, let us
have one more look at the mass-dependence of % in fig. . Generically, the dependence

on p and B is very similar at large values of f and differs very significantly at small values,
hence our choice of plots. At small values of f, we see a very interesting behavior. It seems
that at vanishing f, 7. ;s is essentially given by the mass, with only a subleading dependence
on p at large masses, which actually reduces 7T,¢; with increasing p. As we turn on f, this
behavior turns over into a more common behavior, starting first at small f at large masses
and small densities. This may be some transition from a purely 2-dimensional system to a
system that extends also in the third dimension. What makes this behavior so surprising
is that normally, both in the mass dependence and also at M, = 0, any dependence on
f is subleading at large p. We should be careful with conclusions however, because we
have not tested the dependence of the resonances on T¢ss in this regime. Looking at the

B dependence at large f, we find that the behavior is more generic, with a ~ % scaling of
Terp at m > B and dependence approximately proportional to \/E at m < B. We also

note that The transition between the two regimes becomes clearer at increasing f, i.e. as
we widen the defect. Large f also suppress the B dependence of Tgy;.
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Figure 3.43: The “inverse lifetime to mass ratio” g—g for the magnetic resonances as a

function of B for f = 4 and various values of 7.

To conclude, let us also in this case look at the ratio g—g which we show in fig. @

Again, we see that ng is approximately constant in B, however it seems to depend on the
quark mass. If we divide by the effective temperature, the dependence on the quark mass
is removed, however there seems to be some dependence on B.

Finally, we can look at how the poles split if we turn on the Hall effect. In fig. we
show the location of the poles for various values of f, p and B. In black, we show the poles

128



[ T
L™F o f=4, p=2. B=0,04,08,12,16 At ]
! B=2 A
- o @ ]
15" O f=2 B=1: p=0,02 04,0608, 1 o° ]
a i
I f:4, B=1: p:O, W1 L DDDD c::
1257 @ f=4, p=1: B=0,..1 LA 3 ]
L A
DDDD
1 r a @ e’ 3 oO T
a
[ A N DDDDD 00
075 L0°%% ,  an 0°° 1
o 00000
05 . ®°% ]
025/
O. [ L | L L L L L L L L L L L L L L L L L L — L L
0. 1 2 3. V4

Figure 3.44: The splitting of the poles due to the Hall effect at various values of p, B and f.
The black symbols indicate the sequence of poles in the absence of the Hall effect for some
choice of f and B or p. With decreasing gray shade, we turn on the j or B, respectively,
causing the original pole to split in two poles.
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in the absence of the Hall effect, and then we show the sequence of poles as we gradually
turn on the “other” parameter. The most surprising result is that the total spacing 7y of
the pairs of poles remains approximately unchanged, with quadratic dependence on the
\/Dg — (B =0)? B that is within errors
consistent with the behavior of the effective temperature. The splitting of the poles, Da
depends approximately linearly on the magnetic field or density that we turn on, however
there seems to be no simple dependence of the proportionality coefficient on the obvious
candidates such as the specific magnetic moment ‘37]%, the density of states or the magnetic
susceptibility. We show this in fig. [3.45

“smaller” background quantity 07y(B) :=
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Figure 3.45: Left: The splitting of the energy of the quasiparticle poles due to the Hall
effect, va. Right: The shift in 7y from turning on the second parameter, written as

5in(B) == /78 — (B = 0 « B (and j = B).

The origin of the resonances on the gravity side is again straightforwardly explained
in terms of quasinormal modes on the brane. Taking the same Ansatz as for the effec-
tive temperature, but now in terms of the variable s that we used in section [3.4.1.1] and
computing the equation of motion for the Ansatz A, = Apel ¢ as in (3.4.96)), we obtain

o v v ((aaman)) €

uu

— GG"G™G™ G = 0. (3.5.123)

Gtt

Since we just want to have a brief picture, we will only work to leading order, i.e.. use
(o := iV GGHGwGseGyy and the pertubation ¢ = (y + ¢. Taking only the leading terms,
we find the equation of motion

€ — 2y + G =: ¢ — eafs) — B(s) |

0 = (3.5.124)
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again with the general solution e = efo 452() <€0 + [, dse” Jo dgo‘(g)ﬁ(é)). Essentially what
happens now is that the resonances arise from the inhomogeneous term. If we imagine
that the source term ( were a delta function at some position sy with amplitude &, then
the result would be ¢ = &els®95()  Setting s = 0 and taking the real part gives us the
resonances we want as 0o ~ &£ cos 2w foso VGGEGuGrrGQyy.

To see where the resonances originate from in the geometry, we consider the high fre-
quency limit @ > 1 and remind ourselves that the integral of a periodic function vanishes,
however the contribution to an integral of the type [ F(z)e™* from some region around z
will be of the order % In our case, the frequency in the exponent is also not constant,
but we can take care of that by a coordinate change s — [ (5. After taking the derivative

and changing back to s, we find that the term that gives us the contribution in the integral

is ds 85%. This expression already shows us straightforwardly that these resonances ap-
pear only in the presence of the background fields, since otherwise v/ —GGUHGuuGrrGyy = 1.
In fig. [3.46] we show this term for various choices of the magnetic field, f and the density.
We see how this length scale arises, and we see also the structure that gives rise to the
line splitting in the Hall effect. It also demonstrated how the different phase between the
magnetic and plasma resonances arises, essentially through flipping the sign in this term.
The shape of this contribution gives rise to the amplitude of the oscillations, and the pos-

itive and negative sections tell us that there is a higher suppression by @. Note that at

small v < \/B, p we have s ~ v and ¢ ~ /1 + f2. Hence at small or O(1) values for B
and p, the spacing between resonances will be mostly controlled by the value of ¢, and not
through s. The curves in the plot however control through their shape the nature and the
stability of the resonances. Essentially, we can interpret this as scattering off a potential

10.

0y Figure 3.46: Coefficient giving an estimate

of the contribution to the resonances as de-
06 07 s scribed in the text.

-15.

step, as we discussed around equation ([2.2.90)).
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Chapter 4

Discussion and Conclusion

In this thesis, we used holographic techniques to investigate the transport properties of
certain defect CFT’s. In particular, we studied matter on a (2 + 1)-dimensional defect
emersed in a heat bath. Most of our analysis covers two distinct defect CFTs. The first
was realized by embedding N, probe D5-branes in AdSs x S°, as described in section [2.1.1]
and in this case, the system (at 7" = 0) preserves eight supersymmetries. The second system
involves embedding N; probe D7-branes in the AdSs; x S® background and the resulting
defect CF'T preserves no supersymmetries. In this case, it is however not quite sure in
how far the setup persists in the light of gravitational backreaction. In both cases, the
theory could be deformed by introducing an additional internal flux on the probe branes,
a flux in the AdS and a deformation of the sphere. In the dual CFT, the defect in the
presence of the internal flux separated regions where the rank of the SYM gauge group
was different. As described in section [2.1.2] this flux was crucial to remove an instability
which would otherwise appear with the D7-brane construction. Perhaps surprisingly, the
transport properties of both defect CFT’s were essentially identical in the massless case.
Certainly, higher order effects might not be identical anymore.

4.1 Conformal effects

In the first part of this thesis, we focused on the presence of the internal flux parameter f,
f Ny VA /7 € Z, in order to isolate the properties that appear to be due the defect nature of
the system. Overall, our analysis revealed the expected diffusion-dominated hydrodynamic
limit at small wave-numbers and we found a smooth crossover to a collisionless regime at
the large wave-numbers. In the latter regime, the defect theory exhibits a conduction
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threshold, given by the wave-number ¢ of the current and the system is approximately
described only in terms of the “rest-frame frequency” v = /w? — ¢°.

In many respects, our results coincided with those in [49], where holographic techniques
were used to study a purely (2 4+ 1)-dimensional system with sixteen supersymmetries.
Hence maximal supersymmetry (or supersymmetry, in general) does not seem to be a
key feature for producing the interesting behavior of these holographic models. Instead
many properties seem to emerge from the infinite N, and infinite A limits, that are implicit
in making a supergravity analysis of the AdS dual. In section [2.4] we elucidated one
such effect that arises purely from the large-N. and large-\ limits, namely the frequency
independence of the conductivity, 6(w). In [49], this effect was described as a consequence
of the electromagnetic duality of the gauge theory giving the dual description of the CFT
currents. We were able to explicitly show that this duality is lost when stringy corrections
are included in the worldvolume gauge field action and explicitly calculated the frequency
dependence in 7(@) arising from the corresponding finite-A corrections to the conductivity.
As described in appendix [B] one can well imagine that there will be other interactions
which, although they appear to be of higher order in the o’ expansion, provide further
corrections to the conductivity with coefficients f"/ VA, where n > 2. Hence, our results
in section [2.4] are only the leading corrections when f is small but finite. There will also
be curvature interactions to the worldvolume action of the probe branes [97, 98]. These
will also produce finite-\ corrections but in contrast to the previous discussion, the latter
will not be enhanced by factors of f and first appear only at order 1/\.

While certain aspects of charge transport were similar for the present defect CFT’s
and the maximally supersymmetric CFT studied in [49], we also found some profound
differences. The most prominent one is the dependence of our results on the internal flux
f — certainly a difference since no such parameter exists in the maximally supersymmetric
case. For example then, with large f, strong quasiparticle peaks appeared in the spectral
functions and conductivities. Similarly, certain phenomena in the defect CFT seemed to
be controlled by a new dynamically generated scale in this regime, i.e., a scale distinct
from the temperature 7. We denoted this scale as the effective temperature T in section
2.2.2.1] For small f, T.sy ~ T to within factors of order one. However, for large f, one
finds that 7#7/(2T.;;) ~ k+/f where k = 4T'(5/4)?//7, as shown in (2.2.85). While this
seems a curious way to present the ratio of 7" and T,sy, it was found in section that
precisely this combination played a role in fixing the spacing of the quasiparticle poles.
Further, as also noted there, precisely the same behavior was found at large f for the
diffusion constant: 7 DT ~ k\/f.

A more intuitive picture as to the origin of this dynamical scale comes from considering
the probe brane geometry, as in section [2.1] Recall that when f is non-vanishing, the defect
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separates a region where the SYM has gauge group U(N, + ¢) from one where the gauge
group is U(NV,). However, on the side where the rank of the gauge group is enhanced, the
defect also excites a non-commutative configuration of adjoint scalars in a U(q) subgroup

of the full U(N,+¢q). At T = 0, this configuration extends to infinity with Tr(®?) = 4q—]\2[f L.
In particular, this configuration preserves the conformal symmetry, i.e., does not introduce
a new scale. The scalar profile is reflected in the radial profile of the probe D-branes which
also extends out to z — oo when T = 0 and f is non-vanishing. However, when the
temperature is non-vanishing, the probe branes fall into the horizon at a finite value of z.

For large f, one finds
mae T = kAT (4.1.1)

where k is precisely the same constant found above. The natural interpretation of this
profile is that at finite temperature, thermal fluctuations decohere the scalar fields at
some distance away from the defect. That is, at finite T, the defect can only excite a
coherent configuration of scalars out to z,,.,. However, at small f, z,,,, vanishes whilst the
dynamical length scale doesn’t vanish. We can interpret that by some extra contribution to
the width that arises from excitations in the bulk fields that are induced at strong coupling
from the presence of the charged matter degrees of freedom on the defect.

One interpretation then is that the defect effectively acquires a finite width when T
is non-vanishing. This intuitive picture may seem more reasonable, if we recall that the
system is at (extremely) strong coupling and so any probe exciting of the defect fields will
actually excite a complicated mixture of defect fields and “bulk” SYM fields. This picture
of finite-width for the defect seems to match well with the results for the quasiparticle
spectrum on the defect. In particular, we found that both the conduction threshold and
the resonance peaks are well-described by a quasiparticle “tower” with equally spaced
“rest frame” energy and constant “mass to inverse lifetime ratio”. The length scale that is
suggested from this spectrum is very similar to 7DT and 7T/(2T.s¢) (and at large f also
similar to z,4;) plus a small constant.

In terms of the effective Schrodinger analysis, e.g., see appendix [C] the quasinormal
spectrum arises in the gravity side from interference on a potential barrier in the asymptotic
region. From the profile of the brane, this translates into an interference or resonance in
the region around the defect. These two dual pictures of the origin of the spectrum seem
orthogonal. The intuitive CFT picture involves a width and implicitly, a potential, in
the space transverse to the defect, while the effective Schrédinger analysis constructs an
effective potential in the radial or “energy scale” direction. It would certainly be interesting
to have a clearer connection between these two descriptions.

The hydrodynamic and collisionless regimes are cleanly separated at a critical wave-
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number where the diffusion pole disappears, as observed in section 2.3.3] There, we found
that the diffusion mode is partnered with another dissipative mode on the imaginary axis.
These two poles coalesce at the critical wave-number and move out into the complex
plane for larger q. Hence precisely at the critical wave-number ¢., the corresponding
thermal correlator will exhibit a curious double pole on the imaginary axis. Interestingly,
¢. has a similar qualitative f dependence as the other (inverse) length scales and is also
quantitatively close, as q./(7T) ~ 0.67/(k+/f). This supports again the concept that the
properties of the defect are controlled by one fundamental length scale, that can be related
to the effective width of the defect.

In section [2.5] we outlined a topological Hall conductivity, which is induced when the
defect is coupled to the SYM gauge theory with a topological #-term. Of course, it is also
interesting to study the Hall conductivity induced by a background magnetic field on the
defect as we do in the second part of this thesis.

4.2 Condensed matter effects

In the second part of this thesis, we added to our analysis the presence of a finite background
magnetic field, finite quark mass and net baryon number density. This allowed us on the
one hand to enlarge the class of theories that we are studying, and on the other hand it
allowed us to compare the rich structure of our results to known phenomena in condensed
matter physics, that are based either on generic considerations or on physics in the weakly
coupled regime. We tried to distinguish between a) generic properties that seem to be
independent of physical details of particular models, b) intuition that carries over from the
weak coupling regime and c¢) properties that are specific to the strong coupling regime and
allow us to build some new intuition that is generic in the strong coupling regime.

In section we looked at the gravitational setup that corresponds to turning on
the various parameters in the field theory side. We looked both at supersymmetric field
theories with the D3-D5 embedding and at non-supersymmetric D3-D7 setups. The latter
is of particular interest to condensed matter physics because the the spectrum of charged
matter contains only fermions on the massless level. Furthermore it is curious that the
only change is a Chern-Simons term with non-constant coupling at finite “quark” mass.
However, we did not pursue this avenue at the massive level, since the results would be
unreliable as an attempt to to stabilize the branes with a large internal flux f produces an
inconsistency due to gravitational backreaction. We deferred a more detailed discussion
of the phase diagram to appendix [E| where we found results that are similar to the ones
found previously in 3+1 dimensional field theories [45], and we found that the blackhole
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embeddings that we use to compute the transport properties are always thermodynamically
preferred.

We then went on to provide a few analytic results in section[3.2} In[3.2.1] we studied how
the field theory outcome of the EM duality in gravity side changes in the case of the extra
parameters. We found the very interesting result, that the transport properties are now
related under a simultaneous exchange of the dimensionless magnetic field and density and
the transverse and longitudinal coordinate, while interchanging the complex 2-dimensional
conductivity tensor with its inverse. From a condensed matter point of view, this relates
completely distinct parameters of the theory for a large class of 241 dimensional theories
whose gravity dual obeys EM duality. This duality also became apparent in appendix [E]
where we studied the thermodynamics, and in the massless case, there was a degeneracy
between the density and magnetic field. Throughout chapter [3.5] and appendix [E] we saw
how this duality gets broken as we consider a finite mass. However, still, this breaking
appears gradually, with the parameter M, /T

In chapter[3.4], we then discussed several regimes. In the DC limit, we found the Drude
conductivity at finite density, a magnetoresistance effect and a Hall conductivity. They can
be parametrized under the Drude model, obviously giving a new description to the “Drude-
parameters” in terms of the parameters of the theory, as the underlying microscopic physics
is different. However, the overall scalings in the limit of large density and magnetic field
are the familiar ones. Coincidentally, if we assume that the form of this DC conductivity
has a high degree of generality, this could address the minimum quantum conductivity in
Graphene [109]. There, it is known that at the neutrality point, which corresponds in our
case to vanishing net baryon density, there is a minimum in the conductivity of ¢*/h per
carrier type, and this has apparently been of significant interest in the community [108].
Under an appropriate translation of the parameters, this is precisely what we observe in our
case, as we also find an increasing conductivity as we move away from the neutrality point,
which goes beyond the results in [49]. However, for example from the observed magnetic
resonances, our defects seem to be quite different from the chiral nature of graphene [89].
We then studied the small-frequency limit, in which we reproduce the existence of a Drude
peak and the minimum in the magnetoresitance. We could also identify a relaxation time,
and accurately reproduce a relation between the frequency dependence of the diagonal
conductivity and the hall conductivity, in the limit of large densities. In general, the
structure of the frequency dependence resembled the generic prediction from the Drude
model. We also found however, that the particular behavior of the parameters that depend
on a particular model changes — for example the relaxation time receives a dependence on
the magnetic field.

When we compared the relaxation time to the location of the purely dissipative poles
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in the hydrodynamic regime that we studied numerically in section [3.5.2] we found that
there was a disagreement with the dominant “relaxation pole” only at small densities.
This can be explained by the remarkable constant DC conductivity from the EM duality
at vanishing density (2.4.9§)), that is obviously not considered in the Drude model. In this
regime and also in general, we observed that there is always a total finite quark density in
thermal equilibrium (which we can’t control) that influences the transport properties even
at vanishing net density. Beyond the dominant relaxation pole, that showed an unusual
dependence on the density, which we attributed to the strong coupling, there was a second
relaxation pole, that shows a more classical behavior, but has no significant contribution to
the charge transport. We were able to reproduce the transition to the quasiparticle regime
that we found in the first part, and also found another transition in which the relaxation
poles merge and turn into the first Landau level at some critical magnetic field, rather than
the diffusion pole merging with the first relaxation pole. This transition can be attributed
to strong coupling and is absent in free particle models. Overall, there is an interesting
interplay between those relaxation poles and the diffusion pole as we tune the parameters,
and there is a common theme that before poles move to large (imaginary) frequencies or
leave their regime of validity, they either merge into quasiparticle poles or have decaying
residue.

The diffusion pole also has an unusual dependence on the density, which can be mo-
tivated from the strong coupling properties. We verified that the numerically obtained
diffusion constant agrees with the one obtained analytically from the membrane paradigm.
We also computed the permittivity. This gives us what we called the “relative” permit-
tivity, that depends on the mass, magnetic field, internal flux and density. The diffusion
constant and permittivity reproduce precisely the DC conductivity from the diffusion be-
havior, i.e. the Einstein relation.

In the opposite regime, i.e. in the low temperature limit, we found again the conduction
threshold at w = ¢. Our analytical approximations were focussed on the exponentially
suppressed conductivity at small frequencies and large wavenumbers, ¢ > T > omega,
and extended the result for the diagonal conductivity that we found in the first part of
the thesis. Now, the “effective temperature” that controls the exponential suppression
however also depends on the other parameters of the theory. In particular, the density
and magnetic field now raise that factor, i.e. reduce the exponential suppression. This is
however not to be misunderstood as doping a semiconductor. At very large values of those
parameters, of the order B, p > ¢, we were able to demonstrate that the conductivity
turns into the DC result. Computing the Hall conductivity gave an interesting result as
we obtained a finite value of the Hall conductivity even in the regime where the diagonal
conductivity vanishes. This is however a common theme in condensed matter physics, for
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example in semiconductors at low temperatures or on Hall plateaus in the quantum Hall
effect.

The rest of the work in the quasiparticle regime was mostly numerics-based. In section
[3.5.1], we gave an overview over the spectral curves, where we found the appearance of what
one could describe as the strong-coupling equivalent of Landau levels and plasmons, and
line splitting in the Hall effect. We also noticed that increasing the mass or the internal
flux parameter f makes the results approach the low temperature limit, as we expect from
our results on the effective temperature. Furthermore, we looked at how the resonances
from the isotropic regime carry over to the finite-wavenumber regime in which we observed
the resonances in chapter 2 In particular, we found that for the transverse correlator,
the density resonances connect smoothly whereas the magnetic resonances connected less
smoothly — which can be explained in terms of the localizing property of the magnetic field.
The more quantitative approach to the quasiparticle regime was to extract the location of
the poles in the correlator in order to obtain the quasiparticle spectrum. We found that the
poles are exactly equally spaced, indicating that the mechanism underlying the magnetic
resonances is just a quantum harmonic oscillator as in the classical generation of Landau
levels. The length scales corresponding to the spectrum can be explained in two ways:
On the one hand, they are just given by approximately 2 times the effective temperature,
over essentially all the parameter range including the mass. On the other hand they can
be related to the magnetization or chemical potential, which splits in the massive case
into regimes below and above the quark mass. In this scenario, however, it seems that
the Landau levels or plasmons are strongly coupled to the resonances over the “width” of
the defect, as apparent from the minimum spacing of the resonances. This fits in nicely
with the line splitting that we observed in the context of the Hall effect, where each pole
splits in two, indicating that there are overall two types of resonances in the system. In a
qualitative description, we discussed, as in the first part, how the quasiparticles arise from
quasinormal modes in the scattering off a step in a potential in the gravity side.

Comparing our results to those obtained from field theory methods [57], we found
that there were a few similarities as a resonance or threshold at w = ¢ is also generically
obtained using field theory methods. Furthermore, our results can be expressed in terms of
a universal function that depends on w/T. Expressed in this way, this universal function
depends on dimensionless quantities like po /7, and hence also depends on the temperature.
Overall, it seems that using AdS/CFT, we could more straightforwardly obtain the very
complex behavior of this universal function. Also, it seems that the methods in [57] do
not find quasiparticle resonances, that seem to be an integral part of the defect that we
studied.

For directions of future research, it would certainly be interesting to gain a better inter-
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pretation of our results in terms of the microscopic theory beyond what we have attempted
in this thesis. This reveals a big weakness in using the AdS/CFT correspondence, as it is
in practice to some degree like performing an experiment; and the “microscopic” theory in
AdS/CFT is not the field theory, but the gravitational configuration. Another interesting
direction would be to study the problems of the D3-D7 defect more in detail, as having a
purely fermionic system is very appealing, even if it is only in the sector of the fundamental
representation on the defect and the 3+1 bulk is still SYM. It would be interesting to see
what kind of effects may then appear in the “massive” case.

4.3 Closing remarks

Overall, we hope that this work demonstrates that there is great potential in string theory
to produce tangible results that are of relevance for example to condensed matter physics.
We think that we may have delivered a few starting points, that may be generic enough
to be worth trying to pursue further and compare to the experimental condensed matter
literature.

Also, we hope that this work may provide some use in generating intuition for strongly
coupled field theories. Certainly, a new kind of intuition can be gained, which is based
on the geometry on the gravity side. This is related to the fact that there is also some
degeneracy in the concept of what one refers to as a “model” — the field theory that is
translated in to the gravity setup under AdS/CFT, or the gravity setup itself in connection
with the “rules” of AdS/CFT. In the end, it does not matter, as all we need are “risky
predictions” [30] to make from our theory.
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Appendix A

Probe brane horizon

In this section, we want to elaborate on the induced geometry of the probe brane at
the event horizon. The embeddings of the probe branes found in section may seem
somewhat surprising since the brane seems to cross the horizon at an angle, i.e., , X' # 0
at the horizon, as shown in eq. . However, common arguments suggest that such
a configuration could not be smooth or remain static — see, e.g., [68]. Hence, we must
explain here why our static brane embeddings cross the horizon ‘at an angle’ without any
singularity.

We begin by considering the noncompact part of the brane geometry, which is common
to both the D5-branes (2.1.7) and D7-branes (2.1.19):

T‘2

2
dS :ﬁ

L? 2
2 2 2 2 2
(=h(r)dt* + da* + dy®) + (—T%(T) + 757 ) dr? (A.0.1)

where 2’ is given in eq. (2.1.15). It is a straightforward exercise to calculate some of the
curvature invariants for this geometry, e.g.,

12 4f2r8
= — = A.0.2
R D+ 2+ e (4.0-2)
36 4

RyR™ = ror®(1+ 812+ 3f) + drg’r* f2 + Tr’ f1)

L4(1 +f2>2 + L4(1 _"_f2)27016 (

In both of these expressions, the first term corresponds to the result expected for an AdS,
geometry with radius of curvature Ly/14 f2. The subsequent terms arise because in
general the induced geometry only approaches AdS, asymptotically. That is, these terms
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originate from both the brane bending and the presence of background black hole. In any
event, these expressions remain finite at the horizon indicating that the brane geometry
remains smooth there. The probe brane’s geometry can also be characterized by the
extrinsic curvature, given the embedding in the AdS; black hole background. It is again a
straightforward exercise to evaluate these curvatures and produce, e.g., the following scalar

mvariants ) .
AVIFPC 0 o 4P DY) 1

/1 + f2 12’ 1+ f2 LA

Again, evaluating either of these expressions at the horizon yields a finite result, indicating
that the brane embedding is smooth there.

K= —

(A.0.3)

To study the probe brane geometry at the horizon in more detail, it is convenient to
change to suitable Kruskal coordinates:

N ” . " o0 12d /
r 0
which puts the induced metric (A.0.1) in the form
L2 2,02 U, Vv 2
ds* = r(U, V)QT;dUdV + (U, V)G?%; (VAU +UdV) + T(L—Q)(denLdyQ) , (A.0.5)

where we defined for convenience h = (14 22)2(1+(2)2)e20 " 7 €]1,4e™] . We note that
Oy is only null at the part of the horizon where V' = 0 and vice-versa.

To see now whether the brane falls vertically into the horizon, we want to compute the
tangent to the brane in the z direction, t, = vtejgl, where &, is the finite norm killing
vector 0, on the horizon, v is any non-singular vector in the brane and we use the map
et = 0,z to compute it’s push-forward. It is easy to see that the only relevant non-zero
components are ef; = V2’ and ef, = UZ/, so the brane falls vertically into the horizon only

at the bifurcation surface.
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Appendix B

Corrections to D5-brane action

The worldvolume action is a low-energy effective action which captures the inter-
actions of the massless open string modes supported on the D5-branes. The “stringy”
nature of the underlying theory will in principle produce an infinite series of higher dimen-
sion terms that are suppressed at low energies by the inverse string tension, i.e., o/ = (2.
However, in practice, one typically only includes a specific set of terms to a certain order
in the o/ expansion. In fact, the action implicitly captures an infinite set of these
stringy corrections, as can be seen by the explicit factor of ¢ accompanying the gauge
field strength in the DBI action. Further, we might add that this entire series of terms
plays a role in our analysis, as the full square-root form of the action is used in (2.1.8)) to
normalize the DBI contributions. However, as already alluded to in section [2.1.2] the DBI
action does not capture all of the higher dimension stringy interactions. Beyond the non-
abelian commutator terms referred to there, the full low-energy action includes additional
terms involving derivatives of the gauge field strength [95] 96], as well as higher derivative
couplings to the bulk fields [97, 08]. In terms of the dual CFT, the contributions of these
o interactions will provide finite A corrections to the leading supergravity results.

In the following and in section [2.4 we focus our attention on a particular new term
involving derivatives of the field strength, which modifies the vector correlators on the D5-
branes. Our results below give the leading 1/ corrections when f is finite. Our calculations
consider explicitly those leading contributions for the transverse correlator. As we discuss
in section [2.4] the higher derivative interaction also upsets the electromagnetic duality on
the AdS, part of the worldvolume.

An effective action to describe open string gauge fields at higher order in o has been
extensively studied in the literature, e.g., see [95, [06]. However, since we consider only the
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linearized equations of motion (or the quadratic action) to compute the correlators in the
AdS, directions, the leading term at (o) is [95]

2
1 ¢(3) (@r2)’ d°0\/=gV  FagVIF® F? (B.0.1)

4gZ 16m* 12,/1+ f?

In fact, this term only becomes relevant for the calculation of the vector correlators because
of the flux background on the compact S2. After integrating over the internal two-sphere,
this interaction reduces to

2 £2
EREIACNLD d*'o\/—gV , FogVIFP . (B.0.2)

dgi 21 \/1+ f?

Note that the background flux (2.1.6) remains unmodified by this new interaction. When
considering linearized fluctuations of the vector field, we can work with a perturbative
expansion in £2/L? = 1/v/X. We begin with the Ansatz

62
F:F(0)+L_52}7‘(1)+... . (B.0.3)

The equations determining the leading 0*" order field are still the same Maxwell equations
(2.2.34), while for F', we have

v, pm — S8 L oo Gapom. (B.0.4)

Ve

Writing this out explicitly for p = y gives

B g, A0 + Y
Vi h

(3)f , [ h h @
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Note that we adopt the convention above that the derivatives 9, act on all factors to their
right. At the horizon, u — 1, we again wish to impose infalling boundary conditions.
If we substitute the expansion ([2.2.52)) for A, as u — 1, the right hand side of (B.0.5)

diverges as h**/4=2 and hence we expect to find singular behaviour in A}’ there. Hence we
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begin by isolating this singular behaviour in a particular solution to : A(;)’NHG ~
hi@/4(2+b+clog h +d h log h) with appropriate constants a, b, ¢, d. This particular solution
is holds to order h° near u — 1 and is well-behaved in the rest of the geometry. Implicitly,
it also satisfies the desired infalling boundary conditions. Next we add to A(yl)’NHG a
contribution which is regular at the horizon and takes the form on an infalling homogenous

solution near u — 1 as described by ([2.2.52)) and (2.2.53|). That is, we use the Ansatz
- @3+ 5f> q°
AD = ADNHG i/ (2 1—u) ) Z(u) . B.0.6
v v + \Tase Tia) W)W (B.06)
where 0,.% (u)|u—1 = 0. This Ansatz is constructed so that .% (u) is well behaved every-
where and we proceed by calculating this profile numerically. In practise, we apply the
boundary condition at some small, but finite, (1 —u), so need we go one order higher in h

and increase the accuracy for solving A,

The correlator is then found by substituting our original Ansatz (B.0.3]) into (2.2.41)),

o o W) +e/rA)) e |04 2 (A L
12 AD e A Vie Ay LAY )|
(B.0.7)

From this expression, we can see that the normalization of any homogenous solution in A(yl)
does not effect the correlator, as we expect for a gauge-invariant quantity. The expressions
for Cy and C,, following from ([2.2.42|) are similar to that above.

The second term on the right-hand side of yields the correction to the correlator
due to the fact that the solutions for the fluctuations A, (u) are modified. In addition,
also contributes to the overall value of the bulk action and hence provides an
additional modification of the correlators. Proceeding as in (2.2.37)), we now get two
boundary terms at order 2, since D, F,sD'F*? = D, (F,sD"F*P) — D, (AsD, D' FP) +
Ag(e.o.m.)P, where the last term combines with contributions from the leading Maxwell
term in the action to vanish by the equations of motion. These expressions lead to a number
of new contributions to the flux (2.2.40f), which in principle even contribute to off-diagonal
correlators. We might add that there is a further ambiguity in these expressions because
the effective action was constructed from examining string scattering amplitudes
[95] and so it is only determined up to total derivatives or boundary terms. Explicitly
comparing [95] and [96], one finds that in fact their results differ by such a boundary term.
However, this ambiguity does not contribute in our background and in fact, of the
myriad of potential boundary contributions, only a single term survives

L 2IB) s VA,
27T\/1+f2\/1+f2 Ay UHO'
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Similar expressions survive for Cy; and C,, while the potential contributions to the off-
diagonal correlators vanish. Combining the results in and (B.0.8]), we can write the
total change to the correlator as

s B e A\ LA%B) vio,4Y
ML [\A)) eam/Te P AY |
Again similar expressions arise for 6Cy; and 6C'.
The two previous formulae, (B.0.8) and (B.0.9), still require a precise definition for
V29,A,. This expression should understood as the covariant tensor expression V2F,,
which when evaluated asymptotically yields a remarkably simple result:

2 1

L* 1+ f2
where the implicit terms decay rapidly enough as v — 0 that they will not contribute to
the correlator. Hence (B.0.8]) can be greatly simplified to
e fB3) g 94,y
L2m(14 f2)32 /14 72 A,
The last factor has exactly the same form as the leading correlator (2.2.41]) and so this
contribution can be interpreted in terms of a rescaling of the pre-factor e:

1 23
o — &o (1 + ﬁm) y <B012)

where we have replaced ¢2/L? = 1/+/A. Remarkably our numerical calculations show that
the first contribution to §C,, in (B.0.9)) also produces a shift of ¢y with precisely the same
f dependence — see figure [2.15]

(B.0.9)

V20,4, = DAy + -+ (B.0.10)

Any =

(B.0.11)

u—0

At this point, several comments are in order. We already pointed out that the square-
root form of the DBI action already incorporates an infinite set of stringy o’ corrections.
While this form was incorporated in our leading order calculations, e.g., , it did
not appear to introduce any 1/\ corrections. Of course, these factors are hidden in the
definition of f and for finite values of f, we are actually introducing a magnetic flux
quantum number g ~ O(\/X) In this context, it is not quite correct to say the interaction
(B.0.1)) is the leading term to modify the correlators. One can well imagine that there will
be other interactions which, although they appear to be of higher order in the o expansion,
will modify the correlator with contributions of order f*/v/X where n > 2. Of course, these
contributions will be suppressed in a regime where f < 1. Considering the possible tensor
structure of the relevant higher order interactions, it seems that this class of contributions
will always be arising from an equation of motion of the form ([B.0.4)).
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Appendix C

Hyperbolic tangent potential

To get more insight into the appearance of the finite temperature effects in the frequency
dependence of the conductivity, we can study a qualitatively similar problem that has an
analytic solution.

C.1 Finding the spectral curves

Let us modify the effective Schrédinger equation in (2.2.90) to write it in terms of the

complex frequency v of section , e, U=+ — ¢,
(=02 +V)A, = i*A, (C.1.1)
v H
with V=—@u" and p = dﬂ% .
0

Recall in terms of the new radial coordinate p, the asymptotic boundary is mapped to p = 0
and the horizon, to p — oo. In fact, it is straightforward to evaluate the integral above
to find p(u) in terms of incomplete elliptic integrals of the third kind or alternatively, in
terms of the Appell hypergeometric function [106] p = /1 + f2u Fy (353,15 2; — f2u*, u?).
Note that the only difference between and is that we have subtracted ¢* A,
from both sides in the equation above. Hence in the present form, the effective potential
V vanishes at p = 0 and approaches —g? as p — oo.

The equation of motion in the form of (C.1.1)) can be examined in three distinct regions
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which for f > 1, where the potential looks roughly like
Vo pSf?
Vo~ =@ —p) s P Sps2f -1
Vo~ =@ e o2 gpl2 <y (C.1.2)
Of course, the full potential is smooth across these three regions.

To model the “smooth” step with a fi-

nite slope and a fast tailoff in the asymp- V(C;) NI 1 ==
totic regions, we will use 02l

Vi = _qzl + tanhzn(P_P(J) , (C.1.3) -0.4

-0.6

which allows us to find exact solution for
(C.1.1)). We fix the “step” position p either -0.8
as location where the the potential has half L N N GNG]
its minimum, id.e., at uj,; = 1/2 or the 2. a. 6. 8. p 10
point where the slope of the potential is
minimum, ¢.e., at Figure C.1: The exact potential V' (solid

, grey) and the tanh approximation V,,, (black
4 _ 5/ = T4 +/(T—5/2)% + 108 2 ' dotted), for f € {0,4,25} with ¢ = 1. We
e 18f2 also indicate a number of interesting values

(C.1.4) of p with narrow vertical lines: p(upqf), solid

To fix the parameter n that we will use plack; p(up), solid grey; p = =L dashed
to characterize the slope of the step of the 11, 4. and p=mDT, grey dashe(i{cf

potential, we simply take the slope of the

full potential at either of the corresponding

points: n=-29,V|, = 8§2u3h(u)H(u)_1/2|uhalf -
give V,,, which is a good approximation of the full potential V. As shown in figure [C1]
the potentials constructed with these two choices typically can not be distinguished. For
comparison purposes, the figure also indicates two other interesting scales: p = 7T/2T, ¢
and m DT. There we see that both of these scales are close to the width of the effective
potential but p = 7 DT is particularly close to the center of the step.

Note that V(p =0) = 0 and 9,V (p = 0) = 0 while neither of these properties holds for
the approximation ((C.1.3). We will take account of this fact simply by expanding around
p — po — —oo and discarding higher order terms when computing the values at p = 0.
One can expect this potential to be a good approximation for 7 > 1, where the result is

(7

. Working with upqif o1 Uy, will
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less sensitive to the details of the potential away from it’s maximum slope and for large f,
where the results should be dominated by the large flat part of the potential.

Using infalling boundary conditions at p — oo, the solution is
(1 — tanh n(p — po))~ = VIFP/7 (1 4 tanh n(p — po)) s (C.1.5)

and the asymptotic expansion gives us

(Vi@ -1) r(ga- vize®) 1%

Ay = Ayo eiD(P*PO) - 5 - + 6*2i’7(P*PO)
<\/1 @)+ 1) r(—%( T+ @/ + 1)) r(2)
= Ay e (p=po) (N + e_ziﬁ(p_pO)) , (C.1.6)

for which we redefined A,y. In the opposite limit, as p — oo, the solution converges

exponentially to A, o< e~ WPVI+E /Y 2, which is the desired infalling wave solution at the
horizon.

The transverse conductivity can now be written in a compact suggestive form in terms
of the implicitly defined N:

B DN — e%iPro
Oyy = €0 Re Zm, (Cl?)
which is of the same form as the result (2.2.2.2]), but with different coefficients. We again
see how the oscillatory pattern arises from interference in the asymptotic region due to
the potential “step”, and how the effective temperature arises from tunnelling through the
potential out of the “heat bath” in the near horizon region. For |7| > n, we find the limit
R \zn;oo dnv

Wesgnﬁe NTR(1 4 6 (2 log i/n)) (C.1.8)

This result shows that the subleading term in the conductivity (beyond the low temperature
limit ) has an exponential frequency dependence for @ > ¢, as we found in section
2.2.2.1] We can also see how the results depend on n, i.e., on the slope of the step in the
potential. We compare the present results for the conductivity to our numerical

results and to the perturbative approximation in figure [2.90 There we can see that the
various approaches are in very close agreement for @ 2 §.
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C.2 Exact pole structure

We can look at the solutions (C.1.6) and identify the quasinormal modes by imposing the
asymptotic boundary condition: A,(p = 0) = 0. The quasinormal frequencies are then
simply determined by the equation

(ViF@m-1) (20— \/WWDZ r(=%)

2ivpo _ - o — (C.2.9)
(\/1 TR/ — 1) F(—%(l +/I+ 52/52)) r(i2)
which simplifies in the limit of |7| > n, ¢ to
6(2ip0—sgn(R,e D) m/n)o ~ Anv (0210)

“sgn(Re o) 7@

These quasinormal frequencies also give the location of the poles in the spectral function [82]
107], with the exception of the asymptotically constant solution, 7 = 0. In the terminology
of section [2.3] the present approximation yields:

_ 4mpo Yo m
=" — = . C.2.11
4p3 + w2 /n?’ Uy  2pon ( )

Vo

Further as mentioned in section [2.3] the subleading contributions are logarithmic in n,
giving us
_ Yo — i An(ino — 1)
ov, = 5 (Inn+1In W—Q?) : (C.2.12)

in contrast to the constant shift as the largest subleading term for the full correlator.
The residues in the Green’s function, before taking the imaginary part, are given by
—2iv,

(n) — €o (9uAy .
= = &0 .
u—0+ 2ipy — Oy log ¥|p—p,

A = Res
Wit e A,

One finds that J;logy can be expressed in terms of digamma functions, and asymptotes
to

(C.2.13)

€0 auAy

Res
1+ f2o=m A,

where we used implicitly n € Z to label all the poles.

(C.2.14)

=805 o
S 2pp +im/n

150



We can use the knowledge of the poles to verify that the spectral function is indeed
approximated extremely well by the regularized sum of poles plus the term linear in @ as
given in ([2.3.94]),

Uy sgn(Re 7y,) 1 sgn(Re 7,,)
Cyy = 502 yy) 1 ( 7 +

20 (62 + V2) 2 \o— sgn(Re 77,) ((]2 + 177%)1 2 (q~2 + 53)1/2
+ g lim — log Vn——Vm-} , (C.2.15)
oo T U (ny1) — Pon

or from (|2.3.95)

I/n sgn(Re 7,) 75
Coz = 602 ~2 “oN1/2 L o127
n#0 q + v ) vV— sgn(Re l/n) (q + Vn)

which we show in figure 2.9 We also use the exact location of the poles to check how well
the algorithm from section finds the location and residue of the poles, which we show

in figure and discuss in section

(C.2.16)
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Appendix D

Components of the metric

In this appendix, we write out the components of the metric in the most convenient com-

A/ (1— 2)2 2
bination, including the implicit effective coupling in /—G := %\/ —det G:

(f?+ (1= P(w?)?) V(1 - V) + (1 — u!) ¥ (u)’

V-GGG = - -
(1+2%) m\/w 2 B 1= (14 B (1- (1 - W(u)2)?)
(=) TR (724 2+ B+ 1= (14 £25) (1 (1 ()
Narclete :
(1 n %) VI =07 + a2(1 — )V (u)?
V-GG"GY =

(U= WP+ 24 (7P + Bt = B (1= (1= w(w?)?)) T = 97) +2(1 — )W (u)?

(1 — ud) (1 + ﬂ—f) m\/(ﬁ YR Bt r1— (1 + f;—f) (1—(1— U(u)2)?)

V=Gata = J (f2+ 7+ But +1 - (1 + ﬂ) (1= (1= ¥(w?)?) x

1+ f2

T= (@) (1= WP+ 2+ (7 + Bt — B4 (1 (1 - w(w?)?))
(14 225) (12 4+ (1 = w()2)?) /(T = 97 + (1 — ) ()

B~
voGamgm = — 20
1 4 B2y
1+ f2
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At M, =0, i.e. ¥(u) =0, these simplify to:

Naeleilel L/
(1 + ?j;ﬁi) \/1+ (f'+ 7 + B?)u?

(L= w1+ (S + 2 + Bt

NarelelelZ: —
I+ 5k

JoaGtaw — 1+ f2 4 (p* + B*)u'

(=) (14 228) 1+ (£ 4+ 72 + B2t

L+ 2+ (7 +B2)u4) \/1 + (f1 4 p* + B?)u?
mGttGuu _ < :
(1+£2)
I+ 5k

153



Appendix E

Thermodynamics of the defect

In this appendix, we compute the contribution of the defect to the extrinsic thermodynamic
quantities that are localized on and around the defect. This allows us to study the phase
diagram of the matter on the defect and tells us in which regime we can trust our analysis
and in which regime the black hole embeddings that we consider may be unstable or
metastable. Obviously it is also of interest on its own to study what states the matter
on the defect takes in various regimes, and also how the nature of the defect affects the
thermodynamic properties.

Naturally, we will implicitly consider the density of these quantities per unit area of
the defect in terms of the boundary metric, which removes the divergence from the infinite
volume factor of the integral. We will miss however any contribution to possible changes to
the asymptotic characteristics of the 3+1 SYM. Since such asymptotic properties however
should only depend on the topological properties, i.e. the flux parameter f and not the
local properties of the embedding, this is still sufficient to argue about the phase diagram
and stability, in the sense of which phases are thermodynamically preferred.

As in chapter [2 we will limit our discussion to the massive embeddings to the D5 case.

E.1 Free Energy and Thermodynamic Variable

As a starting point, we can straightforwardly compute the free energy via the standard
procedure from the Euclidean energy, I., using

F=TL, I = / Lo+ Ly (E.1.1)

Umin
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where the boundary terms
1 1
Ity = =3/ + 5\112 (E.1.2)

are dictated to us by consistency [I11]. The other boundary terms of [I11] do not contribute
in our case because of isotropy in the flat directions and rotational symmetry on the
sphere. Since the determinant on the boundary metric, «, vanishes on the horizon, only the
asymptotic boundary contributes. In the case of non-blackhole (Minkowski) embeddings
there is only one (i.e. the asymptotic) boundary, provided the action is consistent at
and the point at wu,,;, is included, as will be discussed below.

In the next step, one can construct other thermodynamic quantities, such as the entropy,
S=- g—?‘v, the energy E = —F +T'S or the heat capacity ¢y = g—ﬂv. Since the defect is
in thermal equilibrium with the bulk, and also the extrinsic curvature of the horizon in the
brane geometry is the same as in the bulk theory, the choice for the temperature is obviously
the bulk temperature 7' = —75. There is a slight ambiguity as to what one considers to
be the thermodynamic volume V. One could either consider the defect as an isolated
thermodynamic system, embedded in the SYM heat bath, or as part of an overall system.
In the former case the volume is either the 2-dimensional volume [ dx dy with the effective
width of the defect considered to be an “internal” degree of freedom or alternatively the
3-dimensional volume [ dz dydz over a finite width Az, e.g. Az = [ 2/(u) du, with 2/(u)
given in . In the latter case, however, one considers a large volume of 3d SYM
plus the defect, and the quantities that we are studying are just the contributions that
are extrinsic in the two dimensions of the defect, and independent of the extension of the
volume in the z-direction — in the limit of placing the boundary of the volume far away
from the defect. To make this more explicit, we can look at the variation of the euclidean
action, which gives

oL, oL, oL,
= U4+ —0A + — E.1.

or in terms of field theory quantities

ol

OF = 200My + poop + Frozmaqs - (E.1.4)

In principle we might expect a term oc mdm that would be divergent. This term however
cancels because of the renormalization. Also the variation of the magnetic field does not
contribute because of its tensor structure. FY is just defined as the change of the 3+1 free
energy density Fsy s due to varying N, — N, + ¢, in dimensionful units:

5F. 2
TG = —2NgTt = —ZNNpVAST', (E.1.5)

F, =
f SN, )
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If f ~ O(1), then term is suppressed by a factor A™'/2 compared to Fsy. Noting the
fact that the SYM background is isotropic such that the pressure equals the free energy,
Fsyy = Psyar, we could interpret Frd Az as a work term for the case of the isolated
defect. This demonstrates nicely that this case is inconsistent, since want to consider the
defect system “on-shell” and study thermodynamic processes obviously with a fixed gauge
group, i.e. at constant f, and hence we can’t use z,,,, as an independent thermodynamic
variable. Hence, we need to do a change of variables in the thermodynamic potentials,
corresponding to a Legendre transformation of the action. Since we also want to consider
processes at fixed baryon density on the defect, rather than at fixed chemical potential, we
do Legendre transformations in y and A;:

L. = Lo + poA;, — fX' or I, = I + pody — fx. (E.1.6)
Now, the variation of the free energy is
OF = 200M, + popo + 2masdFy , (E.1.7)

which implies F' = F(M,,n,, f,T). Obviously we consider f fixed, even though it is not
inconceivable to have processes in condensed matter physics that change the effective gauge

group.

In the case of Minkowski embeddings, the significance of the Legendre transformation
can be seen nicely from the brane tension in the z direction at the endpoint of the brane
Umae that can be straightforwardly computed from

5£(D5) o 6£(D5)
T, = gzz5g7 = §zz% (5ng

, (E.1.8)

where g is here the D3 background metric. upon substitution of (3.1.10)) and the boundary
condition ¥ ~ 1 — (Uyqe — 1) y to match precisely the tension of ¢N;y D3 branes.

Umaz (14U, 0

In particular, we can look at the source term that corresponds to attaching an appro-
priate stack of D3 branes in the flat directions at the endpoint of the probe branes and
balances this tension to allow for a consistent static embedding,

Lsourcktt) = —f 2(u)0(Umar — u) . (E.1.9)

After integration in the radial direction, this term gives precisely the same contribution to
the action as the term — fx’ that we added for the Legendre transform. An interesting
comment to add is that in this Minkowski embedding, the radial tension 7, vanishes at the
endpoint, and entirely generated by the 5-form flux acting on the brane.
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E.2 Derived quantities

. o . . . _ 6F
As some physical quantities of relevance, we will obtain the entropy S = — &% o the
total energy ' = F' + T'S, heat capacity ¢, = g—ﬂv = — ‘3275 L baryon number chemical

potential u = %—i and magnetization M =
TV

)

o5 |
BTV

The latter two quantities are straightforward, since we only need to keep in mind the
temperature scaling and normalization, such that

oF 1 oF 1
a Opo  2m*(nwT)2ey Op 27T2(7TT)2M o ( )
Moo 9E_ L oF & g (E.2.11)

98 = Tvop ~ eI

In principle, there would also be a contribution from the variation of the embedding W (u)
via a term %GPO, Y, however, it turns out that it does not contribute for the following

reason: Since we did a Legendre transform in (A}, p) and (', f), the variation 2 at
constant f, B and pg is on-shell, i.e. only a boundary term contributes:
o1 oL O0lyq
oV = = L) ow . E.2.12
50 Ka\pf ST ) Ldy_ (E.2.12)

In principle, this term depends on m and ¢, and keeping m fixed. ¢ will generically depend

on B and p, and hence 0¥ = 0; 3 ¢u?d(p, B). However, it turns out that in an expansion

. . oI ;-
around u = 0 and ignoring overall factors, ggﬁ + St~ S+ m?, such that any such term

will not contribute in the limit © — 0. For black hole embeddings, there is obviously
also the second boundary at the horizon, but this contribution vanishes since v — 0 and
U — 0asu — 0. In the case of Minkowski embeddings, there exists only one boundary (the
asymptotic one), as we learned above that the Legendre-transformed action is consistent at
the endpoint u,,., and corresponds to including this point in the integral. To demonstrate
that there is indeed no contribution from the region at ,,.,, we can use the expansion of
U near Uz,

Upmanw — U (Umae — w)*12, (3 + 130l ) 5
U= 1- maz maz) L Oy ). (B.2.13
umal‘(l + u4maa:) - 6(1 - lﬁmam)(l + u4maa:)2 ” (u U) ( )

This relates any change ez — Umaz + OUmaz. 1f we then were to exclude the point at
Umae and evaluate the integral only up to some u. = 4, — €, then the contribution from
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9L
o’ U=Ue

as we take e — 0.

any on-shell variation of the scalar ¥, — OV (u.) cancels the corresponding extra

OW (ue)
W’ (ue)

Computing the entropy requires a few more steps. In order to compute the temperature
derivative, we proceed by computing the integral in terms of the dimensionless
versions of the coordinates and fields. We then consider only the indirect temperature
dependence of the terms in the integral and an overall explicit temperature factor which
we find by dimensional analysis to be T%. Keeping py, B, M, and f fixed, the temperature

contribution to the integral, £{u.)

m

dependencies that we will need are given by g—; P 25, g—?‘ = 2% and g—’;! u =~
B q

The variation of the action with respect to j and B are straightforward and defined in

(E.2.10) and (E.2.11]), and the variation with respect to ¥ gives on-shell

) Ie 856 8Ibdy 22/3 c

(Njé\lf = a\Iﬂ(S\IJ + /Eq,(S‘IJ + BT o = _\/XTumin
where Ey is the equation of motion for W. Hence, in the limit u,,;,, — 0, we don’t have
to worry about the non-trivial temperature dependence of the condensate. Finally, we
have to worry about the temperature dependence of the boundary of the integral. The
boundary at the horizon is fixed in terms of the dimensionless coordinate at u = 1, so
there is no contribution from the horizon. For the asymptotic boundary, we can compute,
in dimensionless variables and ignoring overall factors:

ol

i
AN N u=Umin

S|, (E.2.14)

1 1 ~2 H2 2 2 m4
- *Ce + aummlbdy. = —=+c P +B +f +c—— +O(umzn)

6 2 4
(E.2.15)

Since we take the limit u,,;, — 0, any temperature dependence at maximum dimensionful

radius rmae 18 Ortmin = “% and hence, there is no contribution from this boundary either.

Putting all the non-vanishing contributions together, we arrive with

3F 2 (OF oF - ol
= — — —|—p+—B — E.2.1
S . T (8ﬁ + Yz ) + R or ( 6)
TS = —3F —2upy — 2M B + M,C . (E.2.17)

Finally, we can compute the total energy, £ = F + TS and the heat capacity
oF O*F

cy = —| = T —

Y Toar|, oT?

(E.2.18)

14

The second temperature derivative is again computed straightforwardly like the first deriva-
tive for the entropy. The most straightforward way is to take the temperature derivative
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of the entropy. Keeping in mind that the total temperature derivative of the implicitly
present equations of motion Fy vanishes, the remaining terms are:

, ) )
d F(aT 2p8ﬁ+§a~+d—qji> (aﬁ%a L 2B, ) d MiC 5 19)

d T2 T B dT 6w T ™ T dT T

~ 2
B 2p QB ) M, C 2p QB d\IJ d M,C

Here, we find that we cannot avoid computing the temperature dependence of the em-
bedding ¥ and the condensate. This can be done in closed form, without resorting to
numerical derivatives. To do so, we expand the temperature derivative of the equations of
motion for ¥ and the boundary conditions on the horizon or at the endpoint of the brane
to first order in temperature, obviously keeping the appropriate dimensionful quantities

fixed. This term then gives us an inhomogeneous linear second order equation for 4% dT, and
4w

a boundary condition fixing (dq’) - Ou (ﬁ) - both of which are not very illuminating and
we do not explicitly write them out here. Finally, we choose the boundary condition

dW
O, | — S_—% E.2.20
[dT]umm i ( )

at the asymptotic boundary to account for the temperature derivative of the dimension-
less mass parameter - giving the problem numerically slightly non-trivial mixed boundary
conditions. Alternatively, the heat capacity can also be written in a more systematic way,

B d po d M, d \°
= o o0 4 M E.2.21
¢ (aT YT aB T Tdp T T dMq) (E221)
2 M d d d F
= Xy P g, L T (4B 4y ~ M, C - 6=
T " ter PP T \MPaB T a0 T M, T

where we identified the magnetic susceptibility, density of states, and mean magnetic mo-
ment:

1 dU
_ M _ 2
XB = _B‘TVpO = W/(@ L.+ 05 Eq]dB) (E.2.22)
dW¥
L= dp = 2L, + 0;F E.2.23
‘ doolrv,B (272( 7rT (272(T)2e0)? / ( MG dp ( )
dW¥
_ w _
M= Glve =TT WT 450 ( Lo + 0; E\de> . (E.2.24)

159



The derivatives of the scalar, % and % can be computed in an equivalent fashion as the

derivative % described above.

E.2.1 Massless case

In the massless case, the free energy can be integrated straightforwardly analytically and
becomes

2 2 2\ 4
W3 \/1+(f +p —|—B>u

1
F = —4rxT, 7"3/ du +
>0 0 3uty/1 — ut ut
37 L ~ 5
= —VAT Neg (V1+ 7+ 72+ B2 (E.2.25)

+2 (— (f2 + 0+ B’Q>>3/4 F <sinh1 (— <f2 +77+ 32»1/4‘ - 1)) )

where the first term in the integral cancels the divergence of the second term at u — 0; we
substituted field theory quantities in the dimensionful factor in the second line and F(-|-)
is the incomplete elliptic integral of the first kind. For convenience, we give the asymptotic

expansion JF (sinh_1 (—X)/* | - 1) = ikK(2) — (=X)~* + O(X)~%/* and the expansion
at small values F (sinh_1 (X)) |- 1) = (=X)"*(1=%) + O(=X)"4, where K(.) is

the complete elliptic integral of the first kind and K(2) ~ 1.854¢™/4. These asymptotic
approximations are indicated in fig. [E.I] We also note again the effect of the electric-
magnetic duality, which relates quantities under the interchange of density and magnetic
field, such that in the following we only need to show e.g. either the chemical potential or
the magnetization.
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Figure E.1: The free energy density of the

“as a function of y/ f2 + p? + 0% (denoted for

05 L 15 2 £ simplicity as “f”.

Now, we can simply verify the relations (E.2.10) and (E.2.11)):

_ OF| 2 OF
Sl A (7T o (E.2.26)
F (sinh™ (= (f2 + p2/(xT)2 + B2/ (zT)2)"* | —1
N, (sinh™" (= (£ + g/ (=T)? + B2/ (xT) ) ) . /ZzuA;
(= (f2+ p3/(xT)? + B2/(xT)2))" 0
oF 4 OF
Zmaz = 8_FfT = WW (E.2.27)

1 F (sinh™ (= (2 + g8/ (0T) + B/ (T2 [ - 1) v
= — 5 7 = 7rT/ dux' .
nT (= (/2 + p3/(xT)? + B*/(xT)?)) 0

This is shown in fig. [E.2] and we note that the dominant dependence of y on py or

| Figure E.2: The chemical potential as a
fffj‘ function of p and /B2 + f2. Note that,
1 due to electromagnetic duality, this is the
| same as the magnetization as a function of
B and /32 + f2, upon an appropriate scal-
ing with a dimensionful constant.

M on B, with an apparent saturation behavior as the scaling power changes from 1 to
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1/2. The behavior on the subleading quantities is a small suppression, which goes slightly
against classical intuition Further more, we can straightforwardly give the contribution of
the defect to the entropy, which is

S = VAT®N, <\/1 Y2+ p2/(xD)? + B2/ (xT)?
F (sinh™ (= (72 + g2 /(=T) + B2/ (=T)) | 1)

(— (f2+ p2/(nT)% + B2/<7TT)2))1/4 , (E.2.28)

+ 212

which is indicated in fig. [E.3] Now, we can notice that for large values of f, this ex-

=
‘::f“:: l
|

- Figure E.3: The contribution of the defect

N = to the entropy as a function of 4/ p? + B2
4 and f.

pression turns negative. Since the thermodynamic quantities that we derive here are only
contributions to the overall quantities of the system “defect+background”, and the defect
is certainly strongly coupled to the background and hence always in thermal equilibrium,
this is not troublesome, as we can demonstrate:

First, we assume that the defect effectively extends roughly homogeneously over a
region up t0 Zpnee in the normal direction. This is suggested by (3.1.10)), (E.2.26) and at
large f also by the results from chapter [2 Then, we consider the entropy density over this
region,

% aerey, [ C U AT B TP U P T B TR,
Zma FF (sinh™ (= (2 + g3/ (= T2 + B2/ (= T))"* | = 1)

(E.2.29)

where we look in particular at the density of the negative term, —2xvAT3N, f. In our limit
of large N, and N, > f2 this term is precisely (minus) the contribution q‘s‘%STYCM. This
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can be interpreted simply in the way that the extra degrees of freedom due to changing
N. — N, + 0N, become fully available only after the brane falls into the horizon, and the
positive term in the entropy of the defect describes the extra degrees of freedom contributed
by the defect inside that region. Furthermore, there is no region in which the total entropy
of the combined system is negative.

At large densities or magnetic fields, the contribution to the entropy is just \/XNC’;—O or

VAN, 2meo B, respectively - indicating that the number of degrees of freedom is independent
of the temperature, and proportional to the number of quarks or magnetic states.

We can also straightforwardly compute the heat capacity:

= 2fATNC< ! 2(1+2f2— . )

VI+ 24 02/ (xT)? + B2/(xT) f2+p3/(nT)? + B2/ (xT)?

P (sl (72 + /(D)2 + BTy~ 1) (- -
(= (f2+ p3/(xT)2 + B2/ (xT)2)"* f2+ 03/ (xT)* + B?/(xT)>

which we show in figure[E.4 Again, we notice that the heat capacity is negative for large f,

fect to the specific heat as a function of
\/ 7>+ B2 and f.

but as in the case with the entropy, this does not signify an instability, as the contribution
is much smaller than the heat capacity of the background SYM in the appropriate region
around the defect, and the negative contribution to the heat capacity simply indicates that
the additional degrees of freedom only turn on gradually over some region ~ z,,,, away from

o - 1 2
the defect. At small f, the heat capacity is just ¢y = 2vATN, \/1+p2/(wT)4+B2/(7rT)4+(’)(f ).

This is somewhat counter-intuitive, as one normally expects an increasing heat capacity
with increasing density. However, since this system is strongly coupled, this is not too
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surprising, as po is obviously only the net baryon number density, but there is always a
plasma of quarks and gluons in thermal equilibrium, so there is always a finite total density.
As we increase the net quark density, beyond the normal equilibrium total quark density,
we are changing the equilibrium, and it may happen that the density of gluons decreases.

Finally, we can look at magnetic the susceptibility,

VAN T B?
B = E.2.
. 2 <<f2 ¥ RIGTVE + B (eT)%) /15 J2 1 (<1 + BT (231
oy (2 ) B ) F (sinh— (= (/24 p = /(=T + B2/ (xT)?)"* | - 1)
T PP P (= P+ /T + B )

This expression is always less than y B) VAN.m2T? - the susceptibility of the defect without

any of the parameters turned on as shown in fig. - and behaves asymptotically as
X}?)LJ;’C@), X?% or XS)%, respectively. Hence, the defect is diamag-
netic. Again, we can blame this on the strong coupling, which may increase the spin-spin
interactions. In the case of the equivalent density of states, this becomes more obvious,
since asymptotic freedom should have the effect of lowering the energy density of the plasma
as we increase the quark density.

| the defect as a function of Band \/p? + f2.
This is the same as the density of states as

a function of p and /B2 + f2.

|

;f‘
s J Figure E.5: The magnetic susceptibility of

|

E.2.2 Numerical results

Now, let us look at the phase diagram in fig. [E.6] Looking at the different kinds of
embeddings, we find that in the case of vanishing p and f, there are three phases: the stable
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phases of the blackhole embedding at small masses M, < Mﬁig) (or large temperatures),
denoted as “B” and of the Minkowski embedding at large masses M, > M, (flat) (M). In

principle, these connect via 2"¢ order phase transition to an unstable phase with MBI
M, > Mr(rf;lst) (C), but in practice, this phase is not realized and there will just be a first
order phase transition from B to M. At finite f or p, the mass diverges at u,;q, = 0 or
U, =1, so we find two additional phases, each one for the blackhole (B1) and Minkowski
(M1) embeddings. We interpret this B1 embedding as a phase with free quarks, but
also a high density of mesons. In many situations, the phase transition between those
phases will disappear, as we will see below. Using the condensate as an order parameter to
identify different phases, we demonstrate the various phases in figs. -[E-8 In order to
demonstrate the phase transitions, and the disappearance of the blackhole phase M and
the transition phase C in the presence of strong magnetic fields, we plot the results at fixed
temperature with varying M/(7xT'), rather than fixed mass and varying 7'/M. Obviously,
in a thermodynamic process M/(7T) = 0 cannot be attained. In fig. [E.6] we find that the
critical masses decreases approximately linearly with the increasing magnetic field, there
is a critical magnetic field, above which the blackhole phase B disappears. This indicates
that the magnetic field catalyzes meson formation. This behavior is similar to what was
observed in 3+1 dimensional systems in [I10]. Rigorously speaking, however, there exists
at all magnetic fields a continuation of the B phase at zero mass. Also, we find how the
phase C, that is suppressed at finite density or f re-appears at large magnetic fields. The
condensate is large in the blackhole phase B1 and in the Minkowski phases and grows
approximately proportional to the magnetic field — indicating chiral symmetry breaking.
As indicated above, these phases have a very similar behavior. The reader is reminded
however that at finite density, the Minkowski embedding is not physical within string
theory. It is interesting though that turning on f reverses the linear mass dependence of
the condensate when interpreted as the conjugate potential of the mass - meaning that
if we increase the mass or lower the temperature, the free energy will “saturate”. In the
blackhole phase B in which the mesons are dissociated and we have only free quarks, the
condensate vanishes and is independent of mass and magnetic field. This indicates to us
that the SU(Ny) is not broken.

In fig. [E.7, we see that a finite net baryon density increases the critical masses, sup-
presses the blackhole phase B and the connecting phase and separates the two Minkowski
phases. The phase M is left approximately unchanged by turning on the finite density,
sitting still at ¢ ~ 0 with unbroken chiral symmetry, but the condensate of the M1 and B1
phases is negative for M, # 0 and approximately proportional to the mass. Turning on a
finite magnetic field has the expected effect of lowering the critical masses, increasing phase
space volume of the phases C and B and shifting the overall condensate - breaking also
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The light gray (upper) surface is the bary-
onic, i.e. Minkowski, phase and the darker
(lower) surface the blackhole phase. The gray
line is the projection of the minimum mass of
the Minkowski phase Mr(,f;lgt). The black line
is the (local) minimum mass of the blackhole
phase and the dark gray line the local maxi-
mum Méﬁlg) , if it exists, or the slowest rate
of change of the mass w.r.t. them embedding,
i.e. approximately the fastest change conden-
sate. There is some numerical noise visible in
the plots that can be ignored, but we chose not

to suppress artificially.

Figure E.6: Value of the condensate as a function of the dimensionless mass, m and
magnetic field, B at fixed temperature. Top left: Vanishing density and magnetic field.
The light and dark gray lines identify the transition between B and C and M, respectively.
Top right: Density p = 0.5. The dark gray line is now the transition between B and C,
or B and B1 and the black line between C and B1. The light gray line is the transition
between M and M1. Bottom left: f = 0.25. More details are explained in the bottom

right.
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Figure E.7: Value of the condensate as a function of the dimensionless mass and density,
at fixed temperature. Left: B = 0, right B = 4.

the symmetry of the M phase. Interestingly, this persists even at relatively large densities.
To understand this behavior we recall that there is always a finite total baryon density,
and the polarizing an localizing effect of the magnetic field is not affected by changing the
ratio of quarks and anti-quarks. The parameter f, not surprisingly form the gravity point
of view, but surprisingly from the field theory point of view, has a very similar effect to
turning on a finite density as we show in fig. [E.§

In order to determine which phases are thermodynamically preferred, i.e. stable, we
can look at the entropy. Before studying the data, we should notice that there is a trade-off
between numerical accuracy and noisiness. This arises because a significant contribution to
the entropy comes from the UV regime, i.e. small values of u. On the other hand, however,
the solution for ¥ becomes unstable and noisy in this regime, so we usually choose a cutoff
of the order of 107°, which causes usually no significant errors in the result — except for
the case of the entropy. Even if we try to extrapolate at small u, the cancellation of the
boundary term in will not be accurate, so we need to push the minimum value for
u as far as possible and we will notice some noise. Eventually, the qualitative result will
not be affected in any event, and we can further check whether some apparent “effect” is
due to numerical errors or not.

We use quantities that are made dimensionless using the mass as we consider the system

at fixed mass. For example, we have T = % and B = Z;. We chose this combination,

w2
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Figure E.8: Condensate as a function of the dimensionless mass and f, at fixed tempera-
ture. Left: B =0, right B = 4.

because these are parameters that naturally arise in the computations. Notice however,

- . . = T 5 B B
that 7 contains a factor of VA, i.e. T = \/X%”TME, and B = = = )\W.

If we now look at the entropy in fig. [E.9 we see that in all cases, the blackhole
embedding is preferred. In the case of having only the magnetic field non-vanishing, we
actually notice the cusp-like behavior at the point where the blackhole and Minkowski
phases meet, as it was observed in [45]. In the plot on the top right, at f = 1/2, we there
is some numerical error which causes the entropy of the lower branch of the Minkowski
embedding not to go to zero at vanishing temperature. In the bottom-left, we “cut out”
the region of small temperatures and densities, as it was dominated by noise. We also
notice again in the bottom right, which shows the plot “from behind”, that f causes a
negative entropy contribution, as discussed in the context of fig. [E.3] Note that the hint of
the entropy of the phases crossing around T ~ 0.25 can be shown to be due to numerical
erTors.

Let us finally just take a quick look at the other first derivatives of the free energy. In
fig. we show the magnetization and we notice that the magnetization is higher in
the blackhole phase, where we expect more free quarks, and lower in the Minkowski phase
where we expect more mesons. In the case of small finite f (qualitatively the same happens
also for p) however, the difference is highly suppressed and both phases have essentially
the same magnetization.
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Figure E.9: The dimensionless entropy S = WLQN as a function of T = \/Xﬁ and
q-'¢ q

B = A2 for f =0=p (top left) and f = 1/2, p = 0 (top right) or as a function of T

8m2 M2

and p (bottom left) or f (bottom right).
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Figure E.10: The magnetization M as a function of the temperature-mass ratio 7' and the
magnetic field B at p =0 = f (left) and f = 0 (right).

Figure E.11: The chemical potential ji as a function of the temperature-mass ratio T and
the density p at B =0 = f (left) and as a function of B at p = 1/2 (right).
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In figure [E.I1] we look at the chemical potential. In contrast to the magnetization,
there is a a significant difference in the chemical potential, that persists in all cases, and
the chemical potential of the Minkowski phase is higher. Hence, inducing a difference in
the density of baryons and anti-baryons requires more energy in the Minkowski phase.
Intuitively, this would be the case if the Minkowski phase is dominated by mesons. It
might also be related to the fact that in string theory, there should be no finite net baryon
density in the Minkowski phase.
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