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Foreword

This thesis will deal with the practical use of the AdS/CFT correspondence to
shed some light on the properties of quantum matter. The first chapter will provide an
introduction to the wider context in which this thesis is placed. This chapter will also
introduce the key concepts required throughout the various later chapters. Chapters
2 to 6 consist of published papers I was an author on and are therefore rather self-
contained. Due to their nature as publications, these chapters will each re-introduce
the necessary notations and context although with a narrower focus.






Chapter

Introduction

1.1 Quantum critical points and strongly correlated
electrons

Within the last century, Condensed Matter Theory (CMT) has emerged as one of
the most successful areas of physics. The initial impetus behind it was the statistical
mechanics underpinning of thermodynamics which opened the door to understanding
the solid and liquid phases of matter made out of atoms and bound together through
the electromagnetic force. With the advent of quantum mechanics, modern solid state
physics was born, and the field grew to the more general study of quantum many-body
systems.

A key pillar of CMT is symmetries; within Landau’s framework, phases of matter
are categorized by their symmetries and described by a low energy effective functional
constrained by these symmetries. As an example, the effective quantum many-body
description of up-down spins can be done through the following free energy functional

S(T)w2 + @w“ +.

.7:[11/]:7 4 e

(1.1)
where v is a real scalar field modelling the average number of up (positive) and
down (negative) spins in some local area, also called the magnetization. A priori, the
coefficients s and u depend on the temperature T' and other physical parameters of the
system. The symmetry under which the action is invariant is Zsg inversion i.e.,
when all spins simultaneously flip their signs ¢ — —w. When this symmetry is broken,
either explicitly by interactions or spontaneously by the state, the physical system
undergoes a phase transition. In our Ising example, the former can be done by coupling
to an external magnetic field Fexpiicit[w] = Flyl+ hy, which explicitly breaks the Zy
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invariance. The case of spontaneous breaking can be understood as the deformation of
the energy functional when tuning temperature. When s(7") >0 and u(T) >0, F has a
single minimum at ¥ = 0 (the state is called a paramagnet) while when s(7") < 0 and

u(T) >0, two minima emerge at v = +,/~* # 0 (the state is then a ferromagnet) In

the last case, since y # 0, the Zs invariance is broken by the state while the functional
remains invariant under the symmetry.

This scenario of spontaneous symmetry breaking presents a continuous transition
where the system passes through a critical point at s(T = T.) = s, (s, = 0 for our
Ising example). The self-induced change is driven by thermal fluctuations. At the
critical point, the correlation length ¢ diverges and the correlation functions showcase
an emergent scale invariance — the system is then described by a conformal field
theory (CFT). If the system depends on other physical parameters (e.g., pressure,
chemical potential, etc.) collectively denoted by p, one can tune the transition at zero
temperature to a critical point located at s(p = p.,T =0). The system is now driven by
quantum fluctuations instead of thermal fluctuations and the critical point is called a
quantum critical point (QCP). It is this type of quantum phase transition (QPT) where
the corresponding CF'T exists at temperatures close to zero that will be of relevance to
this thesis.

Most systems one encounters in CMT are generally perturbative in nature; they
are usually related to a free system by a small deformation, an adiabatic deformation
(e.g., the Fermi liquid is adiabatically connected to the Fermi gas) or by some duality
(e.g., the bosonization of the Luttinger liquid). In these cases, the excitations of the sys-
tems are particle-like in nature and are called quasiparticles. For interacting systems,
these quasiparticles generally acquire a finite yet large enough lifetime such that the
quasiparticle manifests itself as a well-defined resonance peak in the spectrum of the
correlation functions. The dynamics of the system can then be understood in terms of
the collisions of these quasiparticles.

One of the most interesting properties of QCPs is that the excitations of the system
at that point are generically not quasiparticles. Consider the following Euclidean action
as a toy model [1]

SQCP(w)ZfdzxdT

@)+ (Vy)? + %wz + %1//4 , (1.2)

This action is a generalization of the Ising functional and will describe the Ising
QPT between the previously described ferromagnetic and paramagnetic phases. Away
from the QCP, both of these phases have quasiparticle excitations called magnons.
How do we describe the theory at criticality, where there are no quasiparticles? In
dimensions d > 3, one can still get away with a quasiparticle description (in a free field
representation) even though formally there are no such excitations. In 2+ 1 dimensions,

INote that the case of u(T) < 0 yields an unbounded energy functional as || — co and therefore signals an
unphysical instability.
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however, it is well-known that under Renormalization Group (RG) flow, the y* theory
admits not only the trivial Gaussian fixed point u = s = 0 but also the Wilson-Fisher
fixed point characterized by (s*,u*) — in that case this non-trivial fixed point will be
the location of the Ising QCP. At this QCP, the two-point correlator for ¥ will then
take the conformal form [1]

1

Gy/u/(a),k) ~ —(kz B w2)(2_n)/2

(1.3)

where 7 # 0 is some anomalous scaling exponent for . Would 1 = 0 have been true,
then the propagator would have poles at w = %, and we would recover a quasiparticle
description of the systemﬂ However, for generic values of 1), the propagator is not an
analytic function and exhibits branch cuts instead of well-defined poles — this is the
simplest example of ‘unparticle’ physics.

By definition, at the critical point, the correlation length ¢ diverges as & ~ |s —s.|™",
defining the critical exponent v. If we now add a small temperature, we still expect
the system to remember its critical origin and therefore the correlator should take the
scaling form

(1.4)

n-2 Eo&lw
wa(w,k)~T z F(m,m,?) .

In the previous equation, we have allowed for a dynamical critical exponent z
which accounts for a different scaling of time and space. Since the action is
manifestly Lorentz invariant, then z = 1. However, other theories can a priori show a
non-trivial emergent z > lrﬂ From the correlator (1.4), we can see that for temperatures
T > 7%, then the scaling ratio T'¢* remains large (and even grows with increasing
T) and thus the physics of the system is controlled by the fluctuations of the QCP
ground state. This is a special phase of the system called the quantum critical regime,
which, remembering the scaling of &, is then defined at low temperatures by the region
T > |s—s.|*". In Fig. we draw a schematic phase diagram for the system described
by where the quantum disordered phase is the paramagnet and the quantum
ordered phase is the ferromagnet (which eventually transitions back to a classical
paramagnet at high-enough temperature). A QCP without a quasiparticle description

2In this case, the poles have no imaginary part, so these quasiparticles do not decay.

3This is for instance the case for the Hertz-Millis model [2} 3] describing the coupling of a bosonic order
parameter ¥ passing through a QCP and coupled to fermionic excitations. After integrating out the
fermions, we are left with an effective action for the critical boson of the form

S:[dwddq (lzu—‘ +q2

|1//\2 +m2|1//|2 +...
1(q)

(1.5)

where we ignored irrelevant terms for simplicity. If the critical boson describes a ferromagnetic order
parameter, then y(q) ~ |g| and therefore the emergent dynamical critical exponent at this QCP is z = 3.
Note that while the Hertz-Millis model predicts generic mean-field exponents below the upper-critical
dimension d. = 1, there are subtleties in two- and three-dimensional systems which may invalidate this
simple Ginzburg-Landau description [4} |5, |6]l.
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T Quantum critical
Thermal regune
disordered
Quantum Quantum
ordered disordered
Se¢ s

Figure 1.1: Schematic phase diagram of a system in the presence of a quantum critical point. On
each side of the transition, there is a quantum ordered and disordered phase which can both be
described by quasiparticles. The quantum ordered phase admits a classical phase transition to a
thermal disordered phase. The shaded area indicates the area where fluctuations along the time
direction are frozen, and the behavior is purely classical. At finite temperature, there is a region
where the physics of the QCP remains dominant and the excitations of this region cannot be
described perturbatively as quasiparticles.

is possibly the best example of a ‘strongly interacting’ or ‘strongly coupled’ system, as
opposed to the perturbative systems mentioned at the beginning of this introduction
which are dominated by quasiparticlesE]

The explorations of this thesis are motivated by a variety of strongly coupled
systems. Among them stands the mysterious ‘strange’ metallic phase of the copper
oxides high-T, superconductors (or cuprates) discovered in the 1980s [|8]]. Such cuprates
are so-called Mott insulators. By tweaking their chemical composition, the number of
available charge carriers per ionic site (electron or holes) can be changed (this is called
electron or hole doping) and they can become conducting metals which superconduct
at low temperature, where the temperature of onset of the superconducting phase
changes with the doping parameter. The main characteristic of the cuprates is that for
some optimal value of doping p*, the transition temperature shows an anomalously
high maximum, orders of magnitude larger than that predicted by the conventional
Bardeen—Cooper—Schrieffer (BCS) theory (where T9?* = 35K, see Fig. . This, in
essence, shows that such cuprates do not reflect the physics of conventional Fermi

4Note that this widely used nomenclature is not entirely exact. Adiabatically deformed systems can be
strongly interacting and still have quasiparticle excitations. (see e.g., for the Fermi liquid [7]). In this
thesis we will follow this naming convention in spite of this technicality to match the rest of the literature.
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(a) Figure taken from [9]. (b) Figure taken from [[10].

Figure 1.2: @ Graph plotting the history of discovery of high-T'. superconductors. In green are
the conventional superconductors described by BCS theory while in red are the cuprates. (b)
Generic phase diagram of the cuprates parametrized by hole doping and temperature.

liquid quasiparticles.

The superconducting phase is not the only interesting part of these materials:
the phase diagram of cuprates shows a remarkable number of exotic phases, with a
pseudo-gap phase at low doping and a regular Fermi liquid phase at large doping. Yet
the phase where the non-quasiparticle nature is most manifest is the strange metal
phase at optimal doping, at temperatures above the superconducting transition. This
phase is characterized by a variety of properties, the most prominent of which is the
linear-in-T resistivity p — where a regular Fermi liquid metal would have p ~ T2 at low
temperatures. This linear-in-T' resistivity is valid not only at low temperatures but also
throughout a large range of temperatures where other interactions would usually take
dominance (e.g., the p ~ T electron-phonon contribution in regular metals is absent in
strange metals). Moreover, at large enough temperature, the resistivity of a metal whose
transport is mediated via quasiparticles should saturate at the Mott-Ioffe-Regel (MIR)
bound [10]]. Yet in strange metals, that bound is violated by the linear-in-T' resistivity
(Fig. see also [11, [12]) indicating again that the quasiparticle description of
electronic transport should break down in those systems.

While early efforts were focused on attributing this behavior to the underlying
high-T, physics in cuprates, it was demonstrated that such strange metals can be
found in more general strongly correlated electronic systems [[14} [15]]. It indicated that
more universal physics could be at the root. One clear candidate for non-quasiparticle
physics is the existence of a QCP, hidden by the superconducting dome, with the
strange metallic physics originating from the quantum critical regime [16, 10].

In strange metals, experiments have shown, however, that if quantum critical
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(a) Figure taken from . (b) Figure taken from .
Figure 1.3: In-plane resistivity of the hole-doped Lag_;Srp CuOy4 (LSCO) cuprates. (@): We see
the resistivity violates the MIR bound (located between 200K and 300K) at large temperature
indicating transport is not mediated via quasiparticles. The hole-doping parameter is p = 0.19.
@: Exponent n of the resistivity p ~ 7™ as a function of hole-doping. The red region indicates
the strange metallic phase where n = 1. The data within the superconducting dome is obtained
via extrapolation of finite magnetic field data.

physics is at the origin of this phenomenon, it is not simply a QCP, but the even more
exotic case of a quantum critical phase (QCPh), a continuous set of QCPs connected by
a line. This is supported by measurements of the effective exponent n for the in-plane
resistivity in cuprates p ~T" (in the presence of a high magnetic field such that
the superconducting phase is suppressed and thus the hidden part of the resistivity
can be extrapolated). This is represented in Fig. [1.3b| where we see indeed that the
strange metallic behavior does not seem to converge to a point but to a finite segment
at zero temperature. Another argument in support of a QCPh can be found in ARPES
measurements showing that the imaginary part of the electron-like non-quasiparticle
self-ener takes the form Z(w)— Z(0) ~ [T2 +w? &vith, crucially, @ a non-integer
value that varies continuously with hole doping p [17]]. The key difference between a
QCP and a QCPh is that in the latter case, some constraint must allow the emergent
critical boson to be gapless within a finite range of parameter space instead of at
a specific pointﬁ The coupling of this critical boson with a Fermi surface allows for
non-Fermi liquid behavior in the photoemitted electron self-energy. This persistent
gaplessness over a range of parameters is responsible for the continuous dependence
of critical exponents to the tuning parameter instead of a fixed value but remains a big
mystery from a theoretical point of view. A core objective of this thesis will be to show
that, surprisingly, quantum critical phases naturally arise in the so-called ‘holographic’

51n the language of our toy model, the self-energy is just the correction to the dispersion relation of the
quasiparticle pole due to interactions.
6We refer the reader to this excellent review for a more in-depth discussion of quantum critical phases .



1.2 The holographic AdS/CFT correspondence

description of quantum critical states [18] — which makes it a fertile ground to look for
theories in the same universality class as observed strongly coupled non-quasiparticle
and/or QCP-type physics, and will be the subject of our focus starting from now.

1.2 The holographic AdS/CFT correspondence

One of the breakthroughs in describing non-quasiparticle-like physics has been
the discovery of the AdS/CFT correspondence, also known as holographic duality. Many
books and reviews have been written on the topic already and more details can be
found within those texts [[19, /20, |1, |21]]. Given the sizeable length such an in-depth
introduction requires, it is not the goal of this section to exhaustively review the
topic, but rather to introduce the main arguments and ideas behind applied holography
through canonical examples whose details will also serve to highlight common notations
and techniques.

The first example of the AdS/CFT duality was brought forth by Juan Maldacena
in 1997 within the framework of string theory [22]. This result connects the physics
of a very special quantum field theory (QFT) at strong coupling — a CFT which has
no quasiparticles — with that of weakly-coupled gravitational physics. While a full
derivation of the string theory background required to understand this specific example
in details might be too intricate for the scope of this section, we will nonetheless attempt
to extract the essential argument behind this matching.

To that end, let us first consider an O(N) vector theory (see [23] for a more in-
depth review). We consider a field ¢; in a vector representation of the symmetry group
O(N). Its dynamics are described by an action invariant under these transformations.
Interaction terms inside the action must therefore be O(INV) scalars of the form ¢2 = ¢ - ¢,
¢- 0,0, etc. to lowest orders in ¢p. We can thus build the following Euclidean action

Szfddx

Why the quartic coupling has an extra N factor will become evident in the follow-
ing derivation. The theory at g = 0 is a simple Gaussian free theory with partition
function

1 2
5(0@2 - %(ﬁz + %@2)2] . (1.6)

N
Zy= l—[f,Dd)ie—%fddx[(6¢i)2+m(2)¢?] = ¢~ NSotm) (.7
i=1

where we defined the effective action So(m%) = —% Trlog (—02 + m%) of a single scalar
field component ¢;. Keeping g finite, we apply a Hubbard-Stratanovitch transformation
to this model such that we can rewrite the partition function Z = [D¢peSI¢! into
Z'=N [D¢pDae™S 19,01 where A is an overall normalization term which has no effect
on the correlations, with the new action

S’:fddx

2
%(64;)2 + %qﬂ - 502 +¢%0 (1.8)

2g
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The action S’ is again Gaussian in ¢, and therefore we can apply the computation
done previously at g = 0 with effective mass m?2 = m(2) + 20 such that, after integrating
out the vector ¢, the partition function is Zeg = N [Doe VSelo] with the effective
action

1
Sest[0] = So(ma +20) - %8 f d%xo? . (1.9)

Due to the normalization of the quartic coupling in the action (1.6), the path integral
now only depends parametrically on the number of vector components N through the
overall normalization of the action. In the large-N limit, the path integral will then be
dominated by the saddle-point o defined through the condition 5‘;"“ (0a.)=0. This
condition is equivalent to the implicit (or gap) equatlon Go(x,x;m?) = gfl where G is
2

the propagator of a free scalar field with mass m* = mO +20..

So far, we have shown that for this class of theories, taking a large-N limit can
be an effective tool to achieve some semi-classical description where a saddle-point
dominates the path integral. However, we see that the vector model is also entirely
dominated by the Gaussian fixed point for any finite coupling g. A similar yet richer
model can be considered by promoting the field ¢; from the vector representation to
the adjoint representation of O(N) — @;; is now a real symmetric matrix with w
components and the action will then be promoted to

S= fdd

In the new action (I.10), we only consider the relevant deformation Tr®3 (in d = 4) for
simplicity, but there is a priori also a Tr®* interaction — as there was in the vector
model (the cubic interactions are not present in the vector model due to the O(IV)
invariance condition). While in the vector model most loop diagrams get suppressed by
powers of 1/N such that the only leading order effect is to renormalize the scalar mass
(see Fig.[I.4), in the matrix model loop diagrams with increasingly high powers of the
coupling g remain at leading order in N (see Fig.[L.5). The matrix model can therefore
capture more non-trivial physics than the vector model [24]. It is then possible to take
the semi-classical limit N > 1 while keeping the strongly coupled physics of the system.
This interplay of limits is controlled by the so-called *t Hooft coupling A = gN such that
A « 1is akin to a weak coupling limit (similar to the vector model) while A > 1 is the
strong coupling limit.

8

2
~Tr(00)* + 2°Tr<1>2+—NTrq>3. (1.10)

We can now briefly explain Maldacena’s discovery. Within type-IIB string theory,
solitonic 3 + 1-dimensional defects (so-called D3-branes) have a zero-mode sector which
is essentially the supersymmetric extension of (I.10). There, the strings connecting
the branes are described by the matrix fields ®;; and the ’t Hooft coupling is given
by A ~ gsN with g, the string coupling constant. This is the low energy theory of a
supersymmetric ' = 4 SU(N) gauge theory which is a CFT. Maldacena observed that
studying the system described by the supersymmetric extension of at strong
coupling A > 1 and in the large-N limit N > 1 has a window 1<« A « N? within



1.2 The holographic AdS/CFT correspondence

(7
a a a

(a) The vertex brings a factor g/N while the  (b) The vertices bring a factor (g/N)2 while the
loop over the index b yields a factor V. The loop over the index b yield a factor N. The
overall order of this diagram is O(g). overall order of this diagram is O(g2/N ).

Figure 1.4: One-loop and two-loop 1PI diagram contributions to the vector model two-point
function with equal input/output indices. We see that at two-loop order, the irreducible diagram
is subleading in NV and thus the leading contribution at every loop order will be the components
of the geometric series associated with

perturbative string theory g, = Jiv <« 1 where the gravitational description is weakly
coupled, and the gauge description remains strongly coupled. In this limit, the branes
form an asymptotically hyperbolic geometry of 5-dimensional Anti-de Sitter (AdS)
spacetime times a 5-dimensional sphere. As string theory is a theory of quantum
gravity, the string coupling not only sets the coupling of the gauge theory g%M = ﬁ, it
also controls the dimensionless gravitational constant (z—fg’ = #, where L is the radius
of curvature of the AdS spacetime. In this double limit, L is much larger than the
Planck and string lengths i.e., the curvature of the spacetime is weak. Thus, we have a
weakly coupled semi-classical gravitational description of the system, which is strongly
coupled from the brane perspective. This is the essence of the holographic principle: the
duality maps strongly coupled CFT systems to weakly coupled gravitational systems.

Following on Maldacena’s seminal paper, a plethora of similar mappings were
found within string theory (see e.g., this review [25]) — this is called the ‘top-down’
approach. In order for the correspondence to be a practical tool, it is also necessary to
find a mathematical formulation of the correspondence. This was put forward through
the Gubser-Klebanov-Polyakov-Witten (GKPW) formula [26} 27] which relates the
generating functional of a d + 1-dimensional CFT to the gravitational partition function
in AdS in one dimension higher

fDOeiSQFT[(’)]+ifdd*lxhi(x)Oi(x) :f DpeiSerav 0] 1.11)
¢i(r=c0,x)=h;(x)

From this formula, we see that each operator O of the CFT is dual to the asymptotic
boundary value of some bulk field ¢ in a gravitational AdS spacetime with one extra
dimension (named the radial direction and denoted by r). An AdS spacetime is different
from flat spacetime where one usually requires fields vanish infinitely far away. Instead,
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(a) The vertices bring a factor (g/ VN )2 while (b) The vertices bring a factor (g/ VN )4 while

the loop over the index c yields a factor N. the loops over the indices ¢,d yield a factor
The overall order of this diagram is O(g?2). N2. The overall order of this diagram is
Ogh).

Figure 1.5: One-loop and two-loop irreducible diagram contributions to the matrix model two-
point function with equal input/output indices. We see that by dividing the loops, we can build
diagrams with arbitrarily large order in g but at leading order in N. This is how the matrix
model remains strongly coupled in the large-N limit.

AdS is topologically a cylinder whose boundary, while spatially infinitely far away, is
causally connected with any inertial observer inside the spacetime — signals travelling
at lightspeed can reach the boundary in finite time. This therefore means that we must
set meaningful boundary conditions on fields living inside AdS. Through the GKPW
formula, we see that these boundary conditions translate into sources for each operator
in the CFT. This is illustrated in Fig. The GKPW formula is most useful
in its saddle-point approximation. We have seen that the weakly coupled limit of the
gravitational description corresponds to the large-N limit of the gauge description.
Hence, on the CFT, the interesting saddle point is the large-N saddle-point of the path
integral — which at large ’t Hooft coupling remains a strongly coupled theory. On the
gravitational side in the weak coupling limit, we are interested in a bulk configuration
of fields which solves the Einstein field equations with boundary conditions set by the
sources h;(x). The variation of this gravitational action w.r.t. the boundary values of
the bulk fields will then yield the expectation values and various n-point correlators
of the CFT in the large-N limit. In this limit, we have seen before that diagrams can
get suppressed such that only a subset (which can be infinite in the strongly coupled
case) survives. This will mean that only the contribution of operators whose diagrams
survive at leading order will be accounted for and thus included in the gravitational
bulk description.

Importantly, the GKPW formula makes no reference to its string theoretic top-
down origin. This invites us to generalize it to a larger class of strongly coupled CFTs
and simply engineer ‘bottom-up’ models where we only consider a minimal set of fields
which are generally chosen by symmetries and phenomenological considerations and
which we expect to be dominant in the large-N limit. This is fully in the spirit of CMT
as we introduced in the first few pages of this introduction. It is this perspective we
take when attempting to model non-quasiparticle physics in a quantum critical regime
such as that of strange metals. One can study the strong coupling physics of scalar,

10
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Black hole
event horizon
Figure 1.6: Schematic description of the
AdS/CFT correspondence. We represent an
asymptotically hyperbolic spacetime with a
) black hole event horizon in the interior in
h(@){O()) anticipation of finite temperature holography
and with a bulk scalar field ¢ whose value
at the conformal boundary ¢(r = co,x) = h(x)

/ sources a scalar operator (O).

IR uv

fermionic, vector operators in such theories by simply looking at semi-classical scalar,
fermionic and vector fields in AdS. Throughout the various chapters of this thesis, we
will be making use of this bottom-up approach in order to distil some knowledge about
the low energy sector of strongly coupled CFTs.

Pushing the generalization further, one can deform any of these CFTs by a relevant
operator which translates into a deformation of the AdS spacetime due to some mat-
ter/energy content. Remarkably when doing so, one finds that such solutions often stay
within the weak gravity regime where the geometry from the boundary to the interior
can be interpreted as an RG flow to a new (but still strongly coupled) infrared (IR) fixed
point that can be computationally controlled. The working hypothesis of this thesis is
that the new IR of these deformed holographic theories is sufficiently universal such
that the theory can be used as an effective field theory for real-world systems with
similar low energy physics. By this we mean that we assume that the RG flow in real,
experimentally observed materials, starting at some microscopic ultraviolet (UV) fixed
point set by the material itself, ends at some unknown strongly coupled IR fixed point
characterized by some critical exponents (thermodynamical and dynamical). We then
attempt to find another flow from a different, controlled, theoretical holographic UV
fixed point which ends at a strongly coupled IR fixed point with the same exponents
and low energy properties. By RG universality of critical phenomena, it is reasonable
to conclude that those IR fixed points are the same low energy effective theories and
thus the two separate flows belong to the same universality class. If so, we can use the
theoretical model to explain experimental observations. This is illustrated in Fig.
where we draw a canonical example of universality — the Ising universality class
describing very different models such as spins or gas molecules on a lattice — as well
as the projected analogy for the strange metals.

1.3 Common holographic systems

In the previous sections, we have introduced the GKPW formula which relates
operators of a CFT with fields in a gravitational dual, and we have motivated what type

11
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Uuv

Strongly-correlated

Lattice spins electrons Holography

Liquid-gas

Unknown

Ising universality
class

IR

Figure 1.7: Left: Ising universality class describing the ferromagnet-paramagnet as well as the
liquid-gas transitions. Right: Projected RG flow from the lattice UV fixed point describing the
high-energy physics of strange metals (e.g., cuprates) to some unknown IR theory. A holographic
theory in the same universality class would flow to the same IR.

of CFTs should be studied with holography: CFTs deformed by a relevant operator that
flow to a new yet still computationally accessible RG fixed point. We are now interested
in detailing some common elements of bottom-up holographic models — these form a
‘dictionary’ of the duality (an excerpt of this dictionary can be found in Table[T.I).

The simplest AdS gravitational action one can write is the Einstein-Hilbert action
with a negative cosmological constant A

_dd+1)

TR (1.12)

1
Skn = 2—2fdd+2x,/_—g [R-2A], A=
K
where we have made explicit the relation between the cosmological constant and the
AdS curvature scale Lﬂ The equations of motion for this action are solved by the AdS
spacetime given by the metri(ﬂ

L2 ‘
ds? = guydatdx’ = = (d22 —de?+ dxidx‘) , (1.13)
V4

"In general, we rescale A toset L =1.

8The Poincaré patch described by this solution does not cover the full AdS spacetime. It is however very
convenient to describe QFTs in infinite volume since its conformal boundary is R1?. We will make
extensive use of this patch throughout the various chapters of this thesis

12
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Boundary QFT

Bulk semi-classical gravity

Global symmetry

Scalar operator O
Conformal dimension A of O
Source i of O

Expectation value (O)

Correlator (OO)(w, k)

Local symmetry

Bulk scalar field ¢

Mass of the field ¢

Value of the leading branch ¢_(z =0)
Value of sub-leading branch ¢.(z = 0)

Ratio giiiig; for a linearized perturba-

tion 5¢e—iwt+ikx

CFT vacuum state
Thermal state
Finite density state

AdS solution
Black hole solution
Charged solution with gauge field A;

Temperature
Entropy

Chemical potential
Charge density
Free energy

Hawking temperature
Bekenstein-Hawking entropy
Boundary value of A;

Boundary radial derivative of A;
On-shell regularized Euclidean action

Table 1.1: Excerpt of the holographic ‘dictionary’ prescriptions for bottom-up models.

where z = 1/r is the radial coordinate and the conformal boundary (also named the UV
boundary) is located at z = 0. The local isometry group of this spacetime is SO(d +1,2),
the conformal group in d + 1 dimensions, which means that perturbations around this
background will need to transform under representations of this group. Moreover, the
AdS representations smoothly connect to conformal representations as one approaches
the conformal boundary. Therefore, the CFT correlation functions we can compute out
of this solution using the GKPW formula transform covariantly under conformal
symmetries and the state on the CFT-side of the duality will be the vacuum of a
CFTg.1.

Let us give an explicit example how to compute such GKPW correlation functions
using a simple massive scalar field as a pedagogical model. In this example, we will
only focus on the dynamics of the scalar field and ignore the metric, but everything
we will show here is generally valid for all bulk fields, including the metric itself. The
action on our bulk AdS;, o is

1 2
Ssealar = _fM dd+2x\/ -8 §(V(P)2 + m?(PQ (1.14)

As we previously mentioned, we are interested in saddle-points of this action which
can be found by varying the action w.r.t. ¢

58 gealar = fM d%*2x,/~g5¢ (v2 - mz) - £ . A% /S ONZ0, ¢ . (1.15)

13
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In this computation, we have integrated by parts the bulk integral yielding the first
term, proportional to the equation of motion. A saddle-point solution will therefore
solve the Klein-Gordon equation of motion i.e., (V2 - mz) ¢(z) = 0 (from here on, we
assume that the scalar field only depends on the radial coordinate, which in pure AdS
is sufficient due to separation of variables). The second term is a remaining boundary
integral after integrating by parts. In this boundary term, y is the induced metric on
the boundary and N* is an outward-pointing unit vector defining the boundary hyper-
surfaceﬂ Near the UV boundary, the Laplacian operator in the radial direction takes
the form V2¢ ~ 2202¢ — d 20, ¢ such that the scalar field admits the follow expansion

d@) ~Pp_(2)29 1P+ ()22 + ..., (1.16)

where A is the larger solution of A(AA—d —1)=m? i.e.,

1 1 1
A:dL+§\/(d+1)2+m2>d%. (1.17)

2

The two independent branches ¢. then yield two degrees of freedom <p(f’ =¢+(2=0)
whereas the higher order terms in their expansions are constrained by the equations
of motion. Near the boundary, we will also be using that N* ~ —/g?% ~ —z such that
we can then compute the on-shell variation of the action (1.15)

58 sealar = }( dd+1y,d (5¢(_°’sz + 6¢>(+°)ZA) [dA(j)(_O)sz_l + A(,/)S?)ZA_I]
oM (1.18)

- dd+1x
oM

dad@5¢ 02770 + (2¢V6¢® + dag V50 + ..

Here we defined dp =d +1—A. Since A > %, then da — A < 0 and the first term
diverges as z — 0. To quell this divergence, we can add an extra boundary term to
which will not change the equations of motion and will only regularize the action
in the boundary — we will discuss this topic in further generality in chapter 4] The
extra boundary term{’| we consider is then

2
m
dey,scalar = fdd_'—lx\/ —Y70¢2 , 1.19)
whose variation leads to an extra contribution

6dey,scalar = m% f[‘)M (P(_O)ﬁ(l)(_o)sz_A + (P(J?)(s(/)(_o) + (/)(_())6(!)(79) +... (1.20)

91n the coordinate system (I.13), the normal vector to the boundary hypersurface N* can be chosen such
that only the component N? is non-zero.
10A priori we could consider other boundary terms which might simply not contribute at leading order
i.e., irrelevant deformations or, depending on the value of the mass m2, we can use a boundary term
which would reverse the roles of </>(_0) and (p(f) i.e., a Legendre transformation. Chapterhas an in-depth
discussion of this point.

14



1.3 Common holographic systems

By choosing m(2) = —d, the leading divergent term vanishes and we are left with a

finite contribution proportional to gb(f)égb(_o) plus terms that vanish as z — 0. The total
finite variation becomes

5Sscatar = (28— d ~ 1) 72

AP @ . (1.21)
M
This term can be written as 6S = § (0) 5k where we identify 5 = §¢'*) as the source
of the bulk scalar field following the GKPW descriptionF;r] Through the GKPW formula
(1.11) and in the saddle-point approximation, computing the variation of the action
Sscalar 18 the same as computing the expectation value of the associated QFT operator

% = —i%logZQFT =(0) . (1.22)
So we deduce here that the expectation value of the QFT scalar operator associated
with the bulk field ¢ is (O) = (2A —d — 1) ¢'?). This relation between the falloffs of the
bulk field and the boundary source and expectation value of the associated operator is
at the core of the AAS/CFT duality. Pushing this reasoning further, we can similarly
compute the n-point correlation functions of the QFT operator O. Taking the two-point
correlator as an example, we use that within linear response theory and in Fourier
space, <(’)(w,k)> =Goo(w,k)0h(w,k). So to obtain the two-point function, one must sim-
ply add to the saddle-point solution ¢ a plane wave perturbation 5¢(z)e  *t*% golve
the linearized equations of motion for this model with Dirichlet boundary conditions
and finally read off the Green’s function through the ratio

Goolw,k) = (20 -d —1) == . (1.23)

We can now build on the knowledge of how to compute correlation functions in
the conformal vacuum to deduce how to generalize this computation to other states.
As we have just seen, the choice of sources of operators on the QFT fixes the boundary
conditions on the bulk fields in the UV region. The boundary conditions deep in the
interior can still be chosen freely. This allows for multiple solutions which we will
consider as different states of the theory. An intuitive way to see this is to remember
that the radial coordinate encodes for the RG flow such that the IR of the theory
corresponds to the low energy sector of the dual QFT where state specific aspects
become important. For instance, the Anti-de Sitter-Schwarzschild (AdS-Schw) black
hole solution can be obtained by allowing for a more general metric ansatz and requiring
that g;; vanishes for some value z = z;, which defines the black hole event horizon.

111n the initial section of this chapter, we have mentioned that the correspondence maps the source to the
boundary value of the bulk field, whereas we now show that it is actually given by the coefficient of the
term scaling as 28+1-A 1n practice, one often works with rescaled fields @= zA_d‘lgb such that the
sourcing is done by imposing Dirichlet boundary conditions on ¢.
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This solution takes the following form

9 L? [ dz?
22\ f

d+1
ds — f(2)dt? +dx,~dxi) , fle)=1- (Zi) ) (1.24)
h

What states could this encode in the QF'T? Black holes naturally introduce a notion of
thermodynamics in the system with their Hawking temperature 7' [28] and Bekenstein-
Hawking entropy S [29], and it is thus reasonable to conclude that the dual state to
this AdS-Schw solution is a CFT thermal state. The thermodynamic quantities can
be read off from the geometry near the horizon; the temperature is given by the slope
of the emblackening factor f at the horizon T = # while the entropy density is

/1
given by the area density of the event horizon s = 47+/[]; g;i(23) (where the product is
defined on the d spatial coordinates). Many subsequent tests have verified that this
identification is correct [30].

Two different solutions to the same equations of motion will yield two different
holographic states, yet in general we are interested in the thermodynamically preferred
state of a system. In this case, we select the solution which minimizes the free energy of
the system. By definition, the free energy is related to the Euclidean partition function
through F = —TlongFT which, when using the GKPW formula and when the
collective bulk fields ¢ are taken on a saddle-point ¢y, can be related to the Euclidean
on-shell gravitational action

F =TS = ol . (1.25)

This notion of thermodynamics is fully compatible with the black hole thermodynamics
of the AdS-Schw solution such that the integrated first law of thermodynamics is
obeyed F' = E — TS (where E is the internal energy of the solution obtained by reading
the expectation value of the boundary quantity dual to the bulk metric ﬁeld)E]

To construct another state which we will use heavily, we need to introduce the
electromagnetic charge. These are associated with a local U(1) symmetry (this is
notably the case for the ordinary electric charge). In condensed matter applications
however, one can usually ignore the dynamics of the electromagnetic field and only think
of the symmetry as a global U(1) describing conserved particle flows. An important
feature of holography is that it maps global symmetries to local symmetries. The
argument behind this statement can be readily understood by considering some local
gauge symmetry in the bulk — the diffeomorphism invariance of general relativity

121n the expression (1.25), an extra regularization constraint was imposed on the Euclidean gravitational
action. The reason behind this is that bulk actions in holography are usually supplemented with two
kinds of boundary integrals — the first kind, which we previously discussed, is required to make the
variational problem on the boundary well-defined while the second kind consists of counterterms to
regularize UV divergences. These additions only have support on the boundary, and therefore they do not
affect the bulk equation of motions and their solutions. However, they play a vital role when varying the
action around a saddle-point as we will see shortly. These two types of contributions will be thoroughly
reviewed for a specific holographic model in chapter
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1.3 Common holographic systems

for instance. Variations of the total action — meaning (1.12) and additional boundary
terms — can formally be written agd'”|

58S = f dd+2x\/_(R,w g,w 5gW j(ddﬂx,/_T‘“’égW, (1.26)

where the bulk term is proportional to the equations of motion which vanishes on-shell
and vy is once again the induced metric determinant on the boundary. Applying the
same logic we previously used for the scalar field action, we can conclude that T, is the
boundary expectation value associated with the QFT source 6g*". Let us now consider
a diffeomorphism transformation on the metric variation 6g,y — 6guv + Vyuéy + Vi,
for some vector ¢. Requiring that §S is invariant under such gauge transformation is
equivalent to the condition

fdd“x\/—_yTWv”fv = —f VTV TH =0 (1.27)

To obtain this equality, we used that \/=gV,X, =0, (,/~gX), and we integrated by
parts. The condition (1.27) must be valid for every vector ¢ and thus is equivalent to
the conservation equation V,T#" = 0. A more detailed argument shows that 7%¥ can
also be set to zero and, notlng that the AdS metric is flat at the conformal boundary,
we therefore have on the boundary theory 8; 7% = 0 — thus indicating that T’ ;j is the
boundary stress- tensorFE]

This feature tells us that in order to introduce a conserved U(1) current in the
boundary, we must add a local U(1) gauge field A, in the bulk. The minimal extension
to the Einstein-Hilbert action with such a gauge field is the Einstein-Maxwell action

1
Sgm = SEH -~ @fderzx,/—ngF’“’ , Fu=0,A,-0,A,. (1.28)

The canonical black hole saddle-point for this action is the Reissner-Nordstrom (RN)
charged black hole solution which uses the same metric ansatz as (1.24) but with a
different emblackening factor as well as a non-trivial gauge field

2 2.3

, A:p(l—i)dt (ind =2). (1.29)
2y

This family of solutions is parametrized by (u,z5) where now p is the boundary value
of A; and therefore the source of the charge density operator J! = n on the boundary

13Here we see immediately why boundary terms must be supplemented to (T.12). In this specific example,
we consider Dirichlet boundary conditions on the metric, and therefore we must eliminate any leftover
variations proportional to ;0g v which naturally arise when varying the Ricci scalar. This can be done
using the Gibbons-Hawking-York term [31]. Counterterms are also needed to tame the divergences in the
volume element /=g ~ 27d+2) near the boundary.

14An important consequence of this statement is that the bulk stress-energy tensor in the gravitational
system, defined as the r.h.s. of the Einstein equations Ry — %(R -2M)guv = 1<2T,Wy is fundamentally
different from the boundary stress-energy tensor.
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theory — p can thus be identified as the chemical potential of the boundary theory. This
allows us to deduce that this solution encodes for a thermal finite density QFT whose
thermodynamics will now obey the first law of thermodynamics F = E —T'S — uN, where
the free energy F' can once again be obtained by the Euclidean on-shell regularized
gravitational action.

Such a solution, parametrized only by a temperature and a finite density, has
garnered a lot of interest over the years for condensed matter applications, as its near-
horizon geometry encoding for low energy physics shows a novel heretofore unknown
IR anchored on an emergent AdSs x R? geometry [32, [33]. This was immediately
recognized as the dual of a quantum critical sector in the spectrum of the theory, with
curiously an infinite dynamical critical exponent z = ooE]

More generalized types of scaling can be found from the infrared geometry of
more complicated black hole solutions [32, |34} |35, (36]. The most general family of such
solutions are saddle-points of the Einstein-Maxwell-Dilaton (EMD) action

(qb)

SEMD = f dd+2x\/_[—(R 2A) - F,WF”V——(agb)z V() (1.30)

where V and Z are arbitrary functions of ¢. These solutions will yield a near-horizon
geometry of the form
de? . dr? + du;dx’

2 20/d
ds“=r -
r2z 7‘2

(1.31)

where we have set L =1 and the horizon is now located at r — 0. The exact choice of
scalar potentials V,Z will determine the value of the exponents 8,z. We have already
encountered z, identified as the dynamical critical exponent of a quantum critical
theory, and 6 can be identified as the hyperscaling violation exponentE Since the
scalings control the IR geometry of the theory where the event horizon lies, they will
directly affect the low temperature thermodynamic scalings, with in particular the

entropy density obeying a scaling form s ~ 7%

As we mentioned previously, the near-horizon geometry of the RN solution is
AdSs x R?. We can deduce from Eq. that for the RN black hole, the two exponents
take the values (0,z) = (d,00). An immediate consequence of this scaling is that for
the RN solution, S(T' — 0) = Sy > 0. This finite ground state entropy signals that the
RN solution is a fine-tuned point in the large-N limit and will carry artifacts of such
limit. By the usual arguments, it should be unstable. Let us set aside that matter
for a second and focus on the intriguing property of an infinite dynamical critical

15The existence of such a state has later been verified for SYK-type models, confirming that this feature is
not a holographic artifact.

16While the dynamical critical exponent relates scaling properties of space and time, the hyperscaling
violation exponent sets an effective dimensionality deg = d — 6 for the system at low energies. A typical
example of such property can be found in theories with a Fermi surface which are effectively one-
dimensional and whose physics is set by a non-decoupling dimensionful energy scale: the Fermi energy.
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exponent z = co. Remembering the physics of QCPs of the previous section, an infinite
dynamical critical exponent means that the system remains in the quantum critical
regime throughout a large portion of parameter space (this is akin to having a flat
cone for the quantum critical regime). This suggests that the RN solution is closer to
describing a quantum critical phase rather than a quantum critical point. Moreover,
in that limit, lengths and spatial momenta do not scale away at low energies and
thus any momentum can contribute to low energy fluctuations. This seems to hint
that, in spite of its fine-tuning, the RN solution demonstrates relevant physics to that
of strange metals. Other solutions were later found which also displayed an infinite
critical dynamical exponent z = co while preserving the third law of thermodynamics.
This is made possible when the hyperscaling violation exponent also diverges while
keeping the ratio —¢ = 7 fixed. The near-horizon geometry is then conformal-to-AdSs

z
i.e., it is related to the near-horizon RN geometry by a conformal factor as [|37]

—d#? +dy? , d
2—2y +dx;dxt|, a=——z 1, (1.32)
y

ds? = y_nzTnd a
where we used the coordinate transformation 7 — y® and ¢ — af on (1.31) and used that
a—1~ -1 as z — oo. Such near-horizon geometries will then lead to entropy scalings
S ~ T which will vanish at low temperatures for 7 > 0. Among this family of solutions,
we will be interested in this thesis in the Gubser-Rocha (GR) model [38] which hasn =1
and therefore an entropy S ~ T, the same scaling behavior observed in a Fermi liquid
(which has (z,0) = (1,d — 1)). Note that in practice, while these more refined solutions
provide a less artificial starting point to study z — oo physics than the RN solution,
they are also generally more complicated. For that reason, it is still common to study
the RN solution as a simpler toy model and eventually consider a conformal-to-AdSs
model as a refinement — which is what we will do in chapter 2]

1.4 This thesis

In this introduction, we have presented a pedagogical review of the tools and
ideas behind the AdS/CFT correspondence with a strong emphasis on its application to
study strongly correlated quantum matter at novel QCPs and QCPh’s. In the following
chapters of this thesis, we will apply these methods to various holographic models built
in order to produce varied physics, showcasing the universal power of our holographic
methods for such cases, either in the direction of experimental strange metals or to
address more fundamental theoretical puzzles. These applications can be grouped in
three parts.

1.4.1 Chapters 2, [3, 4 — Metallic transport in an ionic lattice

We will follow this introduction with chapter [2| in which we will numerically
construct black hole solutions with modulated boundary charge densities in order to
simulate the effect of a lattice made of background ions on the holographic QCPh of
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the RN and GR models. Chapter [2| will further feature a detailed introduction of the
wider condensed matter context and will situate our findings within that context. Our
numerical data will allow us to measure electrical and thermal conductivities, thus
probing flows of charge and thermal carriers in such a modulated potential, both at
small i.e., perturbative, and at large lattice potential strength. These observables can
be directly compared with laboratory experiments and are thus of great interest.

The holographic data in the perturbative regime at small wavelength and fre-
quencies will then be thoroughly compared with the theoretical predictions of a purely
hydrodynamic flow of electric charges with perturbatively small spatial modulation
of their chemical potential. The general framework of the underlying hydrodynamic
theory will be developed in chapter [3| where we present a novel, standalone hydrody-
namic calculation. The benefit of such theories comes from the wide range of systems
they can describe. However, as effective theories, they lack predictive power without
microscopic model-specific input. We will thus further see in chapter [3|that holography
doubles as a great set of microscopic models to probe interesting hydrodynamic behav-
ior. Why hydrodynamics gives additional theoretical leverage to describe QCPh’s will
be explained.

The question of the quantization procedure on the QFT side of the duality for the
GR solution (with or without a lattice modulation) is a subtle but important detail of the
GKPW formula that we have so far not addressed and can often be ignored. However,
for the GR model which we considered for experimental reasons, one cannot ignore
this subtlety. In particular, one must carefully understand the role of the scalar field in
the action under the flow of the Renormalization Group in order to interpret the
boundary theory, as well as to understand its influence on the choice of sources imposed
as boundary conditions when computing correlation functions. In chapter[4] we will
derive the various interpretations of the boundary theory and a posteriori justify the
choices of boundary conditions made in chapter[2]

1.4.2 Chapter [5|— Regulated Quantum Electron Star

An interesting feature of black holes in AdS is that they can be ‘hairy’ i.e., they
can be labelled by more than just their mass, charge and angular momentum. This was
rather unexpected and counter to much of the conventional flat space gravitational
wisdom at the time but proved to be an essential feature of the AdS/CFT correspondence.
It was shown that scalars readily condensate around a black hole. This is the dual to
some scalar order parameter condensating in the boundary QFT and indicating a phase
transition to some broken symmetry phase. When the scalar is charged under the
U(1) local gauge symmetry, the condensed state is similar to a superconducting state{T_'TI
around a quantum critical metal; in other words, the holographic superconductor [39,
40, [41].

17Formally it is only a superfluid as the broken U(1) symmetry is a global symmetry of the boundary.
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Fermions proved more difficult. Due to the Pauli principle, they do not condensate
and thus initially, all that was observed was an instability of the black hole solution
under light fermionic perturbations. By considering the density of fermions to be high
enough, it was possible to treat them as an effective charged fluid — similar to a neutron
star but with charge — leading to an AdS electron star solution [42]. While it was
hoped that this solution would shed some light on the physics of strongly interacting
fermionic systems, it also displayed some artifacts of the holographic origin of this
theory, therefore failing the hypothesis of universal emergent low energy features.
In more detail, the electron star showed an infinite amount of Fermi surfaces in its
spectrum, a remnant of the large-N limit saddle-point approximation. Further attempts
were then made to study this question in more sophisticated ways in order to shield the
IR from purely holographic effects [43 44}, |45, |46] until eventually the assumption of
large density was found to be the cause of these spurious Fermi surfaces. New attempts
were made [[47, |48, |49, |50]] at reaching the other end of the spectrum, characterized
by a small density of fermions where quantum corrections might be required. These
new models were free of the holographic effects but lost the semiclassical gravitational
stability of the electron star. In chapter [5]of this thesis, we will provide a new model
attempting to bridge these two concepts — a model of a quantum electron star which
is both gravitationally and thermodynamically stable while only displaying a single
Fermi surface — at the price of introducing some external regulator in the form of a
non-dynamical scalar field.

1.4.3 Chapter[6|— Nielsen complexity of conformal field theories

The last chapter of this thesis will look at strongly coupled systems from a different
point of view. A crucial observation is that there seems to be a deep connection between
the notions of strong coupling in QFTs and long-range entanglement, see e.g., [51]]. The
main idea behind this statement is that when interactions are weak, it is expected that
each part of the system only overlaps with its neighbors and the resulting entanglement
pattern should be short-range. However, with strong interactions, a small part of
the system can reach further away from its local support which leads to long-range
densely entangled states. The QCPs we have been discussing are themselves examples
of such states; since they are described by CFTs, the entanglement structure of a
given subregion will diverge logarithmically in the length of the subregion [52]. This
observation was the impetus behind the search for a holographic quantity encoding this
property of strongly interacting systems. The first result of this kind was the discovery
by Ryu and Takayanagi of a geometric quantity matching the entanglement entropy of
a CFT subregion [53]. This result was inspired by the Bekenstein-Hawking entropy
formula, yet instead of equating the entanglement entropy to the area of the event
horizon of a black hole, it is given by the area of an extremal surface anchored at the
UV boundary on the subregion.

However, the interior region of a black hole is never probed by such extremal
surfaces and therefore a priori not accounted by this subsystem entanglement entropy.
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1 Introduction

It was then an affirmation that entanglement entropy (and the various analogous
proposals for mixed states of bipartite systems) is not enough to account for the entire
entanglement structure of a system [54, 55].

Recent efforts have been made to bridge that gap from the boundary side by
finding another quantity which would probe deeper into the entanglement pattern of
QFTs. One such attempt is called ‘Nielsen complexity’ [[56, |57, 58|l. This was inspired
by the field of quantum computing wherein the complexity of a given unitary operation
is measured by the minimal number of elementary operations required to build it.
In quantum systems and more generally QFTs, Nielsen proposed that this discrete
measure should generalize to a distance in the space of unitaries. While there is no
doubt that such a quantity can be a useful measure, many ambiguities in its definition
remain (such as the choice of gate set and cost functions). In chapter [6] we study one
such possible measure on CFTs in various dimensions, and, through the holographic
duality, directly and unambiguously connect it to the dynamics of massive semiclassical
particles in AdS.
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Chapter

Holographic lattices as local
quantum critical metals

Attribution

This chapter was published as a journal article under the title “T'-linear resistivity,
optical conductivity, and Planckian transport for a holographic local quantum critical
metal in a periodic potential” in the journal Physical Review B (PRB), volume 108, issue
12 (2023), together with Floris Balm, Sam Arend, Joost Aretz, Kevin Grosvenor, Mar-
tijn Janse, Ole Moors, Jonah Post, Vladimir Ohanesjan, David Rodriguez-Fernandez,
Koenraad Schalm and Jan Zaanen.

2.1 The Planckian dissipation mystery versus
computational holography

Are there states of matter that are governed by physical principles of a different
kind from those identified in the 20th century? This question arose in the study
of strongly interacting electron systems realized in condensed matter, starting with
the discovery of superconductivity at a high temperature in copper oxides. Their
metallic states exhibit properties that appear to be impossible to explain with the
established paradigm explaining normal metals — the Fermi-liquid theory — and these
were accordingly called “strange metals” [10, [12].

An iconic signature is the linear-in-temperature electrical resistivity [[15], an
exceedingly simple behavior that is at odds with transport due to the quasiparticle
physics of normal metals. A linear temperature dependence of the resistivity does occur



2 Holographic lattices as local quantum critical metals

naturally in conventional metals due to scattering of the quasiparticles against thermal
disorder of the lattice above the Debye temperature. The problem in the cuprates and
related systems is that the resistivity is linear all the way from the lowest to the
highest temperatures where it has been measured. One anticipates some powerful
principle of a new kind to be at work protecting this unreasonable simplicity.

The measured optical conductivities reveal at lower temperatures a Drude re-
sponse [59,|60, |61} |62]], signaling that the electrical conduction is controlled by a current
relaxation time. Intriguingly, this time is very close to the “Planckian dissipation”
timescale 15 = li/(kgT). Planck’s constant 7 plays a special role in dimensional analysis,
as for instance the Planck scale of quantum gravity. Since 7 carries the dimension of
action, 7 is a timescale associated with the thermal physics property of dissipation,
the conversion of work into heat [63],|64]]. The case was made based on DC data that
this Planckian time is remarkably universal also involving a variety of non-cuprate
unconventional metals exhibiting the linear resistivity [65, 66} [1].

However, upon raising temperature further, in the “bad metal” regime above the
Mott-Ioffe-Regel bound optical conductivity studies show that the dynamical response
changes drastically. Instead of a Drude response, a mid-infrared resonance develops
with a characteristic energy that appears to increase with temperature, leaving a
rather incoherent response at low energy [[67]. Remarkably, there is no sign of this
radical reconfiguration of the dynamical response in the DC resistivity that continues
to be a perfectly straight line, seemingly controlled by 7.

The occurrence of this universality of electrical conduction poses quite a problem of
principle. On the one hand, considerable progress has been made in the understanding
of dissipative phenomena in terms of quantum thermalization, explaining it in terms of
unitary time evolution and the collapse of the wave function (e.g. [68]]). An early result is
the identification of 75 as the characteristic universal dimension for the dissipation time
of non-conserved quantities associated with densely many-body entangled quantum
critical states [69] realized at strongly interacting bosonic quantum phase transitions
(70l [71]1.

This was very recently further clarified using both holographic duality (AdS/CFT
correspondence) as well as studies in the closely related SYK models that connect
macroscopic transport in such strange metals to microscopic quantum chaos. The
central issue is that thermalization leading to local equilibrium may proceed very
rapidly in densely entangled systems compared to quasiparticle systems. Using out-
of-time-order correlators (OTOC’s) one can identify a quantum Lyapunov time 7,
characterizing the microscopic time associated with the onset of quantum chaos that
turns out to be bounded from below by 7. In strongly correlated strange metals this
microscopic timescale together with the chaos propagation “butterfly” velocity vg can
set the natural scale for the charge/heat and momentum diffusivities controlling the
dissipative properties of the macroscopic finite temperature hydrodynamical fluid [72,
73, [74].
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2.1 The Planckian dissipation mystery versus computational holography

However, in ordinary metals electrical conduction is controlled by total momentum
conservation, as a ramification of translational invariance: any finite density system in
the Galilean continuum Aas to be a perfect conductor. A finite resistivity is therefore
rooted in the breaking of translation invariance. But how can this ever give rise to a
universal resistivity controlled by 75? This is the core of the mystery — all explanations
we are aware off rely on accidental, fine-tuning circumstances, e.g. [[75} (1, |76].

Holographic duality is now widely appreciated as a mathematical machinery that
has a remarkable capacity to shed light on general principles associated with densely
entangled matter [[77, 19, |1, |69], the “scrambling” that we just discussed being a case
in point. It achieves this by dualizing the densely entangled quantum physics into a
gravitational problem in one higher dimension that is computable with (semi-)classical
General Relativity. However, this is only a relatively easy mathematical affair for a
homogeneous translationally invariant space. When one breaks the spatial translation
symmetry the Einstein equations become a system of highly non-linear partial differ-
ential equations. If one wishes to have a full view on what holography has to say about
transport in the laboratory systems one has to confront this challenge. Invariably a
very strong effective potential due to the background of ions is present in the laboratory
strange metals, and it is even believed to be a necessary condition to obtain strongly
correlated electron behavior [[78, (79, |80]. But what has holography to tell about the
effects of strong lattice potentials on strange metal transport?

This can only be accomplished numerically. Although relatively efficient numerical
relativity algorithms are available, the computations are demanding. Proof of principle
was delivered that it can be done [81} 82} 83,84, |85 and we set out to explore this more
systematically. We focused specifically on the so-called Gubser-Rocha (GR) holographic
strange metal [[38]. This is unique in the regard that it is characterized by “local
quantum criticality" (a dynamical critical exponent z — co) as well as a Sommerfeld
entropy s ~ T in the regime T < u, generic properties that appear to be realized
by the cuprate strange metals [[69]]. In such strongly coupled systems this then also
predicts a linear-in-T resistivity [86]]. For comparison we also include results for the
elementary Reissner-Nordstrom holographic strange metal. This also exhibits local
quantum criticality, but it has a (pathological) finite zero temperature entropy.

2.1.1 Main observations and summary of the results.
We consider a 2+ 1-dimensional strongly interacting strange metal holographically

dual to the Gubser-Rocha model in the presence of a harmonic square ionic lattice
background encoded in the chemical potential

A A
u(x,y):,a[1+Ecos(Gx)+§cos(Gy)] . (2.1)

We numerically compute the full set of DC thermo-electrical transport coefficients —
electrical conductivity o, thermal conductivity x, the thermo-electrical coefficient a —
up to very large potentials (A = 8) and temperatures as low as 7' = 0.005u. For stronger
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Figure 2.1: The thermo-electrical DC transport coefficients as functions of temperature 7" in units
of the chemical potential u for the Gubser-Rocha (GR, left column) and Reissner-Nordstrém (RN,
right column) metals in a 2D square lattice harmonic background potential with wave vector
G =0.1v/2 and a strength 0 < A < 8. 0, a and & are the electrical conductivity, thermo-electrical
cross conductivity and the overall thermal conductivity respectively. The electrical conductivity
of the GR metal (top-left panel) shows for all potentials a nearly linear in temperature resistivity
(p = 1/o ~ T') with a slope that shows saturating behavior for large potentials.

potentials we sometimes resort to uni-directional 1D potentials to maintain numerical
control. In addition, we also compute the optical conductivities. Because of numerical
difficulties we encountered this is limited to intermediate potential strength (A < 1-2)
and 1D lattices.

From this computational experiment we make three remarkable observations:

1. The DC electrical resistivity of the Gubser-Rocha metal becomes to good approxi-
mation linear in temperature at low temperatures, see the upper left panel in
Fig. 23] Strikingly, we find the slope of this linear resistivity to saturate for an
increasing potential strength after correcting for a spectral weight shift. This
suggests a connection with the universal Planckian dissipation bound: using
the optical conductivity to deconvolve this in a total spectral weight and a cur-
rent lifetime, the saturation value for the latter is close to Tggr = %h/(k BT) (see

Fig.[2.13).
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Figure 2.2: The electrical conductivity at zero heat current og-¢ shows that as the lattice
strength is increased the non-convective current anchored in charge diffusion becomes the domi-
nating conduction channel. At the largest lattice strength where A = 8, the ratio of non-convective
to convective transport 0g-o/o reaches up to 80%, signalling that momentum conservation is
nearly completely destroyed. By definition, the fraction og_o/0 is equal to the ratio x/x. The
open boundary thermal conductivity x anchored in thermal diffusion is rather independent of the
lattice strength, barely changing after a moderate value of A =1 has been reached. Parameters
are the same as in Fig. @
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The electrical conductivity of the Reissner-Nordstrom (RN) metal also saturates
for large potential strength at a roughly temperature independent value, although
less perfect. The gross differences in temperature dependencies of the GR and
RN metals between the electrical conductivity appear to reflect the different
temperature dependencies of the entropies. We will discuss below why this is not
so. Despite first appearances, the thermo-electric (a) and heat (k) conductivities
do not saturate at larger lattice potentials, but vanish as 1/A (see Fig. [2.12).

2. We can separate out the convective overall transport from more microscopic dif-

fusive transport by considering the heat conductivity with zero electrical current
x =& — Ta?/o, also known as the open boundary heat conductivity. Similarly, one
can define an electrical conductivity without heat transport og-¢ =0 - Ta?/k
that is a (non-perfect) proxy for transport anchored in charge diffusion — it is pro-
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Figure 2.3: The DC resistivities for the small- (A = 0.15, left panel) and intermediate (A =
1.1, right panel) lattice potential of the Gubser-Rocha metal are in both cases (nearly) linear
in temperature. However, in both cases the optical conductivity (insets) undergoes radical
changes when temperature increases. At the lowest temperatures in the small potential case
(left panel) this consists of a simple Drude peak that gradually turns into an incoherent “flat
top” low frequency response terminating at a developing “mid-IR peak". The characteristic
temperature where this happens decreases for increasing potential strength. In the right panel,
a full fledged mid-IR peak has already developed at a low temperature 7'~ 0.015u (left inset),

while

it is accompanied by a high energy peak at w = ¢sG = \/LQG that is identified to be the

“Umklapped sound peak". Upon further raising temperature, the mid-IR peak moves up in energy
to eventually merge with the sound peak (right inset).

portional to charge diffusion, but its thermodynamic scaling is also determined
by cross-terms with the convective part. These are shown in Fig. The gg-o
is also (nearly) inversely proportional to temperature up to the largest poten-
tials, similar to the overall 0. Most importantly, however, we see that for large
potentials this diffusion-anchored contribution to the conductivity dominates the
transport (middle panels): up to ~ 80% of the electrical currents is anchored in
the diffusive sector. Similarly, the diffusion-anchored open boundary thermal
conductivity (x, lowest panels) accounts for almost the full heat conductivity
« of Fig. in the large potential regime. This signals that for the strongest
potentials the system approaches closely the incoherent metal regime addressed
by Hartnoll [64]] where there is no longer a sense of momentum conservation; It
is governed instead by a “hydrodynamics" that only relies on energy- and charge
conservation. A key observation is that this is the regime which displays the
“Planckian saturation" of the electrical resistivity highlighted above in Fig. In
other words, this is the regime that should contain the clue behind the saturation
phenomenon.

. Computing the optical conductivities, we find for small lattice potential at the

lowest temperature a perfect Drude peak (left panel Fig.[2.3). Strikingly, upon
raising temperature this evolves into a mid-IR peak, reminiscent of what is seen
in experiment. Although the dynamical response shows such drastic changes,
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2.1 The Planckian dissipation mystery versus computational holography

these do not imprint at all on the linearity in temperature of the DC resistivity
remarkably. This finding is repeated in the intermediate potential case. There,
the electrical DC resistivity can even stay linear-in-T through a second change in
relaxational dynamics from the mid-IR-peak regime to a fully incoherent metal.
Just within reach of our numerics, the spectrum at the lowest temperature
(left inset) now already displays the mid-IR peak, and we have good reasons to
expect that at even lower temperatures, outside of our numerical reach, a Drude
response should still be present. There is also a second peak at higher frequencies
that can be identified with the “Umklapp copy" of the sound mode at an energy
w = csG where c; is the speed of sound and G the lattice wavevector (Section
[2.5). Upon raising temperature the mid-IR peak moves to higher frequency to
eventually merge with the “Umklapped sound" peak, transitioning to a fully bad
incoherent metal regime (right inset), while the DC resistivity stays essentially
linear-in-T throughout.

These observations are reminiscent of the experimental observation that the
linear-in-T DC resistivity appears to be completely insensitive to the change
from “good metal” to “bad metal” behavior when temperature increases. This
transition can be defined using the absolute value of the resistivity crossing
the Mott-Ioffe-Regel limit but perhaps a better way is to identify it through the
dynamical response, associating the good metal regime with a Drude response
while the bad metal has the incoherent “mid-IR peak" type of behavior as in our
computations.

To dissect these numerical results is an intensive exercise. We therefore provide
an executive summary of the paper here. The reader interested in the details may
proceed directly to Section and skip the remainder of this Introduction.

The local quantum critical strange metals of holography and
hydrodynamical transport

Transport in holographic strange metals is governed by hydrodynamics (Section
[2.2). Holographic strange metals originate in the quantum critical state of a non-
trivial IR fixed point and the GR metal is singled out as the one with the right scaling
properties to reproduce both the local quantum criticality and Sommerfeld entropy of
the cuprate strange metals. The non-trivial fixed point is of a special kind in that it
still has an intrinsic correlation length ¢ ~ 1/u ([33] and Appendix[2.B). Hydrodynamics
has long been utilized to describe transport in such densely entangled critical states,
and holography is no different; though it is still an important open question whether
transport in cuprate strange metals is hydrodynamical. In the Galilean continuum
hydrodynamics is governed by (near) momentum conservation captured by the Navier-
Stokes equations describing convective currents, also called “coherent” in the condensed
matter- and holographic communities. However, there are also transport channels that
are controlled by only diffusive (or “incoherent") transport. The overall electrical (o)
thermo-electric (@) and thermal (k) transport coefficients are set by the sum of both
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2 Holographic lattices as local quantum critical metals

convective and diffusive transport channels. The open boundary thermal conductivity
x =& — Ta?/o and the charge-without-heat transport 0Q=0=0— Ta?/x can be used to
disentangle these. These zero out the dominant convective contribution. If Planckian
dissipation occurs, the natural channel is this diffusive channel which can reflect
universal microscopic dynamics. The convective channel is controlled by the way
translational symmetry is broken and therefore unlikely to be universal. However, the
convective channel dominates when translational symmetry is only broken weakly, and
Planckian dissipation is therefore most natural in systems with strong translational
symmetry breaking.

Convective hydrodynamics in the presence of a weak lattice potential

The presence of a lattice potential plays an important role in cuprate strange
metals and this is the obvious way translational symmetry is broken. Placing the
holographic strange metals in a background lattice with a perturbatively small poten-
tial strength the nature of the linear response of hydrodynamical transport is in fact
familiar (Section [2.3). Hydrodynamic fluctuations must be decomposed in Bloch modes
that Umklapp at Brillouin zone boundaries. This holds for purely diffusive as well as
propagating modes. Well known is that the translational symmetry breaking by the
lattice makes momentum relax due to shear drag with a lifetime I'gpeqr = 1G2/(€ + P)
(¢ and P being the energy density and pressure and 7 the shear viscosity). However,
a careful analysis reveals that the Umklapp potential gives rise to a mode coupling
between this relaxational mode and the Umklapped charge diffusion mode charac-
terized by a relaxation rate I'charge = D.G?, where D, is the charge diffusivity. For
weak lattices A <« 1 the result of this generic mode coupling problem is an optical
conductivity of the form (cf. Eq. & Eq. 2.31)),

o(w)~ - Q- za') (2.2)
T-iw)(Q-iw)+ w(z)

where w is related to the strength of the mode coupling and I" and Q are combinations
of I'shear and I'charge. Taking the DC limit gives an overall current relaxation rate
I'pc=T+ w%/Q controlled by two separate dissipative channels.

The above hydrodynamic analysis is only valid for lattice sizes ¢ = G~! greater
than the earlier emphasized retained correlation length ¢ = 1/u of the IR fixed point or
equivalently G < p (Section [2.4). This length ¢ = 1/u where hydrodynamics provides
the better perspective on transport than the quantum critical power law response
set by the near horizon geometry as elucidated by Hartnoll and Hofman [87]. In a
lattice background this reflects itself in a strong change in the transport properties
when the lattice momentum G crosses this scale. The results in the above are all
associated with the hydrodynamical regime (G <« p); for large lattice momenta (G 2 u)
the additional Umklapp contribution to the dissipation of the currents is strongly

suppressed (Fig. [2.11).
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2.1 The Planckian dissipation mystery versus computational holography

This Umklapp hydrodynamics can explain our observations at weak lattice po-
tential (Section [2.5). When I’ — Q| > 2w¢ the AC conductivity displays a single peak,
explaining the low temperature Drude-like result of Fig. Only for the lowest tem-
peratures is this a pure Drude peak controlled by a single pole, however. In detail
it originates in two diffusive poles, the Drude %2 = 0 sound pole and the Umklapped
charge diffusion pole; for each we fully understand their temperature dynamics from
the underlying hydrodynamic computation and the thermodynamical properties of the
holographic strange metal.

At higher temperatures (and/or at stronger lattices) generically |T' — Q| < 2w and
a real, propagating part develops in modes controlling the AC conductivity. This pole
collision explains the emergence of the mid-IR-peak in the dynamical response — the
numerical results are perfectly fitted by this form.

The same two-relaxational-current response was identified in the context of a
hydrodynamical fluid coupled to the fluctuations of a damped pinned charge density
wave [88]. There the peak emerges as the temperature is lowered as it can be identified
as a pseudo-Goldstone mode of spontaneous translational symmetry breaking, that is
absent at high temperaturesE] Our discovery is that Umklapp hydrodynamics gives the
right temperature evolution necessary to have a mid-IR-peak appear as temperatures
increase. As emphasized in the introduction, this same development of a mid-IR peak
in the optical conductivity as temperatures increase is observed in the strange metal
phase of the high T'. cuprates.

As emphasized, the DC resistivity can remain linear throughout this transition.
This can be explained by the fact that the scaling properties of the hydrodynamic
parameters are inherited from the underlying non-trivial quantum critical IR fixed
point. For the GR strange metal both relaxation rates scale as T, whereas for the RN
metal one scales as T° and the other as T2. This manifestation of the differing detailed
expressions for both relaxation rates shows that a simple interpretation of the scaling
of the resistivity in terms of the entropy fails. Instead their scaling is determined at
a deeper level by the quantum critical IR fixed point. It behooves us to point out at
this stage that we are considering a rigid lattice only. We are at this stage not taking
lattice vibrations or phonons into account. The underlying assumption is that in these
intrinsically densely entangled system the strongly self-interacting degrees of freedom
dominate all the physics and any phonon contribution is negligible. We comment on
this further in the conclusion.

At intermediate lattice strengths a similar scenario can take place. Now the trans-
port response is determined by four modes, the two modes above and two Umklapped
sound modes at Re w = +¢;G. Upon raising temperature the pole responsible for the
mid-IR peak moves up with temperature to approach close to the Umklapped sound

1Because the lattice is ultimately irrelevant in the deep IR, at the lowest temperatures the pseudo-
Goldstone boson mid-IR peak from spontaneous translational symmetry breaking will move again to
w =0 or equivalently disappear as the temperature is lowered; see e.g. [89].
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2 Holographic lattices as local quantum critical metals

pole, such that it gets obscured and only one peak remains in the AC conductivity
(right inset of Fig.[2.3). From this temperature onward the low frequency AC spectrum
becomes roughly temperature independent. We can track this in terms of the quasinor-
mal modes (Fig. although we can no longer rely on the perturbative expansion to
enumerate it. For a large part of this intermediate lattice regime, the DC resistivity
is still effectively captured by the expression opc = wIZ,/(F + wg/Q), though one needs a
careful AC-fit to extract the values. Again, its temperature scaling is set by the non-
trivial IR fixed point and can remain unaffected by the change in dissipative dynamics
in the AC conductivity.

The incoherent hydrodynamics at large lattice potential

At large lattice potentials momentum is strongly broken and we enter a qualita-
tively different regime (Section [2.6). Observationally this is where the numerically
extracted relaxation rate of the DC conductivity of the GR metal saturates at about
the Planckian value Icoprected = 27T (Fig. [2.13). Because momentum is strongly broken,
the framework to understand whether this can be verified is the one where transport is
governed by only two conserved quantities, energy and charge [[64]. Their fluctuations
consist of two coupled diffusive modes with diffusion constants that are not the same
as they are in the homogeneous system. At strict 7' = 0, charge and energy transport
formally decouple and the electrical conductivity is governed by one of these modes
o = yD, with y the charge susceptibility, while the thermal conductivity x = ¢, D_
is governed by the other with ¢, is the specific heat at constant charge density. At
low but finite temperature they mix perturbatively, but are still dominated by their
T = 0 scaling. From our numerics we conclude that D, ~ T~ whereas D_ ~ T for
the GR metal; similar behavior has been established in homogeneous holographic
strange metals with strong momentum relaxation (GR metal in a Q-lattice) where the
homogeneous geometry allows analytical solutions [90]. It has been argued that the
temperature dependence of the thermal diffusivity empirically defined as D = «/c,
should be insensitive to the breaking of translations and reduces to one of the inco-
herent diffusivities D_ at low temperature and strong lattices. Moreover, it can be
related to microscopic chaos through a butterfly velocity U}zg times a maximal Lyapunov
rate A = 27T that embodies Planckian dissipation Dy = %v%/@nT) 172,173l |74]. Pro-
vided we can extrapolate from the homogeneous result that in the non-trivial IR fixed
point of the GR metal in a strong lattice the butterfly velocity still scales as v% ~T2,
this is consistent with our findings. The puzzle is the DC-conductivity and charge
response. We conjecture that the Planckian relaxation set by the maximal Lyapunov
rate should still govern charge transport as well. Given that on dimensional grounds
D ~ (v°h2r2ed)2/(97 T, this can be only so if the velocity appearing in charge diffusion
is not set by the universal butterfly velocity. In other words scrambling depends on
the quantum numbers of the operators probing chaos; there are hints that this is true
(91}, 92| 93| 94]. If it can be shown that veharged - 70 this could explain not only the
observed linear-in-T resistivity at strong lattice potentials in the GR metal, but also its
saturation to the Planckian value.
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2.2 Holographic strange metals, transport and translational symmetry breaking.

We will end with a short discussion in Section 2.7 of these results with a focus on
the possible relevance to experiment. We also include a number of Appendices where
we discuss various technical details.

2.2 Holographic strange metals, transport and
translational symmetry breaking.

In the absence of a lattice, the homogeneous finite density strange metals [[77,|19, /1,
69] of holography are characterized by a non-trivial IR fixed point. These are specified
by a handful of anomalous scaling dimensions: the dynamical critical exponent z, the
hyperscaling violation dimension 6 and the charge exponent {, expressing the scaling of
time with space, the scaling of the thermodynamically relevant degrees of freedom with
volume, and the running of the charge, respectively. Experimental evidences suggest
that the cuprates are “local quantum critical” [[95] (96 [97]], referring to z — oo, while
electronic specific heat measurements in the high temperature strange metal regime
exhibit a Sommerfeld entropy, s = kpT/u (see e.g. [98])) where p is the chemical potential
taking the role of the Fermi energy. Though the notion that cuprate strange metals are
explained by a non-trivial IR fixed point was put forth independently of holography,
the fixed point that shares the rough qualitative characteristics was first discovered
using AdS/CFT. Amongst the holographic strange metals this is the so-called Gubser-
Rocha strange metal [38]], being the only holographic strange metal in the general
classification that reconciles z — oo with Sommerfeld entropy. Within the larger class
of holographic strange metals, the critical scaling at the IR fixed point insists that
the entropy should scale as s ~ 7992 For z — co and d — 0 finite the entropy should
therefore be temperature independent, implying a zero temperature entropy. This
is the case for the holographic strange metal dual to the Reissner-Nordstrom black
hole and the closely related SYK systems. The GR metal is characterized by a double
scaling limit such that z,—0 — oo while —0/z = 1. This reconciles a low temperature
Sommerfeld entropy s ~ T +... with local quantum criticality. For comparison we
will also present results for the Reissner-Nordstrom strange metal |19 (1} (99]. For a
qualitative understanding of our results nothing more than the thermodynamics of
the fixed point are required (summarized in Table I). The precise details RN and GR
holographic strange metal and the duality map are discussed in Appendix[2.A]

The motivation for this study is that all experimental strange metals are known
to occur in the presence of an excessively strong effective ionic background potential
felt by the electron system, the Mottness of the cuprates being case in point (see
e.g., [78 /79, 80]). The commonality of this lattice potential suggests an importance in
observed systems of which the effects on the holographic strange metals have not yet
been systematically investigated. We shall study the GR and the RN AdS black holes
dual to 2+1 dimensional strange metals where we break translations by either a one
dimensional or two-dimensional explicit periodic square ionic lattice potential encoded
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2 Holographic lattices as local quantum critical metals

IR Scaling RN (@=d, z=00) GR (-6, z=00)
Entropy s/p? ~ (T/u)d-9= s/p? ~ (T/w)° s/u? ~ (T/u)!
Charge Density * n/u? ~ (T/u)° n/p? ~ (T/u)°

Table 2.1: IR scaling behavior in holographic strange metals of the entropy density s
and the charge density n in terms of the chemical potential u and the tem-
perature T'. The first column highlights the general formula of holographic
scaling geometries. The last two columns focus on the two holographic mod-
els with local quantum criticality (z — co) of interest in this paper: the
Reissner-Nordstrom and the Gubser-Rocha model. (): For a discussion on
this, see section 4.2.4 of [1]l.

in the local chemical potential
pip(x,y) =i (1 +A cos(Gx)) ,

A
Uop(x,y) = i (1 + E(cos(Gx) + cos(Gy))) . (2.3)

The parametrization is such that the maximal deviation from the average is +A in
both cases.

The above explicit lattice condition appears as boundary conditions in the dual
holographic gravitational description of the strange metal system in question. The
difficulty is that studying such explicit translational symmetry breaking is only possible
numerically outside perturbation theory. We solve the full set of spatially dependent
Einstein-Maxwell-Dilaton equations of motion for the GR and RN strange metals using
the DeTurck gauge in a Newton-Raphson scheme [100,|101, [102]]. A summary is given
in Appendix DC transport is computed by numerically solving for the Stokes
flow problem at the horizon [[103}/104,|105} |106]. All numerical computations employ a
higher-order finite difference scheme where the radial coordinate is discretized on the
Chebyshev-Lobatto nodes (Appendix [2.A.3).

We treat the numerical data obtained as the outcome of an experiment. However,
the framework in which to analyze this data is known. As we already emphasized, the
dense entanglement of the quantum many body system described holographically by
its dual gravity theory drives a very rapid quantum thermalization. This implies that
local equilibrium sets in very rapidly, which in turn implies that, in the homogeneous
background with no lattice, transport at macroscopic times and lengths is governed
by hydrodynamics. Different from the quasiparticles in Fermi-liquid metals, a strange
metal flows like water. It is a general hydrodynamical principle that it can be decom-
posed in convective- (also called “coherent”) and diffusive (“incoherent”) flows. The
former refers to the motion of the fluid as a whole as protected by the conservation of
total momentum in the translationally invariant homogeneous background. When the
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2.2 Holographic strange metals, transport and translational symmetry breaking.

translational symmetry is weakly broken — introduced by hand through a momen-
tum decay rate I'yom.rel. = Tr;lf)m.rel‘ as the largest relaxation time — a straightforward

hydrodynamic analysis yield

2
1
og(w)= r_ - + Oinc » (2.4a)
X Tmom.rel.
1
=25 = La., (2.4b)
Xnn Tmom.rel.
2T 1

‘() = +Rine - (2.4¢)

X Tmom.rel.

Here n,s of the convective terms are the charge and entropy density respectively, and
Xnn 1s the momentum susceptibility. For non-relativistic hydrodynamics y,, = nm with
m the constituent quasiparticle mass and one recognizes the Drude model. For rela-
tivistic hydrodynamics appropriate to strange metals where a linear dispersion relation
of charged constituents induces an emergent Lorentz symmetry, and for holographic
strange metals studied here the momentum susceptibility equals y,, =€+ P, the sum
of the energy and pressure density respectively. The Lorentz symmetry also demands
that the incoherent contributions are related to each other by oin. = g, @inc = - %O'Q

2
and Kjpe = ”TUQ in terms of a transport coefficient (TQ

Writing oipne = /%r(i“c’ Qine = —%kinc instead, this reveals that in a Galilean in-

variant system where both ¢ — co and p = m.c? +... — 0o, only the incoherent heat
contribution survives. It is a highlight of non-relativistic finite temperature Fermi-
liquid theory that such a diffusive heat conduction is present even dealing with spin-less
fermions, mediated by the Lindhard continuum. This ki, = ¢, D1, where the specific
heat at constant density (equal to the specific heat at constant volume) ¢, ~ T', while

the thermal diffusivity Dy = v%rcol where 7 = }i—‘}rh; therefore &j,. ~ 1/T as verified

e.g., in the *He Fermi liquid. In contrast in the non-relativistic limit € + P — un ~ nmc?

the electrical conductivity becomes purely convective and one recognizes the familiar
Drude weight expressed in the plasma frequency as w% =ne?/m.

The incoherent contributions to transport are in principle measurable in the
laboratory by zeroing out the coherent part. This can be done by measuring heat
transport in the absence of charge transport (open circuit thermal conductivity) x or
charge transport without heat, o0g—¢ equal to

. Ta? Ta?
K=K—- —, 0Q=0=0———". (2.5)
o K

25ee e.g. the review [[107].

3There is one exception. If the translational symmetry breaking happens in only one of the spatial di-
mensions @y, and ki, vanish [108]. In that particular case a subleading term in the numerator of the
convective term precisely cancels the incoherent term in the thermo-electric and heat conductivity.
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2 Holographic lattices as local quantum critical metals

Note that in the Galilean limit when there is only an incoherent heat conductivity
K = Kinc; note therefore that in ordinary metals the thermal conductivity consists
completely of the incoherent contribution in this language (see [109]).

These incoherent contributions are diffusive. The open boundary combinations
Eq. are therefore a mixture of diffusive and convective transport. Nevertheless,
it is useful and conventional to define the charge and thermal diffusivities D. = o/y
and Dt = «/c,, where y is the charge susceptibility, and c, the heat capacity. In the
remainder of this text, we will see that when translational symmetry is strongly broken
and the convective part is strongly suppressed, these diffusivities are directly related
to diffusion constants in transport. These “incoherent metal” diffusivities and diffusion
constants should not be confused with the well-known diffusion of charge D, and
energy D, in weak or vanishing translational symmetry breaking. As we shall see in
the Gubser-Rocha metal the latter are both linear-in-T" at low temperature while they
are T-independent at low temperature in Reissner-Nordstrom. In the incoherent metal,
in contrast, we will see that Dy ~ T' while D, ~ T1.

Will the real Planckian dissipating channel make itself known?

The point of this brief hydrodynamical exposition is to highlight the fundamental
issue we address in this article. The above illustrates that even in the simplest Drude
hydrodynamics there are two dissipative channels: the convective coherent Drude term
encoding the way translational symmetry is broken, and the incoherent term related
to a diffusion of microscopic origin. For weak lattice potentials, or more generally for
weak translational symmetry breaking, the convective Drude term is much larger than
the incoherent term. With the conjecture that in strongly correlated critical points
the shear viscosity is bounded by the entropy n = s/4m, two of us, together with R.
Davison, proposed that in disordered strange metals the usual shear viscosity based
momentum relaxation rate I'homrel. ~ 77 ~ S can explain a linear-in-T resistivity for
a system with Sommerfeld entropy [86]. The connection between the resistivity and
the entropy would explain the universality and the minimal viscosity would be the
encoding of Planckian dissipation. Moreover, this argument is also consistent with a
Drude response in the optical conductivity. The counterargument is that this only holds
in detail for marginal disorder. Relevant or irrelevant disorder would significantly limit
the regime of applicability of this argument [[110,|111]].

Taking a step back, it actually is difficult to argue that a universal phenomenon
such as Planckian dissipation should manifest itself through the convective channel, as
this coherent channel will generically depend on the details of translational symmetry
breaking [72,|112]]. The far more natural channel for Planckian dissipation would be the
incoherent diffusive channel. But if one takes this point of view, one can no longer use
it to explain the universal linear-in-T DC resistivity in strange metals. These all show
strong Drude behavior in the optical conductivity, and the DC conductivity is therefore
set by the coherent response in the context of weak translational symmetry breaking.
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2.3 Umklapp hydrodynamics for weak lattice potentials.

It appears to be a Catch-22E] Either a Planckian dissipation can set the universally
observed linear-in-T resistivity in strange metals, but then the AC conductivity ought
to be Drude, or weak translational symmetry breaking sets the resistivity, but then it
is hard to see how it can be universal.

We will resolve this conundrum by showing explicitly that in weak lattice near
a non-trivial IR fixed point, the thermodynamics of the fixed point together with a
fixed-point-controlled scaling of transport coefficients can set the DC resistivity in a
universal sense, independent of the dissipative channel shown in the AC conductivity.
Qualitatively this is an extension of the Davison-Schalm-Zaanen I'yom rel. ~ 7 ~ s result.
At the same time, for large lattice strengths the incoherent part becomes dominant and
indeed shows universal Planckian dissipation as surmised by Blake and others [[72} (73|
74]). For good measure we state that there may still be a deeper way to also understand
the weak lattice results in terms of Planckian dissipation. Even though they appear
non-universal, the observed scaling, together with the way the Sommerfeld entropy is
a natural bounding behavior at low temperatures, leaves this possibility open.

2.3 Umklapp hydrodynamics for weak lattice
potentials.

As we emphasized, in the low frequency limit at macroscopic long wavelengths
holography reduces to hydrodynamics albeit with specific transport coefficients [[113]].
A fundamental principle behind the theory of hydrodynamics is local equilibrium. The
state of the fluid can be described by a slowly spatially varying energy-momentum
tensor Ty, (x) and in the presence of a U(1) charge, a current J*(x). In turn the local
equilibrium condition implies that one can also describe fluid behavior in the presence
of a slowly spatially varying external potential whether temperature T'(x), pressure
P(x), or chemical potential u(x) [114,|115}|116], Suppose this background is periodic in
the coordinate x. The hydrodynamical problem of relevance is nothing else than that of
a hydrodynamical fluid like water that is flowing through a periodic “array" of obstacles
weakly perturbing the flow, characterized by a microscopic “lattice constant". This is
a rather unusual circumstance in standard hydrodynamics and we are not aware of
any literature addressing the role of Umklapp in the AC structure of the correlators,
though a beginning was made in [[117]].

But it represents an elementary exercise, and the answer is readily understood.
From elementary solid state physics it is well known that a quantum mechanical
wave function in a periodic background experiences Umklapp. This is purely a wave
phenomenon and the principle therefore also applies to classical waves as described by
hydrodynamics. Both a quantum mechanical wave function and linearized hydrody-
namic fluctuations around equilibrium are described by a differential equation of the

4A Catch-22 is a paradoxical situation which cannot be escaped by design. It originates from the eponymous
novel written by Joseph Heller and published in 1961.
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2 Holographic lattices as local quantum critical metals

form
(0 + M(x))p(x) =0 . (2.6)

If M(x) is periodic M(x + 2”7”) = M(x), then ¢(x) can be decomposed in Bloch waves
P@) = i [D2dR Y, pu(R)e "G Taking M(x) = ~Mod? + A cos(Gx) as canonical
example, one can solve Eq. perturbatively in A. Defining ¢,, (k) = <p§?)(k)+A¢‘,})(k)+
ATZQZ)(HZ)(k) +..., the solution to first order A is

o9 k)+... @D

n+1l

_ 0 O gy A
Pn(k) = ")+ S G —omit P 1%~ GG T 2,

This mixing between the different Bloch waves is Umklapp. In hydrodynamics these
Umklapped responses have already been observed several years ago in numerical
computations of holographic metals in explicit periodic lattices in [82,|118,|84]. Fig.4 in
the article [84] shows an Umklapped sound mode at w = v;G in the optical conductivity
with G the lattice momentum. However, a full treatment has been lacking.

For U(1) charged relativistic hydrodynamics the fluctuation equations in the
longitudinal sector in a spatially constant background are the coupled equations [119]

—iw ik 0 Se
ikf1  Dyk%-iw ik 2 ome|=0. (2.8)
-D, k2 ikBs  Dp,k%-iw|| on

Here 6¢,6n,0m, are the fluctuations in energy-, charge-, and longitudinal momentum
density respectively. The upper two-by-two block is the sound sector with §; = (g—g) .

n
At finite density this interacts with a charge diffusion mode in the bottom one-by-one
block through the interactions B2 = (g—g)e, Bs = % and the diffusion constant D,,,. The
diffusion constants equal

0Ty E+p
on Bfon
D —onT a(ﬂ/_T)) g (GT_g+T(¢9_ﬂ)T .
n1 =0Q ( oe i oQ (%)T(ﬁ ﬂ—(a—n)ﬁ(a—E)T (2.9)

In the last two equations, the last equality leads to a seemingly more complicated
form, but each of these derivatives is much simpler to compute. Barred quantities
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2.3 Umklapp hydrodynamics for weak lattice potentials.

denote the (spatially constant) equilibrium background, and ,{,0q are the microscopic
transport coefficients: the shear- and bulk-viscosity and the momentum-independent
contribution to the conductivity. As discussed, the holographic models we consider
have d = 2 with an underlying conformal symmetry for which the equation of state
€=2p implies that { =0, f2 =0 and B; = cf = 1/2; we will limit our focus to conformal
hydrodynamics in the remainder.

Placing such a system in a spatially varying chemical potential u(x) = ﬂ(l +

Acos(Gx)) the Umklapp interactions follow from a re-derivation of the fluctuation
equations in this background. A detailed derivation for both conformal and non-
conformal hydrodynamics and discussion with a natural generalization to a two-
dimensional lattice u(x) = ji (1 + % cos(Gx) + % cos(G y)) is given in a companion article
[120]. In summary, to maintain equilibrium with spatially constant temperature also re-
quires a spatially varying charge density n(x) =7 + ,aA(g—Z)T cos(Gx) +... and pressure
px)=p+Aun cos(Gx) +... to leading order in A. The exact equation of state € =2p in
a conformal fluid means the energy density follows the pressure. By viewing the lattice
as a small perturbation on the thermal equilibrium, we can express the perturbations
in terms of the chemical potential modulation and the thermodynamic susceptibilities
of the background. These corrections to the background are responsible for the Bloch
decomposition and Umklapp interactions mixing them. To first order in the lattice
strength A the three modes of the longitudinal sector{ﬂ mix with their six Umklapp
copies. Our interest in this article is how this Umklapp affects the response at low fre-
quencies w < G and zero momentum % = 0. At £ = 0 the un-Umklapped charge diffusion
mode decouples, and the remaining eight modes decompose into four parity-odd-in-G
ones and four parity-even modes. The latter include the % = 0 sound mode 679, two
Umklapped sound modes built on §¢'S) = [dxsin(Gx)de(x), 67'C) = [dxcos(Gx)dm(x);
and one Umklapped charge diffusion mode built on 6n*®) = [dxsin(Gx)dn(x) that
interact as

(0:+M)-6¢p=R (2.10)
with
0 3AGL 3AGRL -3iwA[ps
- A6 pGE 0 0
M= E+p)an p (2.11)
—-2AGp; 0 0 -G 3
-3iwAfps 0 2% D,G?

5Substituting this spatially varying background into the defining conservation equations of hydrodynamics
and expanding in fluctuations, they no longer decompose in a longitudinal and transverse sector. It can
be shown, however, that in the presence of an orthogonal lattice the naively longitudinal sector along one
of the lattice directions is self-contained.
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2 Holographic lattices as local quantum critical metals

and
n
670 _ . D,G
6n® —;5366(5) 'UA’BSE";;"G =
69=|"" s se® | B=|  —pap,ZS  |0E. (2.12)
5 ) _ 1 72
Ty fA|a,” + @

where we have defined D, = D, the charge diffusion constant and where we used the

coefficient a, =T %) which entered the definition of D, . It is purely thermody-

namic and has a universael scaling behavior determined by the scaling of entropy, as we
will later highlight. We have added to our system a perturbatively small time-varying
electric field 6E (¢) = —6E e ! which will externally source a longitudinal current
0J*. This term will also enter the hydrodynamic system as an extra term in the current
constitutive relation through 0,y — 0, u+ 0E . (2).

We can now therefore linearize the constitutive relation §J% = név* —o¢q|0*(6p —

L5T)+6E,

for the current density defined as

x oJ* T o —iwt
5J*(t) = 30 0Pp(t)+oqbE e
) b DG (2.13)
B D Do ) - 1
I T e

We make use of the dynamical system (2.10), to obtain the time-evolution of the
dynamical fields 6¢(w) = (—iwls + M(w))_1 . (69[)()5 =0) +R6E_'x). Since we have turned
on the external electric field, we are not interested in explicitly sourcing any of the
hydrodynamical variables and therefore we set (¢ = 0) as an initial condition such
that §¢(w) x SE, and by extension so will be §J*. Finally, the optical conductivity can
be computed as [[120]

X

S6E,"

o(w)= (2.14)

The inverse (—iwl4 + M)~! is dominated by the vanishing of its determinant. These
zeroes show up as poles in the conductivity. Expanding the determinantﬁ to order A2,

6Strictly speaking, there are terms at order O(A2?) in the lower-right 3 x 3 sub-block of M that are ignored
in Eq. but will contribute to the eigenvalues at that order. However, as we show in detail in [120],
these contributions to the poles are also higher order in G. They contribute at order O(A%G?).
Crucially, moreover, these corrections will not affect w; but only correct the diffusion constants and sound
velocities of wg and w+. They will not qualitatively change the pole structure therefore, nor the
decomposition 2:19). Since A2G2 will typically be very small compared to the finite position of these
poles, we ignore these corrections here. Figure [2.7]illustrates that this assumption is justified in the
numerical range we consider.
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2.3 Umklapp hydrodynamics for weak lattice potentials.

there are four poles at

w1 =—i([; +Tg)+ O(A%)
wg =—i(D,G? -T )+ O(A%),

(2.15)
ws =+ [1- 2A2pB2 +(9(A4)]—i- D.G®-T, +O0(AYH] +0@G?)
with
=2
r EAz“—
d 2E+p)D,a,
» = 202A2P2D G2 = 2A2 P D.G? . (2.16)

(E+p)?

At low frequency w < ¢;G, the contribution from the two sound poles w. should be
negligible in the conductivity. By expanding the expression (2.14) as a quadruple
Laurent series

olw)=0¢+ 2.17)
i=1,2,+ W~ W;
and truncating the two sound modes, one finds that it takes the fornﬂ
Zs Q-iw
g (w)=09+ + =09+Z (2.18)
no sound 0 0—w1 0—wsy 0 en(l“—iw)(Q—iw)+wg
with
oW 0(4?)
N ~
Q=D,G* - 2D2G’T4+0(G?) +0OAY,
r= 2D3G’Tq + Ty + OG?) +0A4"Y,
w3 = DyG*T, [1-2D2G* + OGY)] +04Y),
Zegrlw? =1 + 4pPA?BED2G®-D, Ty [4 +D,(D, -4D;)G*| +OG?) +0(AY),
o0=0¢q +O0AY,
s (2.19)
where the plasmon frequency is w2 = e’frp .

The form Eq. (2.18) is well known from studying the hydrodynamics of decaying
charge density waves or other pseudo-spontaneously broken U(1) superfluids [67, (121}

7An attempt to formally decouple the sound modes by taking the limit cs — oo requires that I'y ~ —2 and

will therefore shift the poles. The truncated Laurent expansion keeps the poles in the right locatlon
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2 Holographic lattices as local quantum critical metals

122, (89, [123|, (124}, 125]. This is not surprising as the underlying physics is that of
two damped currents cross-coupled with an interaction w¢ (see Appendix [2.F). Both a
decaying (i.e., damped) pseudo-Goldstone boson, as well as an Umklapp hydrodynamics
interaction belong to this class.

Given an appropriate temperature scaling of I',Q,w¢ or equivalently Z12,w1,2
it was already proposed that such a conductivity could explain the emerging mid-IR
peak at high temperature in the cuprates. We will argue below that this Umklapp
hydrodynamics in a holographic AdSe metal with Sommerfeld specific heat provides
precisely the right scaling.

2.4 The applicability of hydrodynamics and the
imprint of local quantum criticality

Despite the fact that the interplay between holography and hydrodynamics has
been formidable, it is not a given that a hydrodynamical understanding as given above
applies directly to holographic strange AdSg metals in explicit lattices. Even though
holography describes strongly coupled systems which implies a large hydrodynamical
regime, this regime is finite as has been emphasized in several recent articles [126),
127,,/128,|129,|130], and bounded by w = 2xAT where A is the scaling dimension of the
lowest irrelevant operator from the strange metal fixed point. This argument against
hydrodynamics can be sharpened by the fact that momentum dependent longitudinal
DC-conductivities at zero frequency o(w = 0,k # 0) vanish [131]E]This is an unavoidable
consequence of U(1) current conservation: w — 0 implies G - J = 0. Naively considering
Umklapp as the mixing of the o(w,0) and o(w, %k = G), would argue that the amplitude
of the mixed-in Umklapp wave is thus very small. This is illustrated by a memory
matrix computation [87,/131]]. The momentum-dependent density correlation function
G gt 4t in a homogeneous AdSg metal, which is the operator to consider for our choice of
lattice, scales as a function of the temperature as

Im G (o = 0,k) ~ T + ...,
pad/ \/10 A+4(2+7)k2 —81/1+(2+7)k2 220
Vi, = +1n+ + - + +
HEEIV-E A !

where ) = —0/z characterizes the near-AdSs region and % is a wavevector renormaliza-
tion that correctly rescales to the emergent near horizon AdSs ‘geometry in a lattice
[131,84]l. For GR 7} = 1 and for RN, 7} = 0 while in both cases, & = %. This scaling of

8Recall that momentum-dependent conductivities at finite momentum need not be in the hydrodynamic
iwDy
. . ) . . .. lw - Dkz
exactly vanishing DC conductivity at finite momentum, but a finite DC conductivity at zero momentum
obeying Einstein’s relation o = Dy.

regime. Within hydrodynamics, longitudinal diffusive conductivities obeying o(w,k) = give an

42



2.4 The applicability of hydrodynamics and the imprint of local quantum criticality

G gt gt follows from a near-far matching method in the AdSy bulk which shows that a
generic Green’s function takes the form

A +BgG
= 2.21
C+DgG ( )
with A,B,C,D purely real and G the AdSg Green’s function [32]
T(1-vy)T (4 +vp - 4%
G, k) ox T2 £ sit) 2.22)

P+ve)T(S-vi—d%)

The imaginary part of the density correlator is proportional to the imaginary part of
the AdSs correlator as ImG j: j: ~ImG. Though this scaling as a function of the tem-
perature is exact, it ignores the possibility that there can still be a large amplitude as
a function of the other parameters. This is in fact what happens when one extrapolates
the exact answer for the momentum-dependent transverse conductivity o (w,k) to
the hydrodynamic regime 2 <« p [132]. The momentum dependent current-current
correlation function in an AdSs metal behaves as

k2G(w)

_ (2.23)
w?+ %Q(w)

GJLJL(wak) = -

Although the scaling is indeed captured by the Hartnoll-Hofman result Eq.
one also sees that for small % the hydrodynamic pole at w = —iD%? becomes far more
important than the (w/T)%"-suppression. For & < u the hydrodynamic pole captures the
physics far better than the AdSe power-law.

As is clear from the mathematical expressions this is not a sharp transition, but a
smooth crossover. Nevertheless there is a clear transition between dominant physics
regimes (AdSy vs hydrodynamics) that can be made visible through the holographic
dynamics. A finite momentum conductivity is better viewed as the response when the
system is placed in a fixed spatially oscillating but static electric field background.
The spatial oscillation imprints a lattice structure in the finite density system. The
conventional RG perspective is that this lattice is irrelevant in the RG. This is the
physics behind the power-law dependence on temperature in Eq. (2.20). The AdS; fixed
points of the holographic metals that we study, either RN or GR, are so-called semi-
local quantum liquids [33]l, however. This means that while for T' < u the two-point
correlation function displays power-law behavior between two time-like separated
points, it is exponentially suppressed between two space-like separated points. This
exponential suppression is so strong that two points separated spatially by a distance
x| 2 % have no causal contact [|33]. In momentum space this implies that the coupling
between modes with £ < u is exponentially small. This decoupling means that for modes
k < p or equivalently a spatially oscillating but static electric field with G < u the RG-
flow becomes strongly suppressed once T' decreases below p. One can think of it as
that the d-dimensional RG-flow at T' = y decomposes into individual RG-flows for each
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2 Holographic lattices as local quantum critical metals

Figure 2.4: A holographic visualization of the cross-over in response functions between G >
(left) and G < p (right). Plotted is the bulk electric field F'¢, (whose boundary value is dual to the
charge density) in the presence of a 1D spatially varying chemical potential u(x) = i+ A cos(Gx)
as a function of position and the AdS radial direction z. For G > u (G = 4u) one sees the lattice
amplitude decrease smoothly as one moves from the AdS boundary to the horizon at z = 1. For
G < 1 (G =0.05p) on the other hand, one sees that the RG flow is much slower and “halts” around
z ~0.5. This is due to the exponential suppression of the coupling between different momentum
modes at the AdSy IR fixed point. The results are for a RN black hole at 7/u = 0.15.

momentum mode. Recalling that in holography the radial direction encodes the RG-
flow, we can visualize this. In Fig.[2.4) we plot the charge/current density as a function
of location for a modulated chemical potential. For a lattice momentum G > u the
lattice irrelevancy towards the IR is uninterrupted. However for an oscillating chemical
potential with periodicity G <« p, the RG flow “halts” around the AdS radius value r ~ u
corresponding to T' ~ u. For such values of G « u the lattice thus remains quite strong
in the IR and certainly much stronger than one would naively expect. The way to
understand this is that precisely in this regime it is the proximity of the hydrodynamic
pole that dominates the response rather than the RG scaling suppression. Ultimately
the RG wisdom does hold for any lattice perturbation and even for G <« u the lattice
will eventually turn irrelevant in the IR (Sec 3.4 in [84]]), and scaling again becomes
the pre-eminent physical effect but this only happens at the lowest of temperatures.

For Umklapp hydrodynamics this is relevant because it implies that the regime
where the hydrodynamics results capture the physics is appreciable. Below we shall
verify that near an AdSy fixed point Umklapp hydrodynamics is the better way of
understanding the physics for G < u, whereas AdSy Hartnoll-Hofman scaling is the
better way for G > u. For the sake of clarity, we emphasize that strictly speaking at a
mathematical level both can be, and often are, valid simultaneously as is evidenced
by 2:23). However, the physical response is generically dominated by one or the other,
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and relying on only one of them is not sufficient.

There is a second reason why hydrodynamics is the more appropriate perspective
for G <« p. A more precise analysis of the momentum-dependent density correlator in
an AdSg metal shows that it has multiple characteristic scaling contributions [[131]

ImGhmE % (@ = 0,k) ~ ¢ T + coT?"h + ¢, T (2.24)

with the additional scaling exponents

144 _

vgz—;”\/1+4k2,

v,::i\/10+ﬁ+4(2+ﬁ)152+8\/1+(2+f7)}52. (2.25)
2/2+1)

For k£ = G <« u as one needs for Umklapp between ImGt}}??f 8eneous 0, k") for k' = 0,+G,
all these three exponents take values that are very close to each other. For such small
differences in the exponents there is observationally no clean scaling regime. For low
lattice strengths A this is the reason that the observed weak lattice DC conductivities
in Fig. do not scale exactly inversely-linear-in-T as noted in the Introduction.
Through Umklapp, the lattice DC conductivity is related to the homogeneous density

correlator (which we will review in more details in the next section)

-1
. Im Gl}c;r;togeneous(w’ k) 1
ODC,lattice ~ 3}111.1 ~ . (2.26)

0_ +_
0 w -T2 14coT?r T, T2 1

Fig. shows that the deviation from linearity is exactly due to the contribution of
the additional exponents.

2.5 DC vs Optical conductivities in explicit lattice
(holographic) strange metals from Umklapp

Having argued that hydrodynamics should dominate the response in holographic
strange metals, we now exploit our ability to do computational experiments to confirm
that Umklapp hydrodynamics applies when such holographic strange metals are
placed in an explicit periodic lattice with a small amplitude A. Then we shall describe
the surprising phenomenological conclusions for electrical DC and optical electrical
conductivity.

To verify the applicability of Umklapp hydrodynamics in AdSy metals, we can
study the location of the poles in linear response functions. Fig. shows the poles in
the optical conductivity o(w) in a GR strange metal in a 1D ionic lattice background
p(x) = fi(1+A cos(Gx)). There are multiple poles on the negative imaginary axis and two
poles with real part at the location w = v;G. The latter are the ones already noted by
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Figure 2.5: The DC conductivity of the GR metal in a weak lattice potential A = 0.05 is not
perfectly inversely linear-in-T. This is due to subleading scaling contributions computable
from the AdSy fixed point. Shown is a three parameter fit of the DC conductivity for c¢_,cq,c+

0_ +_
to the functional form opc =1/ e T2ve-1li¢ 72614 c+T2VG 1) at low temperature with

VG,V?;,VZ; given by Eq. (2.20) and Eq. (2.25), with £ = G, for G/u = 0.1. The values of the

exponents vG,vg,vé at this wave vector are 1.00015,1.0198 and 2.53, respectively. Therefore
according to this fit, one expects the exponent v to be the dominating one only at temperatures
T/u < O(10759),

[82],/118, 84] and identified as Umklapped sound modes [84]. That Umklapp is at work
is confirmed by tracing the behavior of the poles as a function of temperature. Compare
the behavior of the two poles on the negative imaginary axis closest to the origin to
the analytically computed values Egs. , we see that the match is very good; see
Fig. Moreover, if one also studies the response functions at finite momentum £,
then one observes the characteristic Umklapp level repulsion at the edge of Brillouin
zone k = G/2 (Fig.[2.6).

2.5.1 Low temperatures: Drude transport

We have claimed Umklapp Hydrodynamics explains the remarkable finding sum-
marized in Fig.[2.3|that the DC conductivity of a strange metal in a weak lattice remains
linear-in-temperature while the mechanism governing the AC-response appears to
change. We can now show this.

The DC conductivity from Umklapp Hydrodynamics to lowest order in the lattice
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Figure 2.6: Umklapp hydrodynamics. The left panel shows the presence of both the Drude
(upper) pole and the Umklapped charge diffusion (lower) pole and associated zero in the complex
frequency plane at k, = 0. The right panel shows the motion of both poles as a function of
longitudinal momentum %,. The Umklapp is confirmed by matching this motion to the diffusion
coefficients of the un-Umklapped hydrodynamics computed in Eqgs. (2.23). The inset shows
the level splitting near the Brillouin zone boundary at 2 = G/2. The results are computed
in the GR black-hole lattice at 7/u = 0.1,G/p = 0.1 with a 1D ionic lattice potential u(x) =
u (1 +0.05 cos(Gx)). The deviation at low % finds its origin in the next order level splitting in
Umklapp which our formula does not account for, similar to the level splitting near the Brillouin
zone.

strength A equals

2
7 w
opc = —H 400 = =L +0omset + 0 + O(A?) (2.27)
T+ Wy Fn + Fd R
Q N—— O(l)
O(A~2)

where, in the last equality, the first term is the leading order and the offset term
O oftset comes from the higher order terms in Eqgs. (2.19). The first contribution in the
DC from the sound part of the Laurent expansion (2.17) only comes at order O(A2)
and is therefore negligible here. These expressions already suggest that two physical
mechanisms are at play in the DC result. At first sight this may appear contradictory
to the conventional explanation of weak lattice DC conductivity in terms of Drude

2
Wp

momentum relaxation o = — . The momentum relaxation rate I'yom.rel. can be
computed in the memory matrix formalism [133 [87] to equal

22 _
Tmom.rel, = = G_ lim 1O,k =G) (2.28)
(E+ p) w—0 w

where O(G) is the operator that breaks translation invariance with coupling g. In the
case of an ionic lattice with a cosine potential as we consider, there are two operators
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Figure 2.7: The motion of the poles (points) as one increases temperature compared to hydro-
dynamics (dashed). As the temperature is increased further the Drude pole eventually collides
with the Umklapped charge diffusion pole and gains a real part. At low temperatures where a
perturbative Umklapp analysis is valid the behavior of the poles can be understood from the
un-Umklapped hydrodynamic analysis. Results are in the GR and RN 1D lattices with G/u=0.1,
kx =0 and potential strength A =0.05.

O(G) = J¢, one inserted at wavevector G and one at —G each with coupling strength

g = [1A/2. Therefore the memory matrix momentum relaxation rate for the ionic lattice

is

@2A%2G? | ImG jiji(w,k =G)
m .

2E+ p) w—0 ) 2.29)

Imom.rel. =

Inserting its correlation function computed in a homogeneous background into
one in fact finds the exact same answer as computed by Umklapp hydrodynamics
I'momrel. = I'y +T'q (see Appendix for a derivation of this result). Theoretically
this can be understood through the observation that there are two possible dissipative
channels in hydrodynamics. There is sound attenuation controlled by the shear viscosity
1 (and bulk viscosity {) and there is charge diffusion controlled by the microscopic
conductivity og. Both are at the same order in the lattice strength I'g ; ~ A2, This is
the expansion parameter in the memory matrix computation and explains why they
both show up.

The phenomenologically important characteristic is the temperature scaling of
the DC resistivity. Implicitly the lattice scaling implies a scaling with temperature
as the effective lattice strength should become irrelevant in the deep IR. This must
be encoded explicitly in the scaling of both I'; and I'y, and not in the UV-strength A.
However, there is a priori no requirement that both I'y and I';, will scale the same as
a function of T'. Generically they ought not. However, in holographic strange metals
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without a ground state entropy they do. For these systems at low temperatures

Ly ~n(T)~s~T40 (2.30a)
T2 0s\? (d-0)?
L~ o) (TESF) ) ( ) e (2300
oQ z

The derivation requires a mild assumption about the low temperature equation of
state and is given in Appendix Thus for the GR strange metal I'y ~T and I'y ~ T,
whereas for the RN metal which has a ground state entropy I'; ~ T° but the first
non-vanishing order for I'y is T4 ~ T2. Over the range of validity, usually one of them
will dominate, though it is conceivable that one dissipative momentum relaxation
process switches dominance with the other. If this coincides with a change in scaling
this would show up as a change of temperature scaling of the DC resistivity.

Two observations follow. The first is that despite the numerical results supporting
the inference from disordered translational symmetry breaking that the momentum
relaxation rate scales as the entropy, this is not true for the contribution from I'y.

The more important observation here and in the following is that which term
dominates does not matter. In holographic strange metals the momentum-relaxation
rate is set at a deeper level by the non-trivial locally quantum critical IR fixed point.
As pointed out by Hartnoll-Hofman and briefly reviewed in the previous Section in
the regime where Eq. holds, the frequency scaling enforced by local quantum
criticality also sets the temperature scaling of the DC result. For the RN strange metal
it is only I';, that is responsible for this, whereas in the Gubser-Rocha strange metal
both obey the appropriate scaling. Since I';, also scales as G2, whereas T'y does not, one
can tune the GR response to be dominated by I'; for G <« 2y, and I';, to dominate for
G > 2u. This coincides with the applicability of hydrodynamics as we discussed in the
previous section, confirming a correlation with a physically observable change (see also
sectionbelow). This very difference between I', ~ G? and I'y ~ GO actually causes
the order of importance to be opposite in disordered systems. Because disorder can be
viewed as an average over an infinite set of lattices, in the decay rate in a disorder
system T gisorder ~ J G4 1dG(Ty + I'y) the ', term will generically dominate the integral
[86]. Since I';) ~ i ~ s, this explains why in disordered systems entropy does directly
control the dissipation timescale in contrast to a lattice with a fixed lattice momentum
(1, as we explained above.

Independent of the dissipative mechanism, both leading in A momentum-
relaxation rates I';; and I'y become vanishing small at low temperatures suggesting
Drude transport. This is readily confirmed in the AC conductivity. Its real part displays
a characteristic Drude peak. Mathematically, however, the peak is not exactly a
(half-)Lorentzian, but follows from the two-pole expression Eq. (2.18).
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2 Holographic lattices as local quantum critical metals

2.5.2 Intermediate temperatures: a mid-IR-peak in the optical
response

We have just argued that the DC resistivity can remain the same while the
physical regime controlling dissipation changes, because it is set at a deeper level by
the underlying AdSs fixed point. Though we have just noted this fact by analyzing the
analytic expressions, it is in fact dramatically made clear at an intermediate higher
temperature, as we already summarized in the Introduction.

In the regime of interest the conductivity computed from Umklapp hydrodynamics
is controlled by two poles. In the parametrization
Q—-iw

— 2.31
A T To 231

these are the Drude and Umklapp charge diffusion poles at

WDrude = 5 (T + Q)+ £\/(0 -2~ 46} = ~i(T; + T)+ O(AY),
wUmchDitt = 5 T+ Q)= 2/(T QP ~ 403 = ~i(D,G ~T) + O(A")

At low temperatures, the second pole (let alone the two already ignored Umklapped
sound poles) has a small effect. Increasing the temperature changes this fundamentally,
however. Both poles move as one increases the temperature. However, they do not move
in unison. When the argument under the square root (I' — Q)% — 4w(2) becomes negative,
the poles collide. For temperatures higher than the pole-collision temperature, the
poles can now acquire a real part and move off the imaginary axis symmetrically;
see Fig. Initially this “microscopic pole collision” has little effect on the optical
conductivity. In a formal sense it slightly broadens the peak around w = 0 and without
an insight into the complex frequency response it is essentially indistinguishable from
a conventional Lorentzian Drude peak. However, as one increases temperature further
and the poles move further away from the imaginary frequency axis, the peak will split
into two, symmetrically arranged around w = 0. For the positive half-line w > 0 one
would thus see a peak emerge in the near IR whereas the DC value at w =0 continues
to decrease.

(2.32)

This collision point is controlled by a combination of temperature, lattice strength
and lattice periodicity. Already at moderate lattice strengths, this emergence of the
mid-IR peak in the AC conductivity happens at temperatures T < Tsirange Where
the DC response is still set by the critical scaling behavior of the underlying AdSg
strange metal. In other words, despite the qualitatively drastic change in the AC-vs-T
conductivity, the DC-vs-T response is unaffected.

What is striking is that this emergence of mid-IR peak in the optical response as
temperature increases while the DC-resistivity stays linear in T is precisely what is
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Figure 2.8: Emergence of mid-IR peak in the optical conductivity o(w) from pole collision. At low
temperatures the Umklapp has negligible consequences as the response is strongly dominated
by the conventional Drude pole. At intermediate temperatures the Umklapp pole causes an
additional broadening. When the temperature increases to the point where the poles collide
and gain a real part the peak still looks Drude to the eye even though it arises from two poles
symmetrically arranged on both sides of the real axis. At even higher temperatures these two
poles move so far apart that the peaks separate and a mid-IR peak at finite w appears in the
optical response. For this figure the parameters are A =0.15,G = 0.08, the same as in Fig. @

observed in high T'. cuprates and other strange metals as explained in the introduction.
Given the earlier hypothesis reviewed there that transport in the high T.-cuprates is
hydrodynamical, it is conceivable that this is the explanation of this observed experi-
mental finding.

The mechanism we just explained is tantalizing given its minimalistic nature. It
is in fact ubiquitous for any hydrodynamical fluid exposed to a microscopic Umklapp
potential where the effective potential strength is rising more rapidly than the momen-
tum diffusivity. Notice that it does not apply to a Fermi liquid in metallic background
potentials. The onset of equilibration is set by the quasiparticle collision time, but
typically a substantial fraction of the center of mass momentum is absorbed by the
Umklapp impeding the total momentum conservation required for hydrodynamics
including the mechanism in the above.
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2 Holographic lattices as local quantum critical metals

2.5.3 Intermediate lattice strength: towards an incoherent
metal

Our computational experiments on holographic strange metals can also provide
us insight in what happens at larger lattice strengths beyond the applicability of per-
turbative Umklapp hydrodynamics. This is best quantified by tracking the behavior of
the complex frequency poles in the AC conductivities. In Fig.[2.9 we show typical quasi-
normal mode spectrum computed for lattice strength A =0.15. At low temperatures
one finds that these are still dominated by the non-linear continuation of the same
two-pole structure as we identified for small A, i.e., the Drude and Umklapp charge
diffusion poles identified in Umklapp hydrodynamics.

What is notable, is that the pole collision has already happened at a lower tem-
perature than for perturbatively small A. Qualitatively this is easy to understand in
terms of the RG wisdom that the lattice becomes irrelevant in the IR. If one starts
with a stronger A in the UV, one is at a relatively stronger strength at a temperature
T or vice versa one is at a comparable strength at a lower temperature 7. This may
seem like semantics, but crucially the DC conductivity linear-in-T scaling remains set
by the local quantum critical IR fixed point, which is less affected by an increase in A.
As a result we can again observe in the AC conductivity a transition in the dissipative
mechanism as one increases T during which the resistivity stays essentially linear
(Fig. in the Introduction). The transition in this case is that from the mid-IR-peak
regime to an incoherent metal. The latter means that the low frequency AC response
is no longer well described by the “two-coupled-relaxational-current” formula. Other
poles now also influence the AC response, especially the two Umklapped sound modes.
They feature prominently in the AC response; see Fig.

Though the AC conductivity really shows the emergence of the incoherent metal
regime at larger T' and the “two-coupled-relaxational-current” expressions fails, for
most of the temperature range the DC limit w — 0 is still well described by its asymp-
totic expression

z (2.33)

o =0¢+
DC 0 r w(z]
ta

With careful fitting of the optical conductivity as well as the complex location of the
four poles, one can fit the parameters Z ,UO,F,Q,w% as well as the parameters of the
two first Umklapped sound poles as a function of A and T'. For the full 4-pole ansatz,
see Section [2.C] In Fig.[2.10] we show how the three parameters in the denominator
Q,I' and wg evolve as function of temperature for intermediate 0.1 < A < 0.8. One
sees how these explain the observed DC conductivity quite well. Given that the DC

conductivity is so well captured by Eq. (2.33), one concludes that for these potentials
the DC conductivity is still limited by the momentum lifetime.
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Figure 2.9: Optical conductivity (right) and the quasinormal mode spectra (left) for intermediate
lattice strength GR lattices for A = 1,G/u = 0.1 at three different temperatures. Compared to
small A the pole collision (see section@ has already happened even at lowest 7/u = 0.02. As
one increases T the Umklapped sound poles which stay almost fixed at Re w = +¢;G = i%G
(and others not shown) become more important and their dominance in the AC conductivity
signals the transition to an incoherent metal regime.

2.5.4 On the applicability of Umklapp hydrodynamics

We end this section with a brief check on our earlier argument in Section [2.4]
that Umklapp hydrodynamics is the relevant perspective to understand strange metal
transport in a weak/intermediate lattice for G < u rather than Hartnoll-Hofman scaling.
The intuitive argument is that momentum dependent conductivities are strongly power-
law suppressed as a function of T for G 2 u as the RG flow is not “halted”. Umklapping
conductivities that have such marginal weight should have negligible observable effect.
Fig. shows that this insight is essentially correct. For a lattice with G = 1.0y,
T/u < 0.35 and A = 1.0 the AC conductivity is Drude-like, and no transitions to a
mid-IR-peak or incoherent metal are seen. An illustration that formally Umklapp
hydrodynamics still applies is that one can still notice the now very highly suppressed
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2 Holographic lattices as local quantum critical metals

Umklapped sound peak. Even so, for G 2 u the better perspective is Hartnoll-Hofman
scaling. Since G/u is large here, the various exponents in the resistivity described in
Section [2.4] are not close and the lowest exponent v of Eq. alone is enough to
describe the DC conductivity at low temperatures.
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Figure 2.10: (a-c) The evolution of the phenomenological parameters I'/u, Q/u, wo/Ap as present
in the “two-coupled-relaxational-current” expression Eq. as a function of A and T/u at
G/p=0.12 in the 1D Gubser-Rocha model. These parameters are extracted from a four-pole fit to
the optical conductivity that includes the two lowest-order Umklapped sound peaks which reside
at Re w = £¢3G. Both O/u and wo/Au show little A-dependence, whereas I'/u depends strongly
non-linearly on A. In (a), the arrows labelled 1 and 2 point to the temperatures at which the
pole collision happens at A =0.1 and A = 0.2, respectively. For the stronger lattices, the pole
collision has already happened at lower temperatures than we have access to in our numerics. (d)
Comparison of 0ye-pole, the conductivity reconstructed from only the “two-coupled-relaxational-
current” part of the spectrum in figures to opc, the observed DC conductivity. At larger values
of A, it becomes clear that one must include more information, such as the Umklapped sound
modes, in order to accurately reconstruct the DC conductivity at all temperatures.
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Figure 2.11: The AC conductivity of the GR model at G = 1.0u and lattice strength A = 1.0
for a large temperature range. The low w-response is of the Drude form for all values and
no transition to a mid-IR-peak or an incoherent metal is seen in contrast to lattice momenta
G < p. The small rise at w/u = LG _ 1 isthe Umklapped sound mode which now has barely

V2R V2
noticeable height at low temperatures. The inset shows that the DC conductivity obeys leading
order Hartnoll-Hofman scaling at low temperature, which is expected to go as (T/,u)_2'05 at low

temperatures.

2.6 Observations at strong lattice potentials:
Planckian dissipation and incoherent metals

2.6.1 The remarkable ubiquity of Planckian dissipation

We now switch to analyzing our numerical results at large lattice potentials A > 1.
As we reviewed in Section[2.2] for small lattice potentials A < 1, Planckian dissipation is
unlikely to be universal as it will depend on the details of how translational symmetry
is broken [73} [112]]. At finite density one must be in a regime where translation is
broken strongly and long time transport is controlled by another dissipative mechanism
than translational symmetry breaking.

Performing this numerical experiment where we increase the lattice strength,
one sees not only a beautiful sharper linear-in-T resistivity, but also a saturating
behavior in that the resistivity appears to become independent of the lattice strength
A, highlighted in the Introduction (Fig. [2.I). Though the thermo-electric and heat
conductivity also appear to saturate, they do not. Replotting the results as a function
of the inverse lattice strength 1/A rather than A, one sees that they asymptote to zero
as 1/A; see Fig. One also notes that the electrical conductivity does not saturate
but turns over when inspected this precisely. Treating the numerical results as a
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Figure 2.12: (Left panel) Absence of exact saturation of the conductivities as a function of lattice
strength at fixed temperature in the 2D GR model is made quite clear when they are plotted as
a function of 1/A instead of A. The electrical conductivity o reaches a minimum and then starts
to grow again at larger A, whereas the thermo-electric a and heat conductivity x scale as 1/A
rather than saturate. (Right panel) The open boundary heat conductivity x at first instances does
appear to be independent of the lattice strength A for most of the computed values. However,
at the largest A it does show a downturn, asymptoting to ¥ which vanishes as 1/A — 0. In this
large A regime, these asymptotes x — k and og-g — o indicate the increased dominance of the
diffusive channel. These results are for the 2D GR lattice with 7' = 0.06y,G = 0.1v/21.

purely experimental finding, a naive Drude analysis does suggest that the dissipative
process saturates — even though this does not apply for strong momentum relaxation.
Increasing the lattice potential A has two effects, it changes the strength and possibly
mechanism of dissipation, but it can also shift degrees of freedom from lower to higher
energy and vice versa. In simple Drude language where one postulates opc = wf,/l",
increasing the lattice strength cannot only affect I', but also the Drude weight wf,.
Again, the Drude formula doesn’t necessarily apply at large A, of course. Nevertheless,
to focus on the dissipation we must also account for possible shifts in the weight.
Because the total weight of the optical conductivity is protected and conserved, a more
appropriate measure of the dissipation is to normalize the measured DC conductivity

by the total weight fOAdwo(w) and study the resultant rate Fc_olrrecte 4=9nc/ fOAdwU(w).
Fig. shows both the bare naive Drude rate l"galre = UDc/wf, and the corrected rate.

Indeed in terms of the naive Drude rate even at the largest A the saturating behavior
in the conductivity is not exact. However, when corrected for a possible spectral shift,
the postulated relaxation rate does start to saturate. Not only does this relaxation rate
appear to start to saturate, as Fig. shows, it does so at a value that is numerically
close to the Planckian dissipation rate I'¢oprected = 271/T = 27T. A naive Drude weak
momentum relaxation analysis applied in the strong lattice regime may therefore
inadvertently lead one to conclude to have detected Planckian dissipation. However,
to understand whether Planckian dissipation is really occurring, we must resort to a
different theoretical framework.
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Figure 2.13: At large lattice potential one can construct a naively defined relaxation rate
Fg;re = O’Dc/w%. Strictly speaking this is only valid for weak lattices. Persisting in the analysis
nevertheless, the change in I' is not just given by the change in opc. The integrated optical
conductivity FSum(A) = foAa(w)dw shows that the spectral weight w%, also increases with A.
We can account for this effect by normalizing the Drude weight to this integrated spectral

weight. The resulting corrected relaxation rate Fc_olr_recte 4= oDc/FSum(A) does appear to show

a saturating behavior compared to the bare rate I ve = UDc/w%. Furthermore, this rate is
remarkably close to the Planckian value of 2n27/u. From inspection a cut-off value A/u = 0.4
is sufficient to account for all the spectral weight in any Drude or Umklapped sound peaks.
Tantalizing as these results may be, a correct analysis at large lattice strengths eschews the use
of a momentum relaxation rate altogether as it is no longer the unique longest timescale. The
results above are taken in the 1D GR model with 7' =0.064,G =0.12p.

2.6.2 An incoherent metal explained with microscopic
scrambling

How to understand transport in a system where translation invariance is badly
broken was discussed in detail by Hartnoll [64], and its connection with Planckian
dissipation was set out in a series of papers [72}|73],|134}/90,|74]] in the context of systems
with strong translational disorder. The essence is that in this regime only energy and
charge are the conserved currents that survive at long distances. For this section
we shall not just focus on the electrical conductivity but on the full thermo-electric
transport matrix

Tl=(0 oT| B (2.34)
JjQ a K J\FVT
with jé? = %(TOi — ud?). Here & = x + TT"‘z is the heat conductivity in the absence of

electric field, and « is the heat conductivity in the absence of electric current (open
boundary heat conductivity). Fig. shows the result for all conductivities for increas-
ing lattice strength into the incoherent regime, both in the Gubser-Rocha (sgr ~ T +...)
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2 Holographic lattices as local quantum critical metals

and in the Reissner-Nordstrom AdSs metal (sgy ~ cg +¢1T +...). The conductivities
are rescaled such that their dominant power-law scaling with T is scaled out. In detail
one observes also that the thermo-electric and the heat conductivity conform sharper
to the conjectured appropriate temperature scaling as A increases, culminating again
in a saturating behavior for large A.

It is tempting to view this scaling of the thermo-electric conductivities as validating
that the system is dominated by a single common relaxation time that scales like the
entropy at low temperatures, even though it does not apply here as A is large. Single
relaxation time Drude theory would suggest that o = w?,/F, a =10, and % = ;—220. If
I' ~ s(T') as naively guessed above, it is consistent with the above observations. As we
will now explain, and confirmed with counterexamples in studies of strong translational
disorder, this single relaxation time description is not correct.

To extract possible relaxation rates in an incoherent metal with strong trans-
lational symmetry breaking, one posits constitutive relations for the two remaining
currents and does a hydrodynamic analysis. One finds that the DC conductivities are
the zero frequency limit of the dynamics of two independent diffusive modes with
diffusion constants D, and D_. These are

2
T
D++D:£+E+_‘7(E_(as) ) ,
T

Ch X Cn\O on
p.p_==2. (2.35)
Cn X
Herec, =T (g—%) is the specific heat at fixed charge density, y = (g—Z)T is the isothermal

charge compressibility, and the conductivities o,x are both the transport coefficients as
well as the DC values. One recognizes a charge diffusion and a heat/energy diffusion
mode (the remnant of sound in absence of a nearly conserved momentum), cross

2
coupled through the combination g = 7;—: (% - (S—Z)T) . If we are to make the case that
a single dissipative mechanism dominates, this cross-coupling is important, as in its
absence, charge and energy diffusion are clearly independent. Fig. shows what the
strength of this coupling is numerically. As was shown in [74], this coupling behaves as
glo ~ T@+d=0Vz if the scaling of the homogeneous non-trivial IR fixed point remains
valid in the presence of strong translational symmetry breaking. For the GR metal
this means g ~ T. Compared to o/y ~ T~! it is therefore small and can be treated

perturbatively in the low temperature limit.

Solving for g,x in the limit where the terms in the cross coupling ZT“UZ ~T,
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Ta(0s) T gnq Tao (s z ~ T are small compared to o ~ T, one find
cp \On cp, \on T p )
.
_ s
o T (a D+X(6")T)
—=D, |1+— s
X cny D+(D--D,)
: (2.36)
R 2
_ s
3 T (a D+X(5”)T)
~-p |1-—
Cn CnX D+(D___D+)

To lowest order in the temperature the electrical and heat conductivity are therefore
determined by independent diffusion constants; see Fig. The electrical conductiv-
ity is determined by D, ~ T~! and the heat conductivity by D_ ~ T There is therefore
no simultaneous explanation for both conductivities in terms of universal Planckian
dissipation. In holographic models with strong translational disorder there are systems
where both conductivities are set by Planckian dissipation [72}|73]]. This happens when
the charge susceptibility is relevant. For irrelevant or marginal charge susceptibility,
the electrical conductivity is set by a different dissipative mechanism. The Gubser-
Rocha model with strong disorder belongs to this class [90], and so does our strong
ionic lattice model with y ~ T'°.

Despite the existence of two independent dissipative mechanisms, the heat
conductivity can be explained from Planckian dissipation. Very strongly coupled
systems are similar to weakly coupled dilute classical gases in that their macro-
scopic transport can be understood from microscopic processes. For weakly cou-
pled dilute gases this is through the Boltzmann equation summing microscopic
scattering; for ultrastrongly coupled systems this is through parameters of micro-
scopic scrambling as measured through the out-of-time-ordered correlation function
C(t,x) = (W(t,x)V(O)W(t,x)V(0))7 ~ eX¢=¥/vB) [0 I holographic systems this connection
manifests itself in that the OTOC is equivalent to computing the hydrodynamic
response function (of longitudinal sound) at imaginary w and % [135]. The Lyapunov
exponent A and the butterfly velocity vg can then be read off from a skipped pole in
the hydrodynamic dispersion relation [135]]. One finds that in holographic systems A
saturates the Maldacena-Shenker-Stanford unitarity bound A < 27/T. The butterfly

2

c

9Note that the coupling term % (g—fl)T =1 E'ff‘,) _GH contains the same thermodynamic factor as I';. If
ans

the temperature scaling in the strong lattice is the same as in the homogeneous system, this coupling
2
CsH

) i T since a, ~ T2 as was shown in Appendix [2.E| Numerics confirm that this is
€

scales as

the case.
10This “ballistic* OTOC expression applies to large N systems such as holographic and SYK systems. The

. . . . —x2
more generic answer is “diffusive” C(¢,x) ~ eMt=x“/upt),
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Figure 2.14: Left: The cross-coupling between the heat and electrical conductivity in the strongly

To g_(as

2
coherent regime is governed by the combination g = o lo %)) respectively at low tempera-

tures. Clearly g decreases linear in temperature at low 7', but it also decreases with stronger
lattice potential A. Right: As a consequence the diffusivities at low T in a strong lattice become
independent. Shown are the empirical combinations D, = %,DT = CL Doy = % as a func-

tion of 1/A for fixed T/u = 0.05. "

velocity is more sensitive to the theory. On general grounds it scales near (trans-
lationally invariant) quantum critical IR fixed points as v% ~ T2722 The fact that
both macroscopic transport and the scrambling parameters A,vp are encoded in the
hydrodynamic response means that they are not unrelated. In particular the thermal

2
K v
diffusivity Dr= — =E TB with E = % for AdSg z — oo metals in strong disorder [|73
Cn
134, 74]. Since the natural units of diffusivity are v27, this is interpreted as Planckian

dissipation with 7 = % = ﬁ The RN metal is a special case. As explained in [134],

there the butterfly velocity is controlled by a dangerously irrelevant operator instead
of universal scaling. A careful computation reveals that for the RN strange metal
vg ~ VT. Combined with Planckian dissipation 7 = % = 27+T, this explains the observed
RN thermal diffusivity D_ = £ =T ~ v} 7.

This result is established and confirmed in the many studies cited above on
connecting scrambling to hydrodynamics for vanishing, weak momentum relaxation or
“homogeneous” momentum relaxation both in holography [|136, (137|138, (139, |140, {141,
142, (143, (144] and in other strongly-correlated systems [|145} (146, 147]{12] We postulate
that the same applies in the explicit strong lattice systems studied here. This need not
be, for computing the butterfly velocity vp in a non-translationally invariant system is
not straightforward (the Lyapunov exponent on the other hand is universally A = 27/T
[153]]). At the same time the scaling we observe for strong lattice potentials is the same
as that which is observed for strong translational disorder. This is strong evidence in
favor of the argument that the same should apply here.

11Presumably for all models with so-called maximal quantum chaos [[148]. There are counterexamples [149}
150} /151}/152]; see [128] for a good discussion.
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Within the framework of incoherent metals there is no universal explanation of
the observed inverse-in-T scaling of the conductivity for the Gubser-Rocha metal. Its
tantalizing behavior o ~ s(T)~! or rather o ~ rl on the other hand does suggest that
some type of universality is at work. This is confirmed by the RN results. The obvious
conjecture is that D_ = (v°h2r8ed)2/} where the velocity v?2'8ed relevant for diffusion of
charged objects differs from the butterfly velocity for neutral objects. Some evidence
that this can be the case is presented in [91, 92, 93, 94]. If veharged were independent
of temperature, this would explain the observed incoherent metal phenomenology in
the large lattice GR and RN metals in terms of a single Planckian relaxation time, but
differing scrambling velocities. We leave this for future research.

2.6.3 Saturating behavior and Planckian dissipation

The diffusivities in the incoherent regime should be insensitive to the details
of translational symmetry breaking. This is what allows them to expose universal
dissipative physics. This resulting explanation of universality in terms of microscopic
scrambling also makes physical sense: the onset of chaos is controlled by the short-
range interactions and is not expected to be influenced significantly by a background
lattice. The data we present is obviously dependent on the lattice strength A. For most
values of A we are therefore not in the universal regime. However, as A increases to the
largest value we can observe in our numerical data, there is a saturating behavior in
the electrical conductivity that together with its sharper single power behavior argues
strongly that we are close to this universal incoherent limit. Such saturating behavior
in the incoherent electrical conductivity at large lattice strength was already noted
in [154]. That study focused on the regime where the dimensionless combinations
% -0, AL fived and large. Here we focus on the regime where both % and % are fixed
and large with the latter parametrically larger.

We can use our numerical results to directly check these assertions. Rather than
observing the conductivities we do so for the diffusivities
g K g Q=0
DU:_aDT:_’DO‘QZO: — .
X Cn X

(2.37)

We have introduced here a charge-without-heat diffusivity Do,,_, = 79-0 g5 this is the
appropriate counterpart to the heat-without charge open boundary thermal diffusivity
Dr =«/c,. Fig. E shows indeed how the charge diffusivities D, Dy_, not only both
saturate, but also become approximately equal. The latter shows indeed that we have
entered the incoherent regime. A more detailed depiction of the saturation is given in

Fig.

We have already shown in the Introduction that the crossover into the incoherent
sector can also be seen in the conductivities directly (Fig. [2.2). The open boundary
thermal conductivity x starts to comprise more than 80% of the full heat conductivity.
A stronger statement extrapolated from the incoherent metal considerations is that
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Figure 2.15: Electrical and thermal diffusivities as a function of T' for various A. The T-
dependence shows how they become more single-power like at larger A. The A-crosssection
shows the saturation for large A for the charge diffusivity, but an increasing A dependence for
the thermal diffusivity. These results are in the GR lattice at G =0.1p.

the open boundary heat conductivity « is rather insensitive to momentum relaxation
for any translational symmetry breaking potential irrespective of its strength [74].
According to Fig. this is indeed the case in the perturbative small A case. Upon
pushing the potential to extremely large values we do observe that some changes in k¥
start to arise. This is fully in the incoherent regime, where we can equate x = ¢, Dt
with one of the physical diffusion constants « = ¢, D_. This diffusion constant also
changes from A-independent to slight decaying behavior, explaining the change in
behavior in k. We conclude that at least for D7 our computations confirm the universal
nature of the diffusion constants.

2.7 Discussion: is it relevant for condensed matter
physics?

We started this paper with just presenting the data as these rolled out of the
computer. As such these are highly suggestive. We focus in on a holographic strange
metal that fulfills minimal conditions that appear to be imposed by experiment: local
quantum criticality (z — co) and a Fermi-liquid like thermodynamics in the form of
a Sommerfeld entropy (s ~ T'). We then invoke a lattice potential that may become
very strong, again a minimal requirement suggested by experiment. For a wavevector
of the potential that is not too large (smaller than the inverse local length) we find
a resistivity that is to good approximation linear in temperature for a large range of
potential strength. Ramping up the potential the slope of the linear resistivity saturates
at a value that is consistent with a Planckian (75;) current lifetime. Although the
dynamical range in temperature and potential strength is limited in our computations,
we can track the temperature evolution of the optical conductivity in the regime
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where the saturation is setting in. This temperature evolution is also suggestive with
regard to experiment: at low temperature we find a simple Drude response that turns
into an incoherent mid-IR peak, and this gross change does not imprint on the DC
resistivity that stays linear. Taken together, this shines an unusual light on three
problems of principle in strange metal transport: (a) Why is the resistivity linear in
temperature down to the lowest temperatures? (b) Why is the empirically extracted
current relaxation time so close to the Planckian rate 754? (¢) Why does the cross-over
from good metal (Drude optical conductivity) to bad metal (the mid-IR peak response)
not affect the DC resistivity at all?

The question remains whether the resemblances between numerical observations
from this holographic toy model and the complicated reality of the copper oxide electron
systems are just a coincidence or whether they reveal a truly universal principle
governing transport that supersedes all the differences between them. To get a better
understanding, we focused in on both the small- and large lattice potential regimes.
We showed that in the perturbative small potential regime the transport behavior can
be completely reconstructed on basis of the thermodynamics and transport properties
of the unbroken homogeneous system. This is based on hydrodynamical flow behavior
in the presence of a weak periodic potential and we discovered a generic principle
governing linear response: next to the usual shear drag, a mode coupling emerges
with the Umklapped charge diffusion mode. As we increase temperature the coupling
between two relaxation modes can account for a second new phenomenon: the two
poles can collide and this explains the emerging mid-IR peak in the AC conductivity.
Even though the temperature dependence of the DC-resistivity is formally set by the
same thermodynamic quantities, the underlying non-trivial IR fixed point constrains
these in such a way that the DC resistivity temperature scaling can be independent of
the dynamical change in the AC conductivity.

The large lattice potential regime on the other hand is where the resistivity slope
saturates. Our numerics indicate that this happens in the “incoherent metal” regime
where momentum conservation does not play any role. Accordingly, the temperature
dependence of the resistivity should be inversely proportional to the charge diffusivity.
This charge diffusivity in the incoherent regime D_ ~ T~1 should not be compared
with the hydrodynamical charge diffusivity for weak or zero momentum relaxation
which scales as D, ~ T'. The thermal diffusivity D7 ~ T on the other hand is essentially
insensitive to the strength of the lattice potential. It scales similarly for both small and
large potential, though only at large potential can it be explained in terms of microscopic
chaos anchored in a saturated Lyapunov bound I' = A = 22T having a Planckian
magnitude. Although this is presently not well understood this is consistent with
the analytical findings in a homogeneous holographic strange metal with momentum
relaxation (Q-lattice).

Although this does shed light on various aspects we do not claim a complete
understanding of our numerical results. The above suggests that there are quite
different forms of physics at work pending the strength of the potential. Nevertheless,
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2 Holographic lattices as local quantum critical metals

we do find that the evolution of the transport quantities is of a strikingly smooth kind.
Another striking aspect is the contrast between the GR and RN results in Fig. the
differences in temperature dependencies appear to be entirely linked to the different
temperature dependence of the entropy. The above analysis, where we can expose
the different origins in the weak and large lattice potential regime, does make clear
that this connection with entropy is almost certainly a coincidence, though we cannot
exclude that some yet to be identified greater universality may be at work linking the
dissipative properties in the convective and diffusive regimes together where entropy
may play a crucial role.

To use this to explain the experimental observations, the critical holographic
input is in the form of the current being controlled by “generalized" hydrodynamics
(including the incoherent metal) that in turn requires (a) an existence of hydrodynamics
up to microscopic length scales shorter than the lattice spacing, (b) thermodynamical
behavior that is anchored in a non-trivial IR fixed point, and (c) a saturation of the

chaos bound (with a charge dependent butterfly velocity v;harge).

In fact, the most critical question is whether experimental strange metal transport
is governed by hydrodynamics, and not by the usual quasiparticle transport. In this
regard our finding that hydrodynamics provides a most natural explanation for the
temperature evolution of the DC and AC charge response is encouraging: it is an
elementary mechanism that offers a minimal and simple explanation for this otherwise
mysterious affair@ However, to prove it one would like to mobilize the mesoscopic
transport devices of the kind that have proven successful in this regard observing
hydrodynamical flow behavior in graphene (e.g., [155]).

The next issue is, are the hydrodynamical modes surviving down to length scales
of order of the microscopic lattice spacing 1/G? We found this to be a special property
of the local quantum critical holographic metals, but is this also at work in the cuprate
strange metals? This is far from obvious. Besides the Umklapped charge diffusion mode,
we also saw the sharp and prominent Umklapped sound peak in the optical conductivity
when the potential becomes sizable. This relates directly to a first discrepancy between
our results for the optical conductivity and the experimental results in the cuprates.
We find that for the strongest potentials that our numerics can handle, the optical
response rather abruptly switches off at frequencies above the Umklapped sound peak
( Fig. [2.9). In experiment no sound peak is seen, and a power law (branch cut) tail
is found instead, extending all the way up to u =1 eV [61},(156,|62]. Our holographic
results do not shed any light on this matter, although one could imagine that perhaps
an Umklapped overdamped sound channel could conspire to give rise to such a quasi-
critical behavior. But the issue is whether the charge diffusion hydro-mode that is
responsible for the mid-IR peak in holography may survive up to large momenta in the
experimental systems. Different from sound, this mode is non-convective and perhaps

12Note that the focus here is only on the mysterious behavior of the longitudinal linear-in-T resistivity. We
do not address other experimental cuprate strange metal conundrums, such as the concurrent T'2-scaling
in the Hall angle.
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less sensitive to translational symmetry breaking. Presently we have no answer to
this question. It could be interesting to study the optical conductivity of the cuprate
metals experimentally at high temperatures. The data in so far available are sketchy
and it would be interesting to find out what a systematical and high precision study
would reveal regarding for instance the way in which the mid-IR peak depends on
temperature. Alternatively the sound contribution to the density-density response can
be measured directly by EELS [97, 157, with the caveat that sound is promoted to a
plasmon in the presence of dynamical electromagnetism.This may be hard, because
the plasmon is damped stronger in strange metallic states than ordinary Fermi liquids
158,159, (160, [161[l. The results are at this moment inconclusive, and need to still be
found consistent with the AC optical conductivity.

Perhaps the most delicate issue relates to the connection with microscopic chaos.
The connection with Planckian dissipation requires a saturation of the Maldacena-
Shenker-Stanford bound on the Lyapunov exponent of the OTOC A <2xT. It appears
that a necessary condition for this to happen is in the form of dense many body
entanglement. One may argue that this is the secret of the experimental strange
metals: these are born from strongly interacting fermion systems at a finite density
and it may well be that the concomitant sign problem enforces dense entanglement in
the non-Fermi-liquids [69]]. But this may not be a sufficient condition. The chaos bound
is known to saturate in matrix large N systems at strong coupling with a holographic
dual as well as the disorder averaged SYK models. These systems are characterized by
dense matrix interactions.

However, the Hubbard models that are the community standard as microscopic
point of departure for the cuprate electrons are characterized by local interactions and
the associated Hamiltonians correspond with rather sparse matrices. As with regard
to the transport properties, the present benchmark is in the form of finite temperature
quantum Monte Carlo computations for the resistivity [162]]. The temperatures that
can be reached are still quite high (= 1000 K) but arguably approaching the linear
resistivity regime. However, the outcomes are quite different from what we find.

The Hubbard models are of course in their own way toy models, capturing the
largest scales in the problem but ignoring a lot of other physics. Could it be that long
range interactions arising e.g. from Coulomb interactions and/or phonon mediated
interactions are crucial to support the rapid scrambling near the Lyapunov bound given
their non-local nature [163]? Could there be a direct relation to SYK physics associated
with the observation of spin glass physics [[164}(165] , with the obvious difficulty that
this has only been observed in the spin striped 214 system?

At the least, holography inspires to ask quite unusual questions to experiment: it
suggests a physics that is tantalizingly different from the usual Fermi-liquid quasipar-
ticle physics. Eventually, it should be possible by targeted experimentation to reach a
verdict. This is not easy: the cuprates have been subjected to unprecedented experi-
mental scrutiny over the last 35 years but on basis of the available information it is
still impossible to decide the issue.
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2 Holographic lattices as local quantum critical metals

An example of this law-of-Murphy that insightful results may be the hardest to
obtain experimentally is the thermal transport. So much is clear that the thermal
conductivity x of the GR metal acquires a universal temperature dependence that is up
to very high lattice potentials independent of the potential strength. Numerically we
observe that x ~ T'2. But this in gross contrast with the thermal conductivity in a Fermi
liquid, where Dy ~ 7, where 7, ~ 1/T? is the quasiparticle collision time such that
x ~ 1/T [166]]. There is a large difference of the order 7' in the temperature dependence
of the thermal conductivity between the holographic metal and a Fermi liquid!

This should be the smoking gun but why can this not be used? The reason is that
at the high temperatures where the strange metal is realized (> 100 K) the thermal
transport is rather completely dominated by the phonons. The phonon heat conduction
short circuits the heat transport and it is virtually impossible to extract the electronic
contributions. The same problem is there for a measurement a charge transport without
heat 0g-g. Aside from the experimental hurdle of zeroing out heat transport cleanly,
the definition of 0g—¢ =0 - Ta?/k implicitly refers to the electronic component of the
heat transport only.

Finally, there is one thermo-electrical transport coefficient that is readily available
experimentally: the Seebeck coefficient enumerating the thermopower. This is given by
s =al/o. According to Fig. a~T° and o ~ 1/T, and we predict s ~ T although for
different reason this is the same temperature dependence generic for a Fermi-liquid
(the Mott formula), this is indeed the scaling that has been observed in cuprate strange
metals, e.g. [167,168].
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2.A AdS RN and GR black holes

We will be interested in perturbations of both Reissner-Nordstrom and Gubser-
Rocha black holes.
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2.A AdS RN and GR black holes

2.A.1 Reissner-Nordstrom

The RN black holes start from the Einstein-Maxwell action

2 2
L
S:f '8 |5 (B-20) = L FnF™ | (2.38)
with 22 = e? =L? =1 and A = —3. The equations of motion are
R, —Ag 1 F, Ff— L 18 F,oFr°
v uv = up uvitipo (2.39)

V,FH =0,

These equations admit an electrically charged black hole solution, the AdS-Reissner-
Nordstréom (RN) solution in asymptotically AdS, space-time, for which the metric and
gauge field are given b

v d 2
ds? = gdxfdx¥ = = | ~f(2)de? + @ )+dx +dy?| ©2.40)
A=A, 2)dt,
where
1228
f(z):(l—z)(1+z+z2—T), Ay(z) = u(1-2). (2.41)

The radial coordinate z can be scaled such that the horizon is located at z; =1 and
the boundary of the space-time is at z = 0. The temperature of the black hole can be
computed by considering the surface gravity of the horizon, and is given by

12—
167

)|
dr |

TrN = (2.42)

2.A.2 Einstein-Maxwell-Dilaton

For the dilatonic black holes, we depart from the Einstein-Maxwell-Dilaton ac-
tion[38],[118]

_ 1 4 (¢) v
=53 f d*xy=g [R ~ = PP -( Hgb) +V((f>)] : (2.43)
The potentials Z,V are given by
Z(p) = exp(¢/\/§), V()= — cosh(qb/\/_ ) (2.44)

13Sometimes, it is more convenient to make a change of variable z — 1-(1— 2 [169).
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The cosmological constant is given by A = —V(0)/2 = —3. Setting 2x2 = L? = 1, the
equations of motion for this system are given by

Z(p) 1 1 1
Ry = 5 FyPFy,— Zg,quz + §6u¢av¢+ Eguvv(gb) )
VulZ(p)FH'] =0, (2.45)
'
O =V'(¢)+ @Fz ,

1
where we used that on-shell R = -2V (¢) + 5(0([))2. This setup also has an analytic
solution which is given by a metric, gauge field and non-trivial scalar ¢ in the form of

1 1
ds® = gdxfdx = = ~h(2)dt? + ——dz? + g(2)(dx? +dy?)

h(z)
A 3Qz,(1+Qzp) (1 —Z/Zh)dt (2.46)
Zh 1 +QZ

¢$= ?10g(1+Qz)
where

(1-2z/zp)
g(2)

g(2)=(1+Q2)*2

h(z)=

2
z Z
1+(1+3 —+(1+3 1+ —I| 1|,
( QZh)Zh ( Qzp( th))(Zh)] 2.47)

The parameter @ encodes the charge of the black hole. The chemical potential is given
by p=+/3Qzxr(1+Qzp)/z;,. The near-horizon form of the potentials in equation
corresponds to a scaling behavior of z,—0 — oo, also identified by y,—6 = 1/v/3 in [34].
The temperature here is given by

h'(1 31+
Ten= |2 2 Qzn (2.48)
4 4nzy,

2.A.3 Lattice Backgrounds

The translational symmetry of the black hole backgrounds is broken by applying
a periodic ionic lattice in the boundary field theory through the modulation of the
chemical potential [81]]. In the gravitational theory, this corresponds to imposing a
boundary condition on the gauge field

Ay(x,y,2=0)=f1[1+ A cos(Gyx) + A, cos(ny)). (2.49)
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2.A AdS RN and GR black holes

A, , parameterize the strength of the lattice, while G, , are the reciprocal lattice
dimensions, respectively. Our computational domain in (x, y) is chosen to always contain
a whole number of lattice periods, i.e., x ~ x+27nn,/Gy, y ~ y+2nn,/G, where ny,n, € Z.
Throughout this work, we take G, =G, =G and A, = A, = A¢/2 in a 2D lattice and
A,=Ap,A, =0 for a 1D lattice.

This breaking of translational symmetry influences the solutions dramatically.
The additional curvature generated by the periodic lattice means that in principle all
the off-diagonal components of the metric as well as all components of the gauge field
will become non-trivial.

For RN, the ansatz for the fields is adapted from reference [[169]:

ds® = ziz ~Qutf (2N} + Qx> + Qyyn> + f(j) 2|,
N =dt,
Ny =dx+Qyydy + Q.dz, (2.50)
Ny =dy+@Q,.dz,
1. =dz,

A= p(l-2)A,dt

Our EMD ansatz looks similar and is given by

1 QZZ
ds? = 5 -Q:h(2)n? +g(2)(Qxx7792c +Qy;v77§) + h(z)nz)’

ne =dt,
Ny =dx +Qxydy +Qy.dz,

(2.51)
Ny = dy+Qyzdz,
TIZ :dZ,
_u(1-2) _3
A= 1:0- A.dt, ¢—210g(1+(sz).

For both types of solutions, we are interested in stationary solutions, and therefore
all functions F = {Qi j,Ai,(P} are functions of (x,y,z), each periodic in (x,y) with a
periodicity of L, y = 27n, /Gy . The equations of motion in equation and
form very complicated systems of non-linear partial differential equations in three
dimensions, which in general cannot be solved analytically. For numerical convenience,
the DeTurck trick and another gauge fixing term for the gauge field can be used to turn
this set of equations into an elliptic boundary value problem [101},|102,/169]. The UV
boundary conditions on the radial coordinate come from imposing an asymptotically
AdS solution while imposing that the dilaton be a marginal operator with no source,
as was highlighted in [[170]. The horizon boundary conditions arise from requiring
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2 Holographic lattices as local quantum critical metals

regularity at the horizon, which means that in a series expansion in powers of (z—1) we
can relate each 0, F; to all functions and their tangential derivatives at the horizon@
together with the condition that @ | oo = @2z | . I{T_EI

The boundary value problems are solved using a self-developed software package
in C, using the PETSc library [171}[172]. A Newton line-search algorithm employing
second- and third order finite difference schemes on rectangular grids is used to find
solution to the non-linear problem. The computational grids are either uniformly spaced
or have the radial coordinate run over the Chebyshev-Lobatto nodes for increased
accuracy near the boundaries of the problem. Typical grid sizes for the simulations
run between N, x N, x N, =40 x 40 x 60 to 80 x 80 x 120. For convergence checks, the
vanishing of the norm of the DeTurck vector provides a good measure [[102]]. Due to
the large number of degrees of freedom involved (O(107) for the largest lattices) most
of the numerical work was done using the ALICE cluster at Leiden University and
the Dutch national Cartesius and Snellius supercomputers with the support of SURF
Cooperative. The code is publicly available [[173,[174].

2.A.4 DC Conductivity

The DC conductivity is computed by solving a Stokes flow problem on the black
hole horizon [103},[104}, 105, |106]. Using a set of time-independent perturbations, one
can show that the bulk linear response problem of computing (thermo)electric DC
conductivities can be reduced to a linearized version of the Navier-Stokes equations for
an auxiliary fluid that lives on a static black hole horizon background. The equations
take a similar form for both EMD and RN black holes, and can be written as [[105]

77(0)(—ZVjV(ivj)+3vjvj(/>(0)vi(/5(o)) _ dxgj)_)Qj _Fl(g)Jj —

0 0 P
p( )(Ei+ij)+Ts( )(Ci—vim) (2.52)

9;Q =0, 3;J  =0.

The superscript (0) indicates that these are background quantities evaluated at the
horizon. These are the values we extract from the numerical solutions to the back-
ground lattices described abovem The Stokes equations is then a set of four
equations for the four unknown functions v,,v,,w, p. The currents €,<J and transport
coefficients p(o), n(o),s(O), X(O) can be written in terms of these four functions, the back-
ground horizon quantities and the induced metric on the horizon h(io.)[ 105|]. E;,{; source
the electric field and thermal gradient, and are taken to be constant over the unit cell.

141f the change of coordinates in footnoteis used, this simplifies to 0,F; =0V i, as only even powers of r
will appear in the near-horizon expansion. This comes at the cost of accuracy near the horizon.

15This ensures a constant temperature across the (corrugated) horizon.

16For the RN black holes, one should take ¢ = 0, Z(¢p) = 1, V() = 6.
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2.B Semi-local criticality and an induced IR length scale

The thermo-electric DC conductivities are then extracted by evaluating

J o aT\(E
3= e

where o, Q are here the spatial averages of the solutions when evaluating equa-
tion (2.52). These averaged values do not renormalize when lifted to the boundary to
be interpreted in the field theory. As a result, the thermo-electric conductivity matrix
defined in equation (2.53) is that of the field theory.

In previous works, e.g. [106]], these equations have been used to study simpler
systems that do not fully break spatial translational symmetry or break it in a ho-
mogeneous way. That simplification allows for a largely analytic treatment of these
equations. The systems we are interested in do not permit us such luxuries and there-
fore we have to solve this coupled linear PDE in two periodic dimensions numerically.
For this, we developed a package in Python which can solve coupled (non-)linear partial
differential equations for backgrounds as well as perturbations. This package is rather
flexible, in that it can make use of both (pseudo)spectral and arbitrary-order finite
difference methods to solve the equations. This package will be made available publicly
at a later date.

2.B Semi-local criticality and an induced IR length
scale

Semi-local quantum liquids can be defined by a “self-energy” that is either a power-

. /(z—1)
2v(k) or exponential T ~ exp|—%—

law in frequency X ~ w with z the dynamical
critical exponent. In the limit z — oo the latter reduces to the former [99]. Both w and
k are dimensionless frequencies and momenta in units of the chemical potential u. As
emphasized in [33]] the spatial structure of such semi-local quantum liquids is that
the spread of local perturbations decays very rapidly and is bounded by an emergent

length scale & oc 1.

w1

Though the emergence of this semi-local physics is poorly understood from a
conventional point of view, its emergence bound is surprisingly clear from a dual
holographic perspective. It is a direct consequence of the existence of a maximal
distance, xmax ~ 1/, that two light-rays emitted from near the AdS black hole horizon
can spread [33]. It implies that a local perturbation in the IR can only originate
from/influence a finite spatial region (in the UV variables).

This supplementary section shows how this maximal distance arises. A light-ray
parametrized by X*(r) follows a null geodesic, i.e.,

gmXH'X¥=0. (2.54)
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2 Holographic lattices as local quantum critical metals

Consider a generic z = co metric

Gl

The parameter 1 = —g is the remnant of the hyperscaling violation exponent 0 in the

R? .
—1PR*r?dt? + —2dr® + p’R%dx;dx’ (2.55)
r

limit z — co and Ry = R/V/6 is the emergent AdS, radius. For a geodesic emanating
from the horizon we can use the radial r coordinate as the affine parameter 7, and the
physical gauge X” = r. Then solving the geodesic equation D, X* = 0 subject to the null
length constraint, one finds for the motion in the transverse directions

R
X =202 i1 T8 (2.56)

)+
uRv b2 — r2p2

withv2 =Y, v?. Two light-rays starting from the same point xEO) one pointing to the left
vi Ry 1
v uR tan(i)

and one to the right therefore arrive at the boundary (r = co) a distance 2
apart.

We are now interested in the intersection of two lightcones x; , and x; _, which
can be found from

0)
v URvx:
x; +(ro:x @ =0) = x; _(ro:2 ) = rg= —sin| —— | . (2.57)
’ ’ v 20;Ro

After combining (2.56) with (2.57), we find that the maximal allowed distance is

R R
x(lmaX) = R—zncose, x(zmaX) = R—Zn sinf. (2.58)
w u

where we have chosen the parametrization for the initial velocity components along
(xl,x2) as vy =vcosf, vg=vsinf, where 0 € [0,71/2] is the initial angle, measured
with respect to the x;-axis.

The relative initial distance between the two geodesics As reads

R
— (max) (max)g _ 1v2
As = | /a{man2 4 ymax2 L (2.59)

which is universal and does not depend on the initial conditions. It coincides with the
result presented in [33].

In figure[2.16] we plot the causal structure for two light-rays separated by a certain
initial distance. For an initial separation larger than the critical distance, (2.58), both
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2.B Semi-local criticality and an induced IR length scale

Figure 2.16: Left figure: Causal structure for two light-rays separated at a relative distance xg = 7.
The x-axis corresponds to the x1(¢), while the y-axis to the r(¢) coordinate. The external time has
been taken as the dialing parameter, along the z-axis in the figure. For the present purposes, we
have considered no motion along the xo direction, and we have also set Rg =R = u = 1. Right
figure: Causal structures for three light-cones as functions of (x1(t),x2(¢)). The z-axis corresponds
to time, for which we have set ¢t = 1 as the time that the geodesics reach the boundary. Those
geodesics that start at any point within the disk of radius 7 will be causally connected, while
disconnected if otherwise.

light-rays are not causally connected anymore. To illustrate this, we have chosen as a
dialing parameter the external time ¢. After some computations, we get

N R2U ,URU ) 0)
t(xl)——uthcot[m(xl—xi ) . (260)

which is plotted in the second figure in[2.16] From here, we highlight that any geodesic
that starts at an initial relative distance As < 7, will be causally connected, whereas if
As > 1, it will be causally disconnected.

Based on (2.59) and on the fact that the 2-point correlation function G ~ 1/¢y, ~ 7,
we conclude that the maximal correlation distance in Planckian dissipation is related
to the existence of this maximal causality distance in geodesic.
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2 Holographic lattices as local quantum critical metals

2.C Four pole fitting formula

The full 4-pole fitting formula that can fit the four poles nearest to the origin in
the complex frequency plane is given by the following nine-parameter formula

a-;
o(w)=09+Z - w.) 5+
Q-itw)T —-iw)+ w;
. (2.61)
Zs,l + ZZS’Z

—_— + time-reversed | .
w—(ws1 +iwsg)

The weights and positions of the sound poles is constrained by time reversal symmetry,
which dictates that
o' (~w")=0o(w). (2.62)

2.D Memory matrix formalism

The correlation functions of the homogeneous GR and RN fluids are well described
by the standard hydrodynamics of relativistic conformal fluids with U(1) charge (see
[119]). To compute (2.29), we simply need the correlator G ;: ;: which is given by

UQk2 kaIZJ

G k)= - .
i (@,k) Dyk?—iw  w?+iD k20— c2k?

(2.63)

This form quite readily shows how this dynamical response has both a convective part
(sound) and a dissipative part. At low frequencies, this correlator can be expanded as

2
w ag
Gk =—L+-2+iw

oQ

+w
2
2 ' D,

D2 f,c—;f +O0(w?) . (2.64)

The leading term is entirely real and will not contribute to the imaginary part. There-
fore, we can eventually obtain as

2E+p)Dpa,  2ci e+ p)?

I'mom.rel. = G2 =Tqg+ FW , (2.65)
where we recognize the quantities I'y,I'; introduced in (2.16).

2.E Scaling of hydrodynamical relaxation rates

Consider an equation of state P(T, u)/u® = ag + a1(T/u)"*1 where 7 = (d — 0)/z is
the generic effective dimension in the presence of a dynamical critical exponent z and
hyperscaling violation exponent . This equation of state will be a valid approximation
for the low-temperature regime of the holographic Einstein-Maxwell-Dilaton systems,
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2.E Scaling of hydrodynamical relaxation rates

such as RN and GR. Then, the entropy and charge density one obtains from this
pressure are s/u? = (i) + a1 (T/p)" and n/u? = 3ag — () + 2)a1(T/p)*1. We will now look
at the momentum relaxation rate for a relativistic charged fluid such that the
viscosity saturates the minimal viscosity bound 7 = s/(4x) and we will take the EMD
T-scaling o = 6¢(T/w)*2 [175]. From the integrated first law ¢ + P = sT + un, we find
€ = 2P for this choice such that we still have a conformal system and therefore { = 0.

The relaxation rate has two contributions, one G-dependent and one G-indepen-
dent, reminiscent of our result (2.16), which we will by analogy name I';, and I'q. In the
general non-conformal case we have now introduced, these therefore take the form

q a1(f—-2) Al 2
Iy = A2(G? T+ D (Z)" (1- 22 @)
Ji=

3

6ag 1% (1 + Z_é(T/'u)rﬁl)

o2 9 (2.66)
[y e 42010+ 1 (T)n [+ 25>
d'H= Py -
6 R 3
200 \K) (1+ @/
The leading order of I';, can therefore be obtained as
. f
n(T

Ty~ A2G D (T p2 e s 2.67)

6ag u 2n

This shear drag contribution is therefore entirely determined by the entropy at low
temperature. The other contribution, Iy, is slightly less straightforward. When 7 > 0,
a similar behavior arises

Aza?(ﬁﬂ)zﬁz(T)f’ A2 ( 03)2 _1(T)2

6aooq \u| 2np2\” T ’q

Tyl ~ (2.68)

Therefore in this general case, which encompasses the GR case fj = 1,1’y and I';; have the
same temperature dependence although I'; is more sensible to the susceptibilities like
the specific heat Tg—;, and the hydrodynamic transport coefficient og. A counterexample
of this general rule however arises when 7] = 0, as it is for the RN black hole for instance,
where the leading order of I'j vanishes and instead one must expand to second order
to have

4 2

o at (T

= L ) (2.69)
3aOUb u

Finally, we can explain how this (7/u)? factor in (2.68) arises naturally from the

ay factor introduced in (2.9). To do so, consider the quantity D,I'q = A22(€flm. We
will relax here our assumptions about the equation of state and only assume some
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2 Holographic lattices as local quantum critical metals

Sommerfeld entropy s = y(#)T and n = no(ji) at low temperature. The scaling of D ol'a
is therefore entirely determined by that of (x,‘ll which can be determined using

on\ [os _
o =\ — ~ I_T
(aT)ﬂ (ap)- rer,

T
o
(a—n) ~no(@) ,
‘;f ' 05 on (2.70)
é _ {03 B ]
— | =T|— gl 22 ~ _ o 7
(GT)ﬂ (aT)ﬂJr“(aT)ﬁ (y(@+py' ()T,

oe _[0s on _
(6_‘) =T (6_‘) +i (6_‘) ~ ing(@) +y (WT? .
H) 7 H)7 Bz
Then, we can plug these relations into Egs. and obtain
T2 (y() + 207" () + Any(B) i
i

o, ~ (2.71)

T

ni (B (Y@ + fry' () T =y T iy + v ()T

Therefore, given Sommerfeld entropy, we naturally get that D ,I'y ~ T?. Provided then
that D, ~ T, which is the case for the GR holographic metal, you recover the scaling
y~T.

2.F Lorentz oscillator decoupling

Consider a system of modes coupled to one another in the following way

0iJ1+T1d1+71de =Eq

(2.72)
0sJo +Tado —yod1 = Eg

where I'1 o are relaxation rates for the currents J1 o, E1 2 are explicit sourcing and y12
couple the two modes to one another. In matrix notation 0;J, + MypJp = E, this leads
to the following evolution matrix

I'n 7n
Mio= . 2.73
LO (—Yz Tz) (2.73)

We can then solve this dynamic system and obtain, in frequency space,

(FZ — i(u)E1
Ji1(w) = ; ; ’
T1-iw)T2—iw)+Y1Y2 (2.74)
. .
Jg(a)) _ YoLli1

(I —iw)T2—iw)+y1y2
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2.F Lorentz oscillator decoupling

where we have set E2 =0 as we are only interested in externally sourcing one of the
currents. Critically, we will be interested in a total current J which overlaps with both
J1 and Jy through

J=(70E1 +aJ1 +sz (2.75)

where 0 is some explicit contribution by the external sourcing. Therefore, the conduc-
tivity associated to this current is

a (1“2 - iw) + b)/z

oc=J/E1=0¢+ - - . (2.76)
LT I S i) Ty — i) +y172
This form is very reminiscent of (2.18) with
b
Zer=a, Q=F2+EY2
2.77)

b b b
F=F1—;Yz, w§=Y1}’2—;Yz [1"1—1"2—5)’2] .

Let us now compare to the matrix M describing the dynamical hydrodynamic
system in the small lattice expansion. From this system of 4 coupled fields, it is possible
to decouple two by taking the large speed of sound limit ¢y — oﬂ which formally
just encodes the assumption that the sound poles live far from the two poles close
to origin. While this is a relatively simple limit to illustrate the qualitative behavior
of the isolated two pole sector, we must emphasize that this limit will not reproduce
quantitatively the mapping exactly, and that is because there are higher order
effects of the coupling to the sound sector which should be more carefully disentangled.
It will be however a helpful illustration of the dynamics of the low frequency sector.
The two currents remaining J; 2 are then the momentum current density 67T§CO) and
the parity-odd charge density 6n®.

The decoupled system then takes the form

- 0 AGa/2
0 AGu/2
M:( AGH D 22): 2D,GI'g | (2.78)
" (E+pla, P B Al p

while the total current of interest is J = oqE, + wlz, 5n§co) - %w%D oGO n® . Thus,

we deduce from this that Z.g = wf, while the effective momentum relaxation rates and
effective couplings are

Q=D,G? [1—D,,rd] ,
I'=(D,G)°Tq, (2.79)
W} =DyG Ty [1-(D,G)* + D3G T,

17Ty take this limit carefully, one needs to rescale the momentum modes 56(0),57[560) by a factor of c?

beforehand.
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2 Holographic lattices as local quantum critical metals

As expected, there is a discrepancy between Egs. and Eqs. which just
highlights that the limit ¢; — oo should be refined. However, this correctly predicts the
leading order in A of every coefficient and gives a very close, qualitative estimate of
the corrections at the next order.
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Chapter

Relativistic hydrodynamics in a
periodic potential

Attribution

This chapter was published as a journal article under the title “Hydrodynamics
of a relativistic charged fluid in the presence of a periodically modulated chemical
potential” in the journal Scipost Physics, volume 16, issue 1 (2024), together with
Koenraad Schalm.

3.1 Introduction

In considering the quantum mechanical wave function of a single electron in a
lattice of atoms Bloch had the insight that one should expand the wavefunction in a
manner consistent with the discrete periodicityE]

W(x) =fz ke uy =Y [ ket 0y, k),
4 A

_
L

up(x+L)=up(x). (3.1)

The novel part of Bloch was its application to quantum wavefunctions rather than waves
in general. How waves propagate in periodic structures was already considered by
Newton, and that waves in periodic structures exhibit peculiar interference phenomena

1The Fourier transform here is chosen with a different convention than the traditional physics conven-
tion f(x)= [ % f (k)e'®* This prevents a proliferation of 27-factors in non-linear terms in dynamical
fluctuation equations.



3 Relativistic hydrodynamics in a periodic potential

that we now know as level repulsion/Umklapp/gap opening at Brillouin zone boundaries
or Bragg reflection from point-like lattices was already recognized by Kelvin in the
1880s [176]. In electrical engineering the propagation of electromagnetic waves in
periodic structures was [[177], and is an important topic, see e.g., [178]E] Also sound
waves in lattices were considered from the earliest days up to today, see e.g., [179].

Sound waves, however, are hydrodynamic fluctuations — a long-time long-
wavelength perturbation around thermodynamic equilibrium of a conserved charge
associated to a global symmetry — and in that sense differ from electromagnetic
waves or single particle wavefunctions in that the fundamental equations of motion,
i.e., the hydrodynamic conservation laws, are non-linear. The wave-like fluctuations
propagate on a background that is itself a full (equilibrium) solution to the non-linear
set of equations, and through the non-linearity the properties of the fluctuating waves
depend on this background solution. Though gradients are energetically disfavored,
through external forcing the equilibrium background can be imprinted with a spa-
tially varying temperature T'(x), pressure P(x), or chemical potential u(x). Due to the
non-linear coupling between fluctuations and the background in hydrodynamics, the
wave propagation properties can be self-consistently determined from the (spatially
varying) background. This was elucidated particularly clearly in recent years in the
context of electron hydrodynamics in systems with random charge impurities [[180)
115]. Such charge disorder is encoded in a spatially varying chemical potential with
average E[u(x)] = po and variance E[p(x)pu(y)] — E[p@o)IE[u(y)] = aﬁé(x —¥). Quantum
mechanical single particle electron motion in the presence of random impurities is a
classic condensed matter problem. As Anderson showed, the random wavefunction
interference is essentially uniformly destructive; at low temperatures all motion is
inhibited and the system becomes an insulator. In the hydrodynamic regime, however,
i.e.,,in a situation where many electrons collectivize to a classical fluid rather than a
quantum mechanical wave, the conductivity rather strikingly remains finite indicating
the existence of an “incoherent metal" state [[115]]. Observing this electron hydrody-
namics in sufficiently pure 2D systems is currently actively pursued, see e.g., [181] or
[[182], references therein and the recent review [[183].

Here we study not hydrodynamics with random spatial disorder but with strictly
periodic modulations of the background, i.e., a lattice. Moreover, we also consider
hydrodynamics of a charged rather than a neutral fluid with an eye towards condensed
matter systems. Compared to the many existing studies on sound waves in periodic
structures, the presence of electromagnetic charge as an additional conserved quantum
number changes the fluctuating wave response fundamentally. This is again due to
the non-linear nature of the hydrodynamic equations. At finite chemical potential
sound mixes with charge diffusion. In a companion article we focus on the significant
consequences of this cross-coupling of Bloch modes in a lattice for the measurable

2In the latter context Bloch’s theorem is known as Floquet’s theorem. This is not to be confused with
periodically driven Floquet systems, though the underlying mathematics of periodic structures is the
same after switching “space” and “time".
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3.2 Hydrodynamics: Set-up and brief review of homogeneous fluctuations

DC and AC conductivities in condensed matter systems where this hydrodynamics
approach may apply [[184]]. In this article we provide the deeper hydrodynamic analysis
of the full fluctuation spectrum of charged hydrodynamics in a periodic background.

3.2 Hydrodynamics: Set-up and brief review of
homogeneous fluctuations

The principal reason that linearized hydrodynamic fluctuations in a lattice back-
ground should also be expanded in Bloch modes has already been emphasized: the
essence is wave propagation in a periodic structure. Waves are described by coupled
first order differential equations of the formﬂ

0+ M(x))p(x)=0. 3.3)

If M(x) is periodic M (x+ ZG—”) = M(x), then ¢(x) can be decomposed in Bloch Wave d(x) =

>n _GC/;% dk ¢ (R)e! "% Taking M(x) = —M0% + A cos(Gx) as canonical example,
one can solve Eq. (3.3) perturbatively in A. Diagonalizing M in terms of ¢, (k) =
> p AP qbﬁ;p) (k)/p!, the lowest eigenvector to first order in A is

¢(0) (k)—;(b((» R)+... (3.5)

_ (0 _
Pn(k) = pO(k) n=1T 9G(G + 2k)M, ' 1

2G(G -2k)M,
in terms of the unperturbed eigenmodes. This mixing between the different Bloch
waves is Umklapp. In this article we shall only focus on these perturbative solutions
for small lattice amplitudes.

We also already noted that what is special about hydrodynamics is that the
fluctuation equations are themselves a linearization expansion of the fundamental non-
linear equations. The principle behind the theory of hydrodynamics is local equilibrium
and encoded in the local conservation laws of macroscopic charges, i.e., , of a slowly
spatially varying energy-momentum tensor 7'y, (x) and in the presence of a U(1) charge,

3The standard wave equation (0% - M12Ma1)¢1 = 0 follows from

0 Mig||o1]_
[ )2 -0

4The Bloch theorem essentially states that the plane wave decomposition ¢(x) = /5o, dq([)(q)eiq" can be
segmented into unit cells g, € [(n — 1/2)G,(n + 1/2)G] where n € Z labels each cell — or Brillouin zone —

o b

as px) =Y, f(n_%)G
with & € [-G/2,G/2] such that

dqn(p(qn)eiq"f The wavevector in each Brillouin zone can be shifted ¢, =% +nG

G/2 . G/2 .
px)=Y f g RO+ nG)elk+n@x = ¥ f o Ak (k)i k+nDx (3.4)
n - n -

The advantage of this decomposition is that discrete periodic shifts x — x + 2ma/G relate modes in
different Brillouin zones at the same Bloch momentum k& € {-G/2,G/2}.
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3 Relativistic hydrodynamics in a periodic potential

a current J*(x). In turn this implies that one can also describe fluid behavior in the
presence of a slowly spatially varying external potential whether temperature 7'(x),
pressure P(x), or chemical potential u(x).

For simplicity — as well as for the experimental supposition that strongly cor-
related condensed matter systems can have an emergent Lorentz symmetry at low
energies — we shall use d = 2 relativistic charged hydrodynamics in this article. In
principle all we state also applies to arbitrary d non-relativistic charged hydrodynam-
ics, even if the precise expressions may be subtly different. In relativistic charged
hydrodynamics the dynamical equations are simply the conservation equation of the
energy-momentum tensor and the charge-current

0T =F."

ext

Iy, 0,J"=0. (3.6)
Here we have allowed for an external electromagnetic field strength ng/t =0HAY  — GVAgxt
in terms of a local external vector potential. In this paper, we will be interested in
taking A ext = (Uext(x),0,0) with pexi(x) a periodic function. Though again, in principle
our results also hold for a spatially varying (external) pressure (see e.g., [[185]), or a
spatially varying (external) temperatureE]

The dynamical variables of the fluid are the temperature T, the unit timelike
velocity vector u* = (1,v')/vV'1 - v2, and the chemical potential i. Away from equilibrium,
the conserved currents in our theory — which we assumed to be parity-invariant, see
[[186] for more general cases — are given by the constitutive relations at first order in
gradients in Landau frame

TH = eul” + PAM — AP A (Ogug +0g1,| - A (( — 20/d) 0pu (3.7a)

JH =nut —ogAFY

To, (WT) - Fpexitt?| - (3.7b)

Here d = 2 is the number of spatial dimensions and the shear viscosity 7, the bulk
viscosity ¢, and the microscopic conductivity og are hydrodynamic transport coefficients
— in principle set by the microscopic details of a given theory, see e.g., [187, [188]], in
practice phenomenologically determined. A*Y = p*V + u#u" is a projector orthogonal to
the fluid velocity. The Landau frame choice is such that at any order in gradients, we
have J! =n and T =e.

The above constitutive relations also hold in a static equilibrium background. In a
system with Galilean or relativistic Lorentz boost invariance — which we use in this
paper — it is convenient to choose the reference frame for which the equilibrium fluid
is at rest. In absence of contact to a spatially varying heat bath, the temperature must
then also be constant and independent of position. In the presence of a spatially varying

5A spatially varying temperature without forcing by contact with a spatially varying heat bath is difficult
to have in a static equilibrium configuration, however.
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3.2 Hydrodynamics: Set-up and brief review of homogeneous fluctuations

external chemical potential pexi(x), the equilibrium solution to the hydrodynamic
equations Eqgs. (3.6) is then parametrized as

=0, T@x)=T=Ty, ptx)=x)=pext(x),
n(t,x)=n(x), et,x)=ékx), P(,x)=Px). (3.8)

In the grand canonical ensemble, the hydrostatic equilibrium yields moreover
V.P=avV,. (3.9)

Throughout this paper we will use the bar notation X to denote such static background
quantities. For a homogeneous background, they will be spatially constant and we will
use a subscript 0 as X to denote them. For spatially varying quantities, we will use
superscripts Y™ to describe higher order (Bloch wave) moments

G/2 .
Yx)=), f Ak Y ®(k)e k= (3.10)
n J-G/2

The hydrodynamic equations need to be supplemented by an equilibrium equation
of state relating the energy density ¢, the pressure P and the charge density n to
solve in terms of the equilibrium values of 7" and . In this paper, we will be consid-
ering a general fluid whose equation of state P(T', 1) determines the thermodynamic
equilibrium of the theory. In Sec. we will specialize to conformal systems.

On top of this background, we now consider perturbations X(¢,x) = X (x) + 5 X (¢, ).
The conservation equations (3.6) then take the form

0:8€ +0q(Vof))?6Ae = —0Q(Ve ) [VxOAn + 0E ] — Vi(Xan0v2) + (Vi P)Sv, ,  (3.11a)

0,01 — V26, = 0QVy [6AcVifi+OE ] — Vi(7ibvy), (3.11b)
0407y — V20, = (V)01 — Vo (16A5) — Vo(TanAe) — ASEy , (3.11¢)
0,61y V250, =0, (3.11d)

which can further be simplified into

0;0€ + (Ve )?6 e = 0@ (Vo SE! — 11,V 80, — (V1E)0, (3.12a)

0:6n — 0@V OEP = 0oV, (01 Vi ft) — Vi (7ibuy), (3.12b)

067, — V280, = —ASEY — Vo (T7n0Ae) + (V88 A (3.12¢)

0,67y —nV250, =0 . (3.12d)

In the previous expression, we have defined a renormalized viscosity ) = { + @n.

We also introduced the “potential”-variations 61, = % and 61, =6u— Tiot‘i T conjugate

to the energy and charge densities. The velocity perturbations dv; are conjugate to the
momenta 67;. These are not independent due to the hydrodynamic local equilibrium
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3 Relativistic hydrodynamics in a periodic potential

condition. The momenta d7; are related to the velocity perturbations 6v; through
the constitutive relations 67; = 6T = XYnnOv; at this orderﬁ Similarly, the charge and
energy densities 6n,d¢ are related to the sources 61,,51, through the thermodynamic
susceptibilities derived in Appendix Using that 7., =&+ P, we can use the funda-
mental thermodynamic relation € + P = To5 + firi and the first law of thermodynamics
to relate

5P = Xn”T—_’un6T+ﬁ6p= Tun®Ae + A . (3.13)
0

Finally, we introduced an external electric field 6E, = 0;0A, ext and in we intro-
duced the total electric field 6E§C°t =0E,+V,0A,. In what follows, we will be interested
in the hydrodynamics response of the modes {0¢,0n,07,,67,} obeying the equations
(8:12). In the following sections, we will use the static susceptibilities relating the
potentials {§A¢,0Ap,0v,0v,} to the densities {0¢,6n,0m,,0m,} to express the equations
in terms of the latter only, i.e., , we work in the microcanonical ensemble.

3.2.1 Hydrodynamic fluctuations in a homogeneous background

In this section, we first review the hydrodynamics of a long wavelength pertur-
bation above a homogeneous conformal charged fluid. Further details can be found in
[[189L/119]. Since the background is homogeneous, this means every barred quantity
will be a constant X = Xy. The equations decouple into the longitudinal and
transverse sectors. We will start by looking at the latter whose equation of motion is
simpler. Choosing the wavenumber %, along the x direction without loss of generality,
the transverse fluctuations 67, obey

0:07,(t,k)+ D 1 k261,(t,l)=0, D =0/xrno - (3.14)

This is a simple diffusion equation with the shear diffusion constant D . We can now
use the (Fourier-)Laplace transfornﬂ such that the transverse equation of motion
becomes

(<iw+ D1 B2) 6y @, k) = 57yt = 0,k) = an 000, (t = 0, ) . (3.15)

6 Formally the susceptibility yr7(x1,t2;x9,t2) = Z(v;) denotes how a local charge density

0 J

) 0vi(x1,t1) 6vi(x2,t2)
7t (x1,¢1) is influenced by a (chemical) potential v;(xg,t9) at a different space-time point. Here Z(v;) is the
partition function in the presence of a chemical potential (velocity) v; for the charge density (momentum)
n*. In the hydrodynamic limit, however, one assumes that all equilibrium (¢1 + 3 = 0) static (t1 —tg — c0)
charges depend only locally on the potentials 7 (v;(x)). In a homogeneous equilibrium background where
)Z]S,t,?tic = yStatic(x, _ xo) this is equivalent to approximating the static susceptibility with its constant
part )'(,S,t,';‘tic(xl —%2) = Xn,0 + (1 —%2)0x ¥ (0) = Xzz,0 +.... We discuss this in more detail below and in
Appendix

TThe Laplace transform is required to have a well-defined right-hand side to our linearized equations. One
could also just use a Fourier transform while setting external sources. More details can be found in [189,
119].
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3.2 Hydrodynamics: Set-up and brief review of homogeneous fluctuations

The solution is formally given in terms of the retarded correlator for the transverse
momentum which is defined as

o0
57yt k) = f_ YR =t vyt ). (3.16)

Using that fo ,,y(w =0,%) = Ynz,0 in the hydrodynamic long wavelength limit (i.e., , we
only keep the leading term in an expansion in &; see footnote [6]), we have

D k?

—_—. 3.17
lez—iw ( )

égyny(w,k) = Xnn,0
The correlator exhibits a pole on the imaginary axis at w = —iD, k2 indicative of a
purely diffusive mode.

We can now carry the same analysis in the longitudinal sector where the dynamical
equations are coupled. Denoting ¢, (¢, k) = (de(¢,k),0n (¢, k),0m, (£, k)), the dynamical
equations can be written succinctly as

0:0q(t, k) + Myp(R)5pp(¢,k) =0 . (3.18)

We can once again use a (Fourier)-Laplace transform to rewrite this system of equations
as

K(w,k)-8p(w,k) =5t =0,k) (3.19)
with the dynamical matrix
—iw 0 ik
K(w,k)= —iwllg+M(k) = JZZZO"QkQ Xfi_?)”QkQ‘i‘“ L ,
ik Xnn,O?(mré)x_nOXnE,O ik nO?Ces,O_dXXne,OXnn,O xj,,o 2w
(3.20)

where we defined dy = yce,0Xnn,0 —( Xne,0)2 the determinant of the susceptibility matrix
in the €,n sector. The poles of the Green’s functions associated to this system are the
frequencies for which detK = 0. The roots of this polynomial in the long wavelength
limit are a diffusion mode (originating in charge diffusion) and two propagating sound
modes

wp = —iDORZ+ OG?), we=+clh- %ngz +OED) (3.21)

where the speed of sound and the two diffusion constants are defined as

N 2
1 n(z)Xee,O + (th,O) Xnn,0 — 2n0Xﬂn,0Xne,0

DO = . (Y= , (3.22a)
g Xm0 s Xnn,odx
0 JQ (Xﬂﬂ,O)Q 0 0 0 Xee,0

D)= ,  D?=D}-Dj+oq . (3.22b)

- 2
noXee,0 (er,O)zXnn,O = 210X 77,0 Xne,0
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3 Relativistic hydrodynamics in a periodic potential

Note that for 79 = 0 the speed of sound reduces to the familiar expression ¢2 = §P/de
(using Eq. and the inverse susceptibility matrix). Similarly to what we did in
the transverse sector, we can compute the retarded Green’s functions by inverting the
dynamical system [119]

GEw,k) =K' R0=0)yr0=3+i0K™Y) 110, (3.23)

where the middle equation enforces the condition that the static w = 0 part reduces
to the longitudinal part of the thermodynamic susceptibility matrix yy, o. The various
correlators can then be obtained

ég(w,k)zii‘:’;’ (C(S;Z:’Opgkkiw , (3.242)

éfn(w,k)=% (02D (Yan0nn0k? ~ dyiwDI? ~ dyo®) ~iwn3 | , (3.24b)
G 7.0 = 2 P (and DY - i0(an + DY o DY) - xm,oD,‘in] ,

(3.24c¢)

Gfﬂ(w’k):d(i,k) [(cg)ane,ngkz—iwno , (3.24d)

with the normalized determinant of the dynamical matrix d(w, k) = i(w—wp N w—w4 ) (w—
w_). The other correlators can be obtained via the Ward identities

GF =26k, GE =Egr

en » €Ty Ty Ty 2
k )

AR _ WAR
Gr.e=7G

e (3.25)

as well as the Onsager reciprocal relations

GE (0,k)=-G% (0,-k), GE (0,k)=-GE (0,-k), GE(w,k)=GCE(w,-P).
(3.26)

3.3 Hydrodynamic fluctuations in a lattice
background

We shall now redo the fluctuation analysis in a lattice background. This lattice
will be sourced by a periodically modulated external chemical potential

Hext(X) = o (1 +Acos(Gx)) , (3.27)
such that the fluid is still at rest and in local equilibrium, but all its constituents will

now slowly vary in space. In particular, this last assumption of local equilibrium means
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3.3 Hydrodynamic fluctuations in a lattice background

that the scale of spatial fluctuations of pext and other local quantities must be larger
than the local equilibration scale. Therefore, we must have G < p, TE]

This lattice background manifestly breaks translation invariance. Momentum is
therefore no longer a strictly conserved quantity. However, as the breaking is sourced
through a hydrodynamic variable and as we assume it is weakly broken, we can still
use hydrodynamic analysis [[115} (180} 88| /125]. The spectral function of the associated
operator to this deformation — the charge density J‘ = n —, evaluated in the homo-
geneous background, can be used to compute the momentum relaxation rate. This is
known as the memory matrix formalism and was thoroughly detailed in e.g., [[133,|180].
The momentum relaxation rate induced by an operator O sourced at wavenumber G
with strength g takes the form [87]

262 ImGE (0,k=@G)
1—‘mem.(g, G)= g_ lim 00 .
Xnn w—0 w

(3.28)

For a cosine ionic lattice Eq. (3.27), g = uopA/2, and we have two deformation sources,
one copy each at +G — noting that the expression (3.28) is parity invariant in G.
Therefore, the memory matrix relaxation rate for an ionic lattice is

2A2 -n / 2 2
1_‘ionic mem. — ’uo (Xnn’o 0Xned X]m)O) + D?sz M . (329)
’ 2 0QXnn,0 Xm0

It will prove useful to separate the terms according to their scaling with G in this
expression as ['jonicmem. = 'y +I'q with

T,= (3.30)

242 ? 242 — 10)ne0/Xnm0)”
Ho (Xne,o) Dng . Ty= Ho (Xnn,o 0Xne,0 er,O)

2 Xnm,0 2 0QXnr,0

Using the Einstein relations Eq. (3.22a)), together with Y,z 0= €0 +Po, Xxn,0 =no these
are a convective shear drag term I';, and an intrinsic diffusive term [87, (86, 115]

,U%AZ f]Gz ( Xne,0 )2 ,U%Az i ((60 +Po)¥nno0— nOXne,O)2

I'g= . 3.31
2 €0+P0 €0+P0 d ( )

T, =
K 2 og (0 +Pp)?

We will recover this same expression for the momentum relaxation time from our
Bloch wave analysis. This analysis improves on the memory matrix technique by
understanding how all the hydrodynamic fluctuations behave.

In a periodically modulated background, every background quantity in local ther-
mal equilibrium X (x) = X (ji(x), To) now admits Fourier series expansions

X(x)=) enGxx™ (3.32)
n

8For this reason our analysis does not immediately apply to graphene or other sufficiently pure semimetals
as there, the scale where hydrodynamics applies is much larger than the atomic lattice scale. One would
need to have a periodically undulating graphene sheet or otherwise externally imposed periodicity for
this analysis to apply.
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3 Relativistic hydrodynamics in a periodic potential

In order to apply the same method as in the previous section, we must first know how
to relate perturbations of sources and responses in this new background. Because
the background is static, the susceptibilities will also be static. However, because
the thermodynamic quantities are position dependent and have non-vanishing Bloch
modes, the susceptibilities will now also be position/momentum dependent. In principle,
they depend on two Bloch momenta. However, in the slowly varying hydrodynamic
background we may approximate them as local functions y(x) (see also footnote[6) that
follow the expansion E] The relation between perturbations in the sources and
responses is then

O0pa(t,x) = Jap(x)0AB(,x) . (3.33)

The breaking of isometry by the lattice means there is no longer a decoupling between
a longitudinal and transverse sector, i.e., , ¢p4,14 collectively denote the responses
{0€,0n,6my,6m,} and the sources {§A¢,01,,0vy,6v,}. Both perturbations are likewise
expanded on Bloch modes matching the discrete lattice symmetry

G
6Xat, )=y f dee““”G)xéXX”(t,k), (3.34)
n Y-y

for X € {0¢pa,014}. As a result of the spatial dependence in the background different
Bloch modes of the perturbations cross couple

8Pt k) =Y I TISAT (¢ ) . (3.35)
m

The dynamical equation can then be written, after Laplace transform, as
K™ (w, k)-8 (w,k) =66 (t=0,F) . (3.36)

The indices n,m indicate the Brillouin zones while each block K™ is a 4 x 4 matrix.
The diagonal blocks K™™ correspond to the couplings between the responses in the
same Brillouin zone while the off-diagonal blocks will account for coupling between
different zones. These are due to the presence of the lattice and will vanish in the limit
where the lattice amplitude goes to zero A — 0. We will be interested in a weak lattice
where the lattice amplitude A is very small, and keep only terms up to order AZE]The
coupling between two modes with momenta k£ + nG and k + mG for m > n will be of
order A", Moreover, within perturbation theory, terms of order A in the off-diagonal

9 One can analyze the general behavior of two-point functions under lattice symmetries of the background
[117]. Given a two-point function G(x, y), one can pick a center of mass point x =r+§, y =r—4. Under the
lattice symmetry, r — r + L, but § is unchanged. Then G(x,y) = G(r = %,5) =G(r+L,0) can be expanded
in Bloch modes G(r,6) =Y, fde(")(k,6)ei(k+2””/L)’. For hydrodynamic susceptibilities y = G j: ;¢ we
assume that they are local, i.e., , we can restrict to § = 0 to leading order. In a strictly periodic background
there is no structure beyond the lattice scale and hence only the X(")(k =0,6 = 0) modes are non-vanishing.

10For a strong lattice or strong isotropy breaking the transport coefficients become tensors and this requires
an independent analysis.

88



3.3 Hydrodynamic fluctuations in a lattice background

blocks will contribute to the same order as terms of order A2 in the diagonal blocks;
we can therefore drop terms of order A2 and higher in the off-diagonal blocks. This
also means we can consider “nearest-neighbor” interactions only — by which we mean
off-diagonal terms with m = n + 1. In the long wavelength approximation we therefore
can narrow our study to the three momenta & + nG with n € {-1,0,1}, i.e., , the first
three Brillouin zones. It is important to note that the diagonal terms even in the n =0
Brillouin zone can still have non-trivial higher order corrections in A. A similar setup
was already considered in [[190].

We will discuss this momentarily. We shall, however, first make one more sim-
plification. It will prove more useful to use the equations in terms of the sources 6§14
with

K™, k)64 (w,k) = 5A™(t = 0,k) (3.37)

where we can relate the two matrices using the susceptibility matrix y by K=K - y. In
this language, the A = 0 dynamical matrix (3.20) takes the form

_inee,O _;ern,O ikXJm,O 0
s | —toxneo o@k®—iw)nno ikng 0
K=1. . . . (3.38)
lkXim,O ikng 77k2 —1WX 7,0 0
0 0 0 nk? —iw

This choice seems to a priori obfuscate the relationship between modes more than
due to the off-diagonal frequency dependency. However, because y is a static
matrix, the determinants of K and K have the same poles in the complex frequency
plane, and in the lattice case where the inverse susceptibilities present in are
more complicated, this form will prove clearer.

In the next few sections, we will determine this matrix K in a lattice background
with lattice vector G for both finite £ momentum fluctuations and £ = 0 momentum
fluctuations to order A2 in the lattice amplitude. As standard, the zeroes of its determi-
nants will indicate the position of the dynamical modes of this system. We will then
compute the conductivity as an example of how the various correlators are modified by
the presence of the lattice.

3.3.1 Finite momentum aligned fluctuation spectrum

For a generic fluctuation with momentum £, even in the long wavelength limit,
the fluctuation matrix truncated to nearest neighbor cross-coupling sufficient for the
leading order in A correction will be a 12 x 12 matrix. This is because there is no
decoupling into transverse and longitudinal sectors for a generic momentum. However,
if one chooses the fluctuation momentum % to align with the lattice wavevector, a
decoupling does occur. Choosing % along a lattice vector defined to be in the x-direction,
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3 Relativistic hydrodynamics in a periodic potential

a parity symmetry in the y-direction remains. The even and odd sectors decouple into
the longitudinal and transverse parts:

8YL = {Mg*“,5/1;*“,5125;1’,5150),mﬁ?),av;m,aag”,mﬁ}&avg}’} , (3.39a)
8Yr = {6v§,_1),6v§,0),5v(yl)} . (3.39b)

The dynamical matrix is then diagonal in a 9 x9 and a 3 x 3 block.

Transverse sector

Starting with the transverse sector, the associated dynamical matrix Kp is

k=GP~ vy ~iofe 0
Kr = —iwy'y nk2 —iwy'? —iwyY . (3.40)
0 —zwxg,l,g nk+G)? - mxS,O,i

In the hydrodynamic approximation the local static susceptibility j.(x) = a o ( w(x))
(see footnote [6] & [9) now also depends on the lattice amplitude as can be seen from its
Bloch components

10= & 7t untaen (3.412)
G
G n X 0 #2A2 62X 0
oo dx Xm0 + oA cos(Gx) 071]:) 02 (cos(Gx))ZT”g+ (3.41b)
A 92
= Yumo + 20 T AAm0 (3.41¢)
4 O/JO
= Xm0 + A% XS 5, (3.41d)
; ﬂoA OXnn,0 _
1 = [_ | e pntien = ST < Al —arh (3.41¢)
242 52
@ _ Ho Xam0 _ 2 (2 2. (-2 2.(0)
Lz 8 6/,12 A nn2 =A XT[T[Z A th,Q' (3.41f)
0

In the previous expression, we have introduced the expansion for a given Bloch mode
xXm=y X ,(,Z)A'”. Note that by definition, X (()O) = X which we will keep this way.

The poles of the transverse fluctuation matrix can now be found easily, and we
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have

(0)

. Xnn2 oy (R-G)?
1==iD (k—G)? [1-AZ| T2 WD) D = 3.42
w7 -1=-1D( ) (XM,O X””’IX””’IG(G—2k) , ( a)

(0)

X 2k2
wro = —iD k?|1-A? (ﬂ _ X(l) X(_D

- = 3.42b
Xnmo L PIATRL(G - 2R) (G + 2k)) ’ ( )

0
Xan2 (1) (1) (k+G) ) (8.42¢)

=—iD,(k+G)% [1-A2 S Ton
wr1=-iD( ) ()(m,o Xan Xnn 1 G(G 1 2k)

The poles remain purely diffusive, and we see that the only effect of the lattice on the
transverse sector is to renormalize the shear diffusion constants D | at order O(A2).
We do see an Umklapp-like pole in the dispersion relation at the edges of the Brillouin
zones k = +<. Formally, this value of % is outside of the regime of validity of the
expansion in small A. One has to resum the perturbative expansion and then one finds
level repulsion, as is well known; see also the discussion at the beginning of Sec.[3.3.2]
and footnote It is distinct from conventional Umklapp, however, in that it is not
level-repulsion in the dispersion (the real part of the pole in the complex frequency
plane), but in the width of the fluctuation. At the edge of the Brillouin zone the width
narrows and vanishes at exactly & = i%.

Longitudinal sector

The longitudinal sector is characterized by a 9 x 9 dynamical matrix K, of the
form of 3 x 3 blocks

o - KP(w,k-G) | KOP(w,k-G,k) 0 545)
ERIROD k-6 | KPw,k) | KON,k k+ @) '
0 KOP(w,k+G,k) | KP(w,k+G)

The ICEOD )(w, k, p) block with % < p belongs to the Bloch sector n = —1, and the one with
k > p to the Bloch sector n = 1. In a cosine lattice, however, all background quantities
are parity-invariant X = X™_ and so from here on out, we will only use the n> 0

91



3 Relativistic hydrodynamics in a periodic potential

expressions. The 3 x 3 blocks IC(LD ) and IC(LOD ) are then given by

@(@G2 - wa(e(e)) wa(,?e) zk)((o)
/@g))(w,k) = —iwlgzoe) Uka - Lwy(slo,)l ikn©® ) (3.49)
ik)(ﬁ?,g ikn© nk? - waggg
—iwxi, E5ep(p—R)—ioree;  4ipno+ikynco)
I@}JOD)(w,k,p)zA ”OgQ k(k - p)—wa;IE)’l —lwxnI;A %ik}(,mo
E2(ikno +ipYneo) ipxnn0 —iwx)

To leading order in A2, the n = 0 Bloch momenta X'? still have a dependency in A just
as in the previous section.

While difficult, it is possible to find the poles associated to this 9 x 9 matrix
generically. For very small momentum % = O(¢?) and G = O(¢), they take the form

wp = —iDO(nG)? + érd — (3.454)
wpo=—iDok%+..., (3.45Db)
ws+n=+cAk+nG)- =DG® + (3.45¢)
i
WS +0=— 9 1ﬂlomc mem. Cok - 2 0k2 , (3.45d)
with n € {~1,1} and “..” indicate corrections of order O(A?%) and higher. The relaxation

rates I'g, I'ionic,mem. are of order A? and equal to the memory matrix expressions given

in Eqgs. (3.37).

For large k& the expressions are not easy to express. However, we can use the
mixing with Umklapped Bloch waves analysis to understand numerical simulations.
In the longitudinal sound sector we do observe genuine level repulsion in the modified
dispersion relation at the edges of the Brillouin zone. For a visualization in an explicit
example later, see Fig. There is thus a true sound “band gap”. Sound modes with
frequencies w = +¢;G/2 do not exist in this latticized medium. Or more precisely put,
sound with wavelengths A = 27k < G propagate normally with essentially unaltered

speed of sound ¢, = Z—’g = c0 As the wavelength approaches the edges of the Brillouin

zone, sound slows down, and right at the edge of Brillouin zone for A = @2ng, they
cease to propagate as the group velocity cs = g—‘}‘e’ lz=G/2 = 0. The medium is opaque to
sound at these wavelengths. Considering possible applications to condensed matter
physics, we note for completeness that all these results are of course derived assuming
a fixed infinitely stiff external lattice. Lattice vibrations/phonons are not taken into
account. Were one to include these in the analysis, this will likely make the level
repulsion and opaqueness to sound less sharp.
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3.3 Hydrodynamic fluctuations in a lattice background

3.3.2 The % =0 zero momentum perturbation

The & = 0 zero momentum is special and asks for a separate discussion. This is for
three reasons. Again in the context of condensed matter physics, the £ = 0 fluctuation
describes the homogeneous responses of the system to outside probes. These are the
observed macroscopic thermal and electrical conductivities, and warrant being singled
out. Secondly, we shall see that in the limit of 2 — 0 several modes becomes degenerate.
One must always be careful with accidental degeneracies. This is also the case here.
The degeneracy is lifted in the presence of the lattice deformation. However, since we
only consider the lattice perturbatively, this implicitly means we consider AV, < &
where Vi, is a characteristic scale denoting the strength of the interactions between
the Bloch modes. The degeneracy limit and the small lattice amplitude limit do not
commute. We shall illustrate this in more detail below. We can still do a perturbation
analysis in A, but this must be done from the & = 0 starting point separatelyE] Finally,
mathematically, the £ = 0 fluctuation is special in that at vanishing momentum, parity
in the x-direction (G < —@G) is restored. In the 1D lattice we consider — with lattice
vector in the x-direction — the longitudinal and transverse fluctuations at £ = 0
therefore break up into odd and even superselection sectors under G — —G

6&(1)_51(—1) 5/1(1)—5/1(_1) 5 (1)+5 (=1)
oy =l "% 9% 9%  OUx TOVx 5,00 (3.47a)
21 21 2
61(1) 5A(_1) 6/1(1) 6/1(—1) 5 (1)_6 (-1
8Y1, = (6A®,52® 2% 0% 0% TOMn ~ OUy ~O0x (3.47b)
2 2 2i
sv'l —5p D
8Yr- ={————1}, (3.47¢)
21
50D + 605
oYy, =60}, ———"— (3.47d)

2

For the sake of brevity, as £ = 0 we have suppressed all £ arguments in the dynamical
expressions 6X™(w,k = 0) = 6X™(w). In this basis, the overall dynamical matrix
K'=UKU™! is diagonal by block and the dynamical equations take the form

Ki—(w) 0 0 0 6Y1_(w) 5Yr_(¢=0)
0 Kr+(w) 0 0 ' 0Yr+(w) _ 0Yr.(t=0) (3.48)
0 0 Kr-(w) 0 SYr_(w)| ™ |6Yp-(¢=0)]" )
0 0 0 ’CT+(0)) 6YT+(w) 5YT+(t = 0)
RN simple example that illustrates the point is the toy model fluctuation matrix
o _[E-k AV
Koy = (AVint Ea k) (3.46)

This has poles at E = +4/k2 +A2Vi%l " signaling level repulsion at £ = 0. Expanding these poles in A gives

1A%V s . 1_k2
E=zxk(1+3 k2m ), whereas expanding in & gives E = +AV,,((1+ 5 W)'

int
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3 Relativistic hydrodynamics in a periodic potential

where U = %L Ur is the matrix that reorders the fields from the basis in Eq. (3.39)
to Eq. (3.47)
% 0 0|0 0 0|-35 OA 0
0 g 0/0 0 0|0 -5 O
00 2(fooolo o 1% , ,
io -
0 0 0|0 O 1[0 0 O 2
U=10 0 olo 1 0|0 o o] Urs|9 é 0 (3.49)
0 0 0|1 0 0[O 0 O 2 2
1 00[/000[3 0 o
1 1
0 3 0 00 0] 0 3 0‘
0 0 5/00 0[O0 0 -3

Transverse sector

Let us again consider the transverse sector first. The dynamical matrices Kp_
and KCrp, are

0) . 1)
R R —1WY —2iwAy
Kr-={nG?-iwyQ|, Krs = W 3.50
T (17 lwxm) T+ _iwAXETl; . nGQ lwxglo]z ( )
These have the following diffusive poles
X(O)
wT)=-iD, G? [1-A2T22 | (3.51a)
Xnm,0
0T =0, (3.51b)
2© el 2
oY =—iD,G? |1-A2TT22 92| ZZBL | | (3.510)
Xnm,0 Xnm,0

There are several aspects to note: firstly, as mentioned above these poles do not cor-
respond to the 2 — 0 limit of the finite £ fluctuations in Eq. (3.42). The indicated
emergent degeneracy at £ — 0 between wr _; and wr 1 is obvious in Eq. (3:42). The
lattice perturbation A lifts this degeneracy and therefore the limits 2 —0and A — 0
do not commute. Secondly, there is a zero mode in the 7'+-sector. This is the standard
transverse k& = 0 excitation, that corresponds to a change of the static homogeneous
transverse pressure background and as a zero mode should not be considered in the
fluctuation spectrum.
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3.3 Hydrodynamic fluctuations in a lattice background

Longitudinal sector

Consider the G-parity odd longitudinal sector first. Its dynamical matrix Ky, _ is
given by

OAGXGnO
. L_ uOAGXnnO
Kr-= Cio®, | (3.52)
\-H0AXne0G  H0AXnn0G  ~2i0AxD) [ i)

with
i@+ B 06 i@ e
L= _lwxgloe) oQG? - iwy® nOag . (3.53)
ARG -n9G  HG?-iwy)

The lines are there to highlight the coupling between two sub-sectors. The top-left block
is equivalent to the coupling matrix in the homogeneous system at momentum
G encoding the G-parity odd part of two sound modes and a charge diffusion mode
(see Eq. (3.21)), while the lower-right block reflects the conservation of momentum
in the homogeneous case. In the presence of the lattice deformation the momentum
conservation mode now couples with the Umklapped finite G sound-, and charge
diffusion modes through the off-diagonal terms. We can find the modes of this dynamical
matrix in the same way we did before, and we find

w%r;)de =—i(Cg+T,), (3.54a)
o7 =~i(Dy+A’DY?) G + ity (8.54b)
Wl = (C A2 >2)G_%(D2+A2D§L’)’2)G2- (3.54c)

We therefore see that the poles in (3.54) are those of the homogeneous system (3.21)
at momentum G with corrected dlffuswn constants due to the effects of the lattice.
The procedure to compute the explicit form of the corrections D'(OL_)’Z, c(sL_)’z, DgL_)’2 is
detailed in Appendix[3.C| For a generic relativistic fluid these are quite involved; in
the explicit case of a fluid with conformal invariance they simplify greatly and we give

the expressions below in Eq. (3.61).

The most noteworthy part is the Drude pole wprude- As previewed at the beginning
of this Sec. [3.3]the lattice breaks translational symmetry and this induces a momentum
decay rate. The more detailed Bloch wave analysis which gives us all fluctuations at
finite £, in the hydrodynamic regime beautifully recovers the finite ® memory matrix
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3 Relativistic hydrodynamics in a periodic potential

result (3.29), as it should. In the condensed matter context, it is this sector specifically
that governs the 2 = 0 thermoelectric conductivities, where the presence of the second
diffusive mode wp (originating in Umklapped charge diffusion) in addition to the Drude
mode has significant observable consequences as expounded in [[184].

For the G-parity even sector the dynamical matrix is given by

—zw)((nO,)L —za))((,?s) 21(1)A7(§3) —2iwA)(§11,)L 1 0
¢ —uu)(ﬁ?s) zw)(gg) 0’ G? —2zwA)(€€1 A(MOUQG2 21(1))(”61) —1oAGng
L =
’ —zwA)(;lg’l —Lwag?l
Cioarl), | ACHRG? -0y .
0 %Gno
(3.55)
with
242
HoA 0 0 0
. —iox  —ioyg ~xmG
L= —z((g))((nog UQG2—wa(nO,1 -nO¢q o (3.56)
XunG n0G NG? = i)

Once again, the lines show how the various sub-sectors couple through the off-diagonal
A-dependent terms. The £, sector is again a pair of sound modes and a charge diffusion
mode, but now the part that is even under G-parity. The n = 0 charge and energy
conservation modes are reflected in the upper-left blocks. The modes of this system are

(l)(cL+) -0 , (3.573.)
WD =0, (3.57b)
o) = —i(Dg +A2D§,L+)’2)G2 , (3.57¢)
& = i(02+Azc(sL+>,2)G_ % (D2+A2DgL+>)2)G2 , (3.57d)

We see again that the latter three poles in (3.57) are those of the homogeneous sys-
tem at momentum G with corrected diffusion constants due to the effects of
the lattice. The shlfts differ, however, from the L— sector. The explicit form of the
corrections D L+ 2, (SL+)’2, D2L+)’2 can again be derived through the method detailed
in Appendix[3.C] and tractable expressions for the special case of a conformal fluid are
given in Eq. (3.61)). The first two poles are the ones encoding charge conservation and
energy conservation; they remain unshifted at this order in perturbation theory. As
we explain in Appendix [3.C] one of these modes is an exact conservation mode and by
rotating the system back to K instead of K, it is easy to see that this mode corresponds
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3.4 Bloch wave hydrodynamics emerging from holographic models: a comparison

to overall charge conservation — associated here to 6/1510). The other mode is merely
unshifted at this order in perturbation theory.

Having computed the corrections to the 2 = 0 modes, one clearly sees that
these are not equal to the limit 2 — 0 of (3.45). In that limit, at leading order,
Wp,+1 = —iDgG2 + %Fd and wg + 0 = —%Fionic’mem., whereas the explicit £ =0 computa-
tion has wg‘r;)de = —T'ionic,mem., and an additional (to leading order in A?) zero mode.
This difference is due to the non-commutativity of the 2 — 0 and A — 0 limits. In the
next section, where we illustrate the emergence of these hydrodynamic modes in an
explicitly computed example, we will show precisely how these poles are related in the
k — 0 limit.

3.4 Bloch wave hydrodynamics emerging from
holographic models: a comparison

We will now validate the understanding of charged (relativistic) hydrodynamics
in a periodic potential by comparing it with the low energy physics of holographic
models. Holographic models describe the strong coupling regime of quantum field
theories in a manifestly real time formalism. Uniquely so, this includes the emergence
of hydrodynamics at low frequencies and long wavelengths w,k < T, u [[77,191}, (19, [1].
This last part is also known as fluid-gravity duality [113]. By considering a strongly
coupled quantum field theory in a spatially periodic chemical potential background,
i.e.,, an ionic latticeFE] described holographically in terms of its dual gravitational
description, we will see that the Bloch wave hydrodynamics described above emerges.
There is one simplifying feature in the two holographic models we choose here. Both
describe a conformally invariant system for which the equation of state takes the
scaling form

P(T, 1) =T f(T/w) , (3.58)

which directly implies P = ¢/d. Furthermore, due to the conformal symmetry such a
system must also have a vanishing bulk viscosity, i.e., , { = 0.

The two specific models we consider are the strongly coupled theories holographi-
cally dual to the RN black hole [[192,|193, 194, 195/ 132] as well as the GR black hole
[38]. We will solve the fluctuations in these systems modulated by a finite chemical
potential numerically and compare to the predictions from Bloch wave hydrodynamics
as presented in the previous sections. These two systems are chosen as their ground
states are possible candidates to explain the mysterious strange metal physics underly-
ing high T, superconductors. There is reason to believe that this physics is indeed that
of strongly coupled electrons in an ionic lattice. The possible relevance of Bloch wave

12This mimies the charge distribution of a frozen atomic lattice, or more appropriately an ionic lattice with
valence electrons.
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3 Relativistic hydrodynamics in a periodic potential

hydrodynamics in the context of strange metal physics is described in a companion
article [184].

A brief description of the numerical holographic set-up is provided in ap-
pendix more details can be found in [184]. The crucial aspect of relevance
here to the comparison of the numerics with our Bloch hydrodynamic analysis is the
equation of state of the two models. The 2+ 1-dimensional (finite temperature) field
theories dual to AdS; RN and GR black holes are conformal charged fluidd"| with
equation of state

-1-87272 + 27TV 3 + 167272

Prn(T) .
RN; )_ g3 Rt _ , (3.59)
H 273(4nT - V/3+ 167272)3
PoR(T) _ o5 (3+167°7%
W 2773 ’

(3.60)

where we have defined 7' = T/p.

A direct consequence of this conformal equation of state is that yec0 =d ynz,0 and
Xne,0 = dno. As a consequence many previous expressions simplify. Specifically the
order A2 corrections to the poles for 2 = 0 are now given by the tractable expressions:

0Q X;O,Z,Z(Xﬂn,o):a - 27(;1,171()(7171,0)2”0”0 + Xnn,O)(im,OIJgn%) + N%ng

(L-),2
pE2 _ _ , (3.61a)
P Xnm,0 (dx)z
D(L+)’2 _0g ()Cmr,O)2 ((Xnn,O)ZIJg - 4%510,:,2%171,0) + 8%511,)1,1(7(7171,0)2110’10 - 12Xnn,07(mr,0ﬂ%n(2) + 12#3”?)
P T Ay (dy)? ’
(3.61b)
2.2 2 2
B n B 10ns -3 0 0
ch )2 _ Moo , gL )2 _ Ho oo+ 0 Xan Xm0 . ’ 3.610)
4\/§(Xﬂﬂ,0)2 47(””’0 (sz,O)
2.2 2
n 3
C(SL+)’2 = —IJO 0 3 (SL+)’2 = —“0 O'Q - —Xnn)OQ q . (361d)
\/Q(Xnﬂ,O) 47(””?0 (sz,O)

The explicit expressions for the thermodynamic quantities in the grand canonical
ensemble for the RN and GR black holes can be found in Appendix

We will use the longitudinal optical conductivity oy (w,kyx = k) = % (J*(—w, —ky) (W, ky))
as a probe. Generically this current will receive contributions from all hydrodynamic
fluctuations; these essentially determine the low frequency long-wavelength response.

At finite &, this means we should see all 9 modes described in (3.45). At £ = 0, however,

13While this result is well-known for the RN black hole, it only applies in the GR black hole for a suitable
choice of quantization of the boundary scalar operator — the dilaton must be a marginal deformation.
One must therefore use mixed boundary conditions for the dilaton at the boundary [[170].
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Figure 3.1: Drawing of the expected position of the poles in the current-current correlator at finite
k (left) and at & = 0 (right) based on the hydrodynamical predictions in terms of Bloch waves in
Sec. Generically there are 9 poles: the standard two sound modes plus a (charge) diffusive
mode of charged hydrodynamics cross coupled with the n =1 and n = —1 Umklapp copies of each.
At £ =0, there is an emergent symmetry due to which the longitudinal current-current correlator
only probes the first sector IACL_ that contains the 4 modes that are odd under inverting the
lattice momentum G — —-G.

the current is part of the L— sector and we will only see the first sector with its 4
modes. Fig. gives a schematic sketch of what the spectrum of the current-current
correlator — and therefore the optical conductivity — should look like in the complex
frequency plane based on our hydrodynamic predictions.

Precisely this expectation is reproduced by the numerical results in holographic
duals to RN and GR black holes where hydrodynamics is emergent. Fig. plots
the density of the absolute value and argument of the optical conductivity for small
values of the real part of the frequencies, i.e., , zoomed in near the imaginary frequency
axis. Each picture is at a different value of &/u € {0,0.001,0.005}. We see that for £ =0
there are only two purely diffusive poles, as predicted, that split into two propagating
and two diffusive poles at finite k. For finite %, there should also be a third diffusive
pole very close to the real axis. Its weight is very low, however, but it can be unveiled
by zooming in carefully. This was plotted in Fig. [3.3|for 2/u € {0.006,0.008,0.01} (this
choice of momenta proved more convenient to display). In all cases the location of these
poles can be compared with the predictions from our hydrodynamical analysis after
substituting in the relevant equation of state. The match is perfect for both 2 =0 and %
finite as denoted by the white circles in Fig. and the triangles in Fig. Similarly,
we plotted in Fig. the argument of the optical conductivity near the sound poles at
momenta G + k. The weight of these poles is very small and they are therefore difficult
to identify in |o|. The argument of ¢, on the other hand, displays a jump at the poles. A
similar analysis holds for the conjugate pair of poles at —G + k. These sound poles give
rise to a characteristic peak in the real conductivity, first noted in [82, (118, |84].

To illustrate in more detail the hydrodynamical origin of all these poles and their
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3 Relativistic hydrodynamics in a periodic potential

GRID,A=0.05,G/u=0.1,T/u=0.1

Imw/u (x1073)
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Figure 3.2: Density plot of (the logarithm of) the GR longitudinal conductivity log|o(w)| (top)
and its argument Argo(w) (bottom) in the complex frequency plane close to the imaginary axis
for T/u=0.1, A = 0.05 and G/u = 0.1, for four values %&/u € {0,0.001,0.005,0.01}. At £ =0, we
see the poles a)g‘rzie and wg‘_) while at £ > 0, the Drude pole splits into the two sound modes
s 10 (denoted by a white ¢) and the diffusion pole splits into 0D +1 (denoted by a white o).
The markers indicate the analytical position of these poles prescribed by our hydrodynamical
derivation. A priori, a fifth pole wp ¢ at £ > 0 also couples to the electrical current, but it is not
visible on the range plotted. A more refined computation, does reveal it (Fig. @

GR ID, A =0.05,G /= 0.1,T/u = 0.1
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Figure 3.3: GR conductivity 10g|cr(a))| in the complex plane close to the imaginary axis for
T/u=0.1, A =0.05 and G/u = 0.1, varying k/u € {0.006,0.008,0.01}. We see a purely diffusive
pole on the imaginary axis which matches the hydrodynamic diffusion pole wp o (denoted by A).
The area plotted is zoomed on the origin compared to Fig. There the diffusive pole was too
small to be visible.
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full explanation in terms of thermodynamic quantities, one can track the location of the
poles as a function of temperature. Focusing only on the purely diffusive poles (two for
k =0, and three for & # 0), as they are more easily extracted numerically by scanning
carefully over the negative imaginary frequency axis, we also find here a perfect match
between numerics and hydrodynamic prediction, Egs. and respectively,
but now as function of T/u; see Fig.[3.5|and Fig.

With our computational RN and GR examples we can also illustrate the subtle
nature of the £ — 0 limit. As we saw in the previous section, the naive extrapolation to

k — 0 of the two n = 0 sound modes wg 0.+ = —5ionic;mem. + O(k) does not correspond

(L) ~iTionic,mem. and its (L+) equivalent a)EiL” =

with the physical £ = 0 Drude pole w)) | =
0. To emphasize this once more, the origin of this difference comes from the non-
commutativity of the 2 — 0 and A — 0 limits. In Fig. we have carefully analyzed
the low % regime of the GR black hole. For %/u = 1074, the two diffusive poles are close
to their & = 0 values and (3.57). As we increase k, they get closer and collide,
leading to the two sound modes of (3.45). This diffusion-to-sound crossover happens
when (% ~ A? illustrating the non-commuting limits # — 0, A — 0 which means we can
estimate the characteristic length scale of the interactions to be Vi, ~ AG (see footnote

111).

Finally, to re-emphasize the underlying Bloch wave Umklapp physics, Fig.
shows the real part of the momentum-dependent optical conductivity o(w,%) in the
w,k plane. The right-hand plot is a zoomed-in version of the left-hand plot near the
edge of the Brillouin zone % = % The gray dots are numerically obtained solutions
of det Kz, = 0 for the same parameters, showing that the hydrodynamic description of
the matrix at order O(A?) matches the data over the entire Brillouin zone. At
low frequency, we see the expected sound mode w ~ csk dominating the low frequency
regime, but we also can see its interaction with the sound mode w ~ ¢s(G — k). They
meet at the edge of the Brillouin zone % = % and in the right-hand plot, we see the
traditional level repulsion of Umklapp and the opening of a gap in the sound mode
spectrum.

3.5 Conclusion

The crucial message of this paper is that hydrodynamic fluctuations in a period-
ically modulated background should be understood based on a Bloch wave analysis
instead of simple plane waves. If the typical length scale of this modulation is suffi-
ciently large and the amplitude sufficiently small, we can still use hydrodynamics to
study the long-time response of the conserved charges. This is an old observation in
neutral hydrodynamics, but deserves restudy for charged hydrodynamics given the
novel experimental progress of observed hydrodynamic flow in electronic condensed
matter systems [[181} |182} [183]. This is particularly so in the presence of a charged
fluid, which introduces an additional intrinsic diffusive mode. The presence of a spatial
periodic modulation introduces Brillouin zone copies, also for this additional mode, and
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GR ID, A =0.05,G/u=0.1,T/u =0.1
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Figure 3.4: Argument of the GR conductivity arg o(w) in the complex plane for 7/ = 0.1, A = 0.05
and G/u =0.1, varying k/p €{0,0.001,0.005,0.01}. At £ =0, we see the sound pole w(f_). Its real
part is precisely at ¢sG with ¢ = 1/v/2 in a d = 2 conformal fluid. At & > 0, it splits into the two
sound modes wg ; 1 (denoted by V). The markers indicate the analytical position of these poles
prescribed by our hydrodynamical derivation. These poles are more difficult to observe in |g]|
than those on the imaginary axis and are easier to see as jumps in the argument of the complex
function.
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Figure 3.5: Comparison between the position of the poles on the imaginary axis (points) and the
analytical hydrodynamical formula at k =0, as a function of T/u, and for A =0.05 and
G/u=0.1. This is done for GR on the left and RN on the right. The blue data is the Drude pole
wg‘r;)de and the red data corresponds to the Umklapped diffusion pole wg‘_) (Egs. (3.:54)). The
corrections to the diffusion constants are smaller than our numerical accuracy for our choice of

parameters, so we can simply ignore them here.
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Figure 3.6: Comparison between the position of the poles wp o and wp +1 on the imaginary axis
(points) and the analytical hydrodynamical expressions at k/u =0.01, as a function of
T/u, and for A =0.05 and G/p =0.1. This is done for GR on the left and RN on the right. The
corrections to the diffusion constants are smaller than our numerical accuracy for our choice of
parameters, so we can simply ignore them here.
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Figure 3.7: (Logarithm of the) GR conductivity log|a(w)| in the complex plane close to the
imaginary axis for 7/u=0.1, A =0.05 and G/u =0.1, varying k/p € {10_4,2 x 10_4,3 X 10_4,4 X
107%}. For & = 1074, we see the poles wg‘l;)de and wfiLJr) with small corrections. For & > 8 x 1074,
the poles are now the two sound modes wg . o close to their £ — 0 limit. The lines indicate
the positions wg‘r;he = =iljonic,;mem. (solid) and wg g (k — 0) = _%rionic,mem. (dashed). When

expressed in terms of %, the transition appears to happen at % ~A2,
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Figure 3.8: (Left) Re o(w, k) plotted in the (k/G,w/p) plane for A =0.05, T/u=0.1 and G/ =0.1.
(Right) Zoom on the Brillouin zone boundary at & = G/2 (region indicated by a black frame from
on the left-hand plot) showing the level repulsion and the gapped sound mode at the edge of the

zone. The gray dots are the hydrodynamic prediction given by numerically finding the roots of
the determinant of Eq. (3.43).

due to Umklapp at the Brillouin zone boundary this higher Bloch mode mixes with the
long distance late time £ = 0 sound modes.

We showed how one can compute the explicit pattern and strengths of these
mixings from the underlying hydrodynamics. As is standard but ever so useful in
hydrodynamics is that the behavior of both the patterns and the strengths can be ex-
pressed in underlying thermodynamic quantities, notably the susceptibilities, combined
with the transport coefficients.

An important feature of a periodic modulation — well known in the condensed
matter physics context — is that it breaks translational symmetry. For a perturbatively
small lattice the correction to the momentum pole can be interpreted as the momentum
relaxation rate and our result agrees with the relaxation rate obtained through the
memory matrix formalism, as it should. It is important to emphasize once more that
even though there is one relaxation rate, this relaxation rate has two contributions
I'q and I';, corresponding to the two longitudinal diffusive processes. A priori these
can have different scaling in temperaturelzl They also exhibit different scaling in the
lattice wavevector G. Due to this, in systems with charge disorder parametrized as
an averaging over many independent lattices, one of these terms will dominate. It is
rather the other aspect of the periodic modulation — the presence of Bloch modes in
higher Brillouin zones that we wish to emphasize here. At finite density this includes
an Umklapped charge diffusion mode. As we analyzed in a companion paper, this mode

14This is the case in RN where I’ n~ T and Tg~ T2 while in GR, they both scale with temperature with
Ip~Ty~T.
n d
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may be of relevance in condensed matter physics [184]. The strange metal phase of
high T, superconductors shows the development of a mysterious mid-IR peak in the
optical conductivity at temperatures 7' =~ 300K ; see e.g., [196, [67]. The phenomenology
of this peak is almost exactly reproduced by a collision between the Drude pole and
the Umklapped charge diffusion pole in a holographic model of the strange metal dual
to the Gubser-Rocha black hole [[184]. If it can be experimentally verified that charge
transport in the strange metal is in fact hydrodynamical, this will be the explanation
of that phenomenon.

Finally, we verified our results by numerically computing response functions in
strongly coupled systems holographically dual to Reissner-Nordstrom and Gubser-
Rocha black holes. The important feature is that hydrodynamics emerges naturally in
holographic systems and is not an input. In the computed optical conductivities, we
found precisely the poles matching those predicted by our hydrodynamics computation.
As as function of varying parameters such as momentum and lattice strength, these
poles show complicated behavior including pole collisions and level repulsion denoting
various regime changes.

We conclude with emphasizing that the hydrodynamics description of those holo-
graphic systems remains valid throughout these collisions and level repulsions. This
contrasts with recent studies on the validity of hydrodynamics postulated as a pole
collision/level repulsion with a first UV (gapped) pole [126,|197,198]]. Our result here
shows that this identification has to be done with care. The Umklapped modes are also
a priori gapped modes in the zero momentum limit £ — 0. However, they remain modes
of the conserved charges, can be fully captured in a hydrodynamic description and play
a different role from non-hydrodynamic UV modes.

The analysis carried in this paper crucially relied on a static background charge
distribution to mimic the effects of a frozen ionic lattice. This ignores the effect of
lattice vibrations. Including phonon modes would require a different setup. Moreover,
the assumption of local thermal equilibrium rather strongly constrains the hierarchy
of scales as w,k < G < T'. While the results we have achieved are rather general and
only rely on the presence of global symmetries and periodicity — which would seem to
imply this is valid for a wide range of metallic systems — one must remain cautious as
to whether such hierarchy of scales is realized within physical systems.
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3.A Thermodynamics and susceptibilities

In this section of the supplementary material, we will briefly review some key
thermodynamic identities related to the static susceptibilities. We will be interested
in the conserved charges {d¢,0n} and their associated sources {61¢,01,} ={6T/T,6—
%6 T}. Since we will be focusing on thermodynamics, we will only be interested in
the equilibrium solution and therefore we will drop the X notation for background
thermodynamics quantities. As a reminder, the susceptibility matrix in the (e,n) sector

is defined as
CEE
oT)yr T \owT r

o€ O Xee  Xen
— . = = 3.62
onf o) 2= li ) ) oo
oT )yr T\owT),

while the momentum susceptibility is yr, = €+ P. Furthermore, we have the thermody-
namic identity

0X 0X
TdX=T|— dT+T| ——=| d(wT 3.63
(aT)p/T ’ (all/T)T W) (8.632)
0X 0X 0X
= T(—) —,u(—) dT+T(—) du, (3.63b)
aT [I/T au T alJ' T
0X 0X
=T(—) dT+T|—| du, (3.63c)
T ), ou |,
0X 1).4 0X
such that T(—) =T(—) +u|—=—] . Using this relation and the first law de =
oT ) yr T ), o | p
Tds + pdn, we have
0 0 0
xen=(a—€) :T(G_S) +“(a_n) (3.64a)
H)r H)r H)r
2p
S :T(a_n) wulln :T(O_n) , (3.64b)
dpdT ou r aT ), ou r oT ) yr

Looking back at (3.62), this means that y,¢c = Yen.
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3.B Onsager relations

When considering conformal matter in Sec. we used that P = e/d which is
directly implied by the equation of state (3.58). In that particular case,

0 oP
Xne=7(€n:(_€) :(_) d=nd, (3.65)
ou r ou r
Oe oP oP
ZT(—) =d T(—) + (—) =d(sT+pun)=(¢+P)d . (3.66)
Xee T ) ( T ), H o ’ H

3.B Onsager relations

One of the important checks we must make that our dynamical system is well-
defined is that it respects Onsager’s relations. These can be derived by considering how
the system behaves under time-reversal invariance. Given the anti-unitary operator
T such that [H,T] =0, we can classify each of the operators associated to our hydro-
dynamical variables by their representation under this operator. For a given operator
6X,, we will have T6X,(¢,x)T ! = Ne0Xo(—t,x) with n, = £1. Denoting the retarded
Green’s function associated to a dynamical matrix K,; by Gfb, we have

GE (t—t',x,2") = —i0()tr (p[6Xo(7,%),6X(0,x)]) , withp=ePH/Z.  (3.67)
We can then see that, due to the anti-unitarity of T',
GE (7,2,6) = nanpyGE (7,5 ,%) . (3.68)

In Fourier space, this means Gfb(w, p,p)= naéga(w, —-p',—p)ny and specifically for our
periodic background, we can write the Green’s function as [[117]

G (w,p,p) =G5 (w,k), p=k+nG, p'=-k+mG, (3.69)

where we have used that the discrete lattice symmetry Gfb(r,x,x’ )= Gfb(r,x + %”,x' +
%”) implies that p + p’ € ZG. For this decomposition, the Onsager relation becomes

GRM(w, k) =naGry ™ @, =R (3.708)
=GN w, -k (3.70D)
=S -(GTECmm(w,~k)-S , (3.70¢)

R, k) =5-(GTR(w,k)-S . (3.70d)

In the previous expression, we have introduced S the diagonal matrix of eigenvalues

n and the notation GE®m)(w, k) = GE-=m) (¢, —F). Tt is easy to check that for our
background, ¥ = y and therefore since y = GE(w = 0), we also have y =S -y7-S~1. We
can write this relation in terms of the matrix of couplings

N(E)=M(k)-y = Gw+K(,k)-y=ioy+K,k), (3.71)
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The elements of N are simply the coefficients of the equations (3.6) written in terms of
the sources and expanded in the basis (3.34). By using that GE = (1+iwK™1)- X, the
relation can then be written as

N=S-NT-871. (8.72)

Let us apply this to the conservation equations (3.12) for an in-going momentum
p and an outgoing momentum p’

Nen(p,p’)=0Qqu(—pqﬁ(q))6(p+q—p’), (3.73a)
Npe(p,p') =0q f dg(pgi(q) +q*Ug)d(p+q—-p"), (3.73b)
Nen(p,p') =~ f dq (pxnn,0(q) +qE(@)d(p +q-p"), (8.73¢)
Nye(p,p') = f dq (=p' xxn0(q) +q&(@)d(p +q - p') (3.73d)
Noualp, 0= [ dq(-p'a@0(p +q -, (3.73¢)
Non(p, )= [ da(-pit@)ep+q-p). (3730

We now want to check the Onsager condition for N using that n. =1, = -1, = 1. This
can be done as follows for the (e,n) sub-sector

Nye(p',p)=0q qu (0'qil)+q*U)(p' +q-p) (3.74a)
=UQqu((p—q)qﬁ(q)+q2ﬁ(q))6(p’+q—p), (3.74b)
=0 [ da(paia)o ' +q-p), (3.740)
NeNnNue(p',p) = —0g f dq(pq(@)d(=p' +q +p)=Neu(p,p'), (3.74d)
while for the momentum-charge sector, we have

Noatp',)= [ da(-pr@)op +q-p), (3.759)
NanaNua(p',p) = ~ f dg (pA@)O(~p' +q+p) = Nun(p, D) . (3.75b)

Finally, we only have to check the energy-momentum sector
Nex(p',p) =~ f dq (p"Yan0(@) +qE(@)5(p' +q - p), (3.762)
NeNxNex(p',p) = f dq (=p'Yrm0(q) +q&(@)S(=p' +q+p) = Nue(p,p") . (3.76b)

We see therefore that the Onsager reciprocal relations are obeyed by our equations
(3.12).
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3.C Second order corrections in lattice strength

Let us consider here a dynamical matrix K of size N x N. The modes of this matrix
are given by the solutions to the polynomial equation P(w) = det K = 0, where we can
write

N
P(w) = Z apw” . 3.77)
n=0

Suppose the coefficients a, =3, a, p AP have a power series expansion in a parameter
A. We are now interested in perturbative solutions w = @ + A%2ws, around a given
A =0 solution P(®)|a=o = 0. To do so we can define auxiliary polynomials Pp(w) =
Zﬁ:’zoan,pw” such that

Plw)=) APP,(w) . (3.78)
p
We can now expand the equation P(w) =0 in A at leading and subleading orders, and

we find the following two conditions

B Pa(d)
Py(@)

Pol@)=0, w9 = (3.79)

The first equation is simply the leading order of the mode when there is no lattice while
the second equation gives us the subleading correction. Finally, all the coefficients a, ;
are themselves polynomials in G,% which can be further expanded in order to get the
corrections at higher order in momentumE]

So far, it was implicitly assumed that the modes have no degeneracy when A — 0
as that would imply that Pj(@) = 0. When that happens, the correction is given by
higher order terms with

2
—Pl(@)+ ¢ (Py@) - 4Pu@rPy@)
2Py (@)

Po@)=0,  Pol@)=0, wg= (3.80)

This is the case for I€L+ with @ = 0. However, it turns out that for this matrix, Py(®) =
0 and Pj(w) = 0, so the two degenerate poles remain degenerate at this order in
perturbation theory, with we = 0. A simpler way to see this is also to notice that the
first line of Kz, is proportional to iw and therefore so will be det Krs. Consequently,
this sector admits an exact conservation mode and we can use our non-degenerate
method on the 4 x 4 lower-right sub-block of this matrix where there is no degeneracy
left. We would then see that the other @ = 0 pole also remains unshifted wg = 0.

15Note that in this method, the order of limits is chosen such that at finite %, we would be getting the
k > AVj, branch of solutions.
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3 Relativistic hydrodynamics in a periodic potential

All that is therefore needed to compute the corrections in (3.54) and (3.57) is to
know the coefficients a, , for a given matrix K. In the case of ICL_, we have

. 3

a00=0, a10=—i(xrmo) 0QG*, aso=(Yn ) dy, (3.81a)

@20 =—Xnm0 [Xee 0”0_2Xn€ 0Xnm, 0n0+Xnn0 ]G — Xee, 0Xnn OnUQG (3.81b)

@30 = iYnn,0 (dxfl +7(€e,07(7m,00Q)G2 , (3.81c)
2 2

H 2 H 2.
ap,2 = ?O (Xne,OnO - Xnn,Oth,O) G*+ ?O (Xne,O) nUQGG , (3.81d)

.1 R
a2 = _l§G4 [Xnn,Onllgdx + Xan,00Q (ZHO(X;IC)JXHH,O - 2%716,0%5-[172,1) + IJ% (Xne,Oz + Xnn,OXﬂn,O)

(3.81e)
2

H R
+2p) 2Xmm 0+ No”o) 20 Xnn 010G (3.81f)

0 0 1 1
ago = EGz [_2’1(2)(?((56?27(7171,0 + Xee,OXﬁUgyz) + Xﬂn,OnO(,UO(_ZXEG,OX;,)L’l + 2%;;1%716‘,0 + XnE,OXnn,O#O)

(3.81g)
+4X£10€),2X7m,0 + 4Xne,07(§10;,2) — Xnm,0 (Xnn,Oﬂg (Xnn,OXJm,O + d;() (3.81h)

+2¥nn ouo(xne 1Xnn,0 = Xne, ox,m )+ 2)nnm, o(x,m oXmm,0+ Xnn ox,,,, 2)) + 4x§,1},1uonod p

(3.811)

(3.81j)

9qQ A . N
- 7G4 Xnm,0 (27((62?277 + Xnn,Omv‘% + Xnn,O,u%UQ) + 27(66,07(510,;277

1. .
asg = QLGZ [277 (Xig?zﬂth,Oth,O + Xee,OXﬁ?,z,QXnn,O + d}(}(fgz 27 2%5?22%”6 0Xnm 0) (3.81k)

(3.81D

+Xnam,00Q (2)(.(5(22)(7[71,0 + 4%6‘6‘,0%5-[07;,2 + Xnn,OXnn,ON%) - 4%66,0(%5-[173,1)20.Q

0 0 0
Xie?QXnn,Oer,O + Xee,OXil,Z’QXnn,O + 2d7(7(§”i 27~ 2Xne o Xne,0Xnm,0

—2d, (P )?.

1

(3.81m)

Q4.2 = Xnm,0

On the other hand, for the 4 x 4 lower-right sub-block of the matrix K+, we find the
following coefficients for the determinant

app=0, a1,0 = —iYee0(nr0)?0QG* , @4,0 = Xnm,0Xee,0dy 5 (3.82a)
@20 = —Xee,0 [Xee,On%) - 27(n€,07(7m,0n0 + XrLrL,O(?(Jm,O)2 G2 - (XEE,O)QﬁUQG4 ’ (3.82b)
as,o = iXee,OGz (d)(ﬁ + Xee,Osz,OUQ) > (3.82c¢)
ap2=0, (3.82d)
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ai2= __lG oQ [Xnn 0 (27(“ o Xm0t 2Xn€ 1#0(7(66 0= 2)nmr,0)+ )(nn,O,Ug(Xee,O + Xﬂn,O))

(3.82e)
1, .
+ Xecol3nl| - 3 iXecoNG H50 (3.826)
ass = —G2 13 [~ 44Oy eeo + 4D + 4o ee ooy ~ Xty Xneo)—dytld)  (3.828)

+47(7m,0n0(7(£~€ 9Xne0 ~ 2)(2)17(;16) 1t Xee 1Xnn,0H0 + Xee Oxne 2 Xne 1Xne,0to) (3.82h)

~Xnan,0 (27(7171 0 (Xee 9Xnn,0 t Xee OX,m 2 2()(5116)71)2) + 27(66,0”0(%”5’117111,0 - Xne,OXELl,i,l)

(3.821)

+Xee,0(7(nn,0)2ﬂg) + Xee,O,UOnO(_zﬂ&e,OXgll,z,l + 27((,35),17(%,0 + Xne,OXnn,OHO)] (3.82j)

+ %G40'Q [n( 4955€ 9 Xee,0 + 4(7(66 "%+ 4po(xee, oxne 1 xee 1Xne,0) (3.82k)
+ug ((Xne,o)z _ 2X€€,0Xnn,0)) ~ Xee,0Xnm,0Ha0Q (3.821)
ass= %iGQ -27) (—Xee,o (2x§2f2xnn,o + e o) 5 — 2 xggg,y) 10 (tne0?  (3.82m)
F20 D nn 0 + 2ne 0(hec 01 0y — 21 Vo) (3.82n)
+Xnn,00Q (47(65 9 Xee,0 = 4(X€€ )7 +#0(4)(€€ 1Xne,0 —4Xee OXne ) (3.820)

0

+2(Xee0)* Xipn20Q (3.82p)

_/J% (Xne,02 - 27(“’0%””’0)

42 = Xnn,0 [2}(22)27(66,070”1,0 - X(E(E)?Q(Xne,o)2 - 2(?{2?1)27(7”1,0 + 4%21)1X;15)1Xn6 0 (3.82q)

+(Xee, 0) Xnn 2~ 27(66,07(52;)’2?(116,0 - 27(66,0(7(5112’1)2] + Xee,OXmT’zd)( (3.82r)

The coefficients for the determinant of the full longitudinal matrix (3.45) are too
involved to be written down here but can be obtained in the exact same way. All these
corrections were derived using Mathematica.
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3.D Numerical computations in strongly coupled
field theories dual to Reissner-Nordstrom and
Gubser-Rocha AdS black holes: set-up

3.D.1 Thermodynamics

In Sec. we focused on the specific conformal hydrodynamics that emerges at
long wavelength and low frequencies from the holographic dynamics of the RN and
GR black holes. In equilibrium the thermodynamic equation of state of each is given
by and respectively. From these, we can determine the charge density

no = %) as well as the entropy density so = (%) while the energy density just
I

follows from conformal invariance and is given by €y = 2Py. One can further compute

the various susceptibilities ng)’m appearing in the hydrodynamics expressions of

Sec. As a reminder from Appendix[3.4] the conformal equation of state also imposes

Xee,0 = 2Xnn,0 and Yne,0 = Xen,0 = 2n¢. For the RN black hole, the various susceptibilities

and thermodynamic quantities are

2o T 0 0
no:%\/3,ug+16ﬂ2T§+ ’;0 °=X”2€’ =X€;’ : (3.83a)

2

8
so = %Tow /82 +1672T2 + g (313 +322°T3) , (3.83b)

1 2(3,13 +87°T3)
Xm0 =5 | F—=———===r47To |, (3.83¢)
\/3u2 +1672T2
3,u3 (2][T0 4nTo— /3p(2) + 16n2T§ + pg)
,0
Ym0 = - =222, (3.83d)
2 (\ /3ud+1672T} —4nTo)
o Sud(ud+sr’T2) o o[ 2(3K3+877T3)
Xnn,l = ) = = +4nTo | , (3.83e)

’ X =
3/2 ne,1
2(343 + 167273) 6\ \/3u2 + 167272
2
1% Xee1
N1 = 4 \/ 345 + 1672 TG + i To = ==, (3.83f)

33 (12 + 87°T2)

4 2m4
o _ 961 Ty

o _
Xnn,2 - (

52°  Ane2”=

(3.83g)

3/2
33+ 167°T3) 2(3u2 + 167272)
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3ug +2mudTo (‘ /3ud +1672T2 + 471T0J ©)
©0) Kee2

Xan2 = : (3.83h)
" 4, /32 + 16722 2

while for the GR black hole we have

0 Xen,0 1672
no = % Bu3+16n2T3=S20  so= ——To\/3u3+167°T2,  (3.84n)
2|3u2 +8n%T? 1 32 Yeeo
Xnn,0 = g N §(3,u%+167t2T§) = 2 , (3.84b)
34/3u2 + 167272
322+ 8n2T2 24 (3u2 + 872 T2
1 = | ) w 2| ) (3.840)

’ X - ’
3/2 ne,1
(3;% +167°T3) 3\/3ug + 16m>TG

(1)

Xee 192n4u2T4
5;1;1‘ \/3#0+16ﬂ2T2 == o, = = (3.84d)

(313 16n2T2)

3(,2 22 2(q,,2 22 0
3ug (,uo + 87 TO) © Ko (3#0 + 87 TO) X(ee)2

, X =
3/2 7,2
(313 + 167273) 2\/8u3+ 162273 2

Lastly, we need to know some information on the transport coefficients n and ¢
to compute the hydrodynamic response. These can be determined in the momentum-
dependent homogeneous systems through n = lim,_g wImGT T,,(w,k =0) and

o _
ne2

(3.84e)

og = lim,_.o wImGJxe(w,k 0). In the case of conformal-to-AdSy solutlons like
the RN and GR black holes, these expressions can be solved analytically for the two
transport coefficients. The shear viscosity 1 saturates the minimal viscosity bound
n= Z—% [199] while 0 was computed for a wide class of scaling black hole solutions
[175] and here is given by

2
Am>T2 3u2 +1672T5 —4nTo
oQ= 5 for RN, (3.85a)
pg —2nToy\/3ps +1672T2 + 81T
”2 -3/2
oo =1+ —2 for GR. (3.85b)
N ( 16n2Tg)

3.D.2 Numerics

We briefly review here how we compute the optical conductivity in the 2+1 di-
mensional strongly coupled conformal field theory holographically dual to the RN and
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GR black holes in the presence of a lattice. More details about the numerical methods
used to compute these backgrounds and fluctuations can be found in the companion
article [184]. The homogeneous RN black hole is a saddle point of the Einstein-Maxwell
action

S= f d*x g [(R ~2A) - iF,WF‘” (3.86)

with metric

—f(2)dt? + d— +dx? +dy?

1
= o . A=Au2dt,  (3.87)

ds? = guvdxtdx =
z

2.3
where f(z)=(1-2) (1 +z+22- %) is the emblackening factor and A;(z) =pu(1-2) a
U(1) gauge field. In the above expressions, z is the radial coordinate ranging from the
AdS boundary at z = 0 to the horizon of the black hole at z = 1. The temperature of this
black hole is T' = 16”

The GR black hole is similarly obtained by extremizing the Einstein-Maxwell-
Dilaton action

Z 1 2
f d*x\/~g [R - ﬂF,wF*” -5 (ay¢) + V((/))] : (3.88)

with the potentials Z(¢) = e?’ V3 and V(p) = GCosh(([)/ \/§) Its metric is

dsQ:ngx“dx"— 21 —h(z)d#? +md2 +g(z)(dx +dy )] (3.89a)
=v/3Q(1+Q) " Q) ¢=§log(1+Qz) . (3.89b)

The functions h(z) and g(z) are given by
hz)=—22 [1 +1+3Q)z+(143Q(1+Q)2%],  g2)=(1+Q2"2.  (3.90)

This model is similar to the Einstein-Maxwell model with the addition of a neutral
scalar field ¢ which controls the strength of the U(1) charge through the potential
Z(p). A consequence of this is the ability to discharge some of the black hole charge
near the horizon such that the extremal T = 0 solution of this GR black hole will have
a vanishing horizon and therefore vanishing entropy S7-¢ = 0. The distance from
extremality is controlled by the parameter Q: it is related to the chemical potential

164 priori, if we allowed the black hole horizon to be arbitrarily located at z = zj,, the temperature and
chemical potential would be two independent parameters. However, when using the freedom to rescale
the radial coordinate such that z; = 1, we have implicitly fixed the temperature as a function of the
chemical potential such that the only thermodynamic degree of freedom here is T/pu.
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through p=+/3Q(1+ Q) and the temperature of the non-extremal black hole is given
by T = 3v1+Q

4

To obtain backgrounds with an explicit lattice, we will allow for a more general
ansatz

1
ds® = = | -Quf (N} + Quxn? + Qyym’ + Qe 2 (3.91a)
z f(2)
¢ = dt, ny =dy, N, =dz, Nyx = dx + Q. dz, (3.91b)
A =p(-2)a,dt, (3.91¢)

for RN with f(z) unchanged from (3.87) and

1 Q
ds?=— (—Qttmz)n? +8(2) (Quen? +Qyyn?) + ) ni), (3.92a)
Ny =dt, ny=dy, 1, =dz, Ny = dx + Qx.dz, (3.92b)
_p(l-2) _3
=1+, adt, ¢= 21og(1+<p(z)Qz). (3.92¢)

for GR with h(z) and g(z) unchanged from (3.89), but every field @;;,a;,¢ is now a
priori a function of x and z. We require these fields to be regular near the horizorE] and
that their UV behavior at z = 0 recovers AdS asymptotics[™s| Moreover, to encode the
modulation of the chemical potential, we must impose the following boundary condition
on the gauge field

ai(z=0)=1+Acos(Gx) . (3.93)

The system is then solved numerically for the unknown functions ;;,a:, .

To compute the optical conductivity in the holographically dual field theory, we
must consider small fluctuations on top of this spatially modulated background. We
linearize the Einstein equations around our lattice background

Suv = By +Oh e 0tTikE (3.942)
14[J =A/1 +6bﬂe_iwt+ikx , (3.94D)
¢= ¢+6We—iwt+ikx , (3940)

and solve for these fluctuations with infalling boundary conditions, corresponding to
choosing the response sourced through the retarded Green’s function. The response

170ne of the regularity conditions near the horizon is that @¢:(z = 1) = @ ;z(z = 1). This choice has the direct
consequence that the temperature of the black hole remains constant and given by the homogeneous
value for each model.

18 In the case of the dilaton ¢, the UV boundary condition chosen is a multi-trace deformation chosen such
that the deformation is marginal and the boundary remains conformal. For more details, see [170].
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in the radial electric field F,, in answer to an oscillating source in the potential
004 A (w) = 6b, keeping the other components sourceles@ evaluated in the limit z — 0
then translates through the holographic AdS/CFT correspondence into the longitudinal
optical conductivity o = lim,_ ;: v gg’; . In the language of our hydrodynamic
setup in Sec. this is akin to simply turning on an external electric field 6E, with
momentum % and frequency w. This response is also solved for numerically.

The numerical solutions to these equations were obtained using a publicly avail-
able custom package [[173] and computed on the Dutch national Cartesius and Snellius
supercomputers with the support of SURF Cooperative.

19Note that the condition for the dilaton to be sourceless is non-trivial and inherited from the mixed boundary
condition of the background dilaton (see footnote .
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Chapter

Quantization and thermodynamics
of the Gubser-Rocha black hole
solution

Attribution

This chapter was published as a journal article under the title “Quantization and
variational problem of the Gubser-Rocha Einstein-Maxwell-Dilaton model, conformal
and non-conformal deformations, and its proper thermodynamics” in the Journal of
High Energy Physics (JHEP), volume 2023, article number 81 (2023), together with
Floris Balm and Koenraad Schalm.

4.1 Introduction

One of the main insights holography has provided into the physics of strongly
correlated systems is the existence of previously unknown (large N) non-trivial IR fixed
points. These fixed points are characterized by an emergent scaling symmetry of the
Lifshitz form categorized by a dynamical critical exponent z, a hyperscaling exponent
0, and a charge anomalous dimension (.

d—0+(

1/z -6 d—0+¢
x— A2y t— At F— AT F,p—1"% p. 4.1)

Here F is the free energy density and p the charge density [32, 34} |35, [36]. Within
these Lifshitz fixed points those with z = co are special. Such theories have en-
ergy/temperature scaling with no corresponding spatial rescaling. These are there-
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fore systems with exact local quantum criticality. Phenomenologically this en-
ergy/temperature scaling without a corresponding spatial part is observed in high T
cuprates, heavy fermions and other strange metals, where this nomenclature originates
(see e.g., [200]). In holography z = oo IR fixed points correspond to an emergent AdSy
symmetry near the horizon of the extremal black hole. The two most well-known such
solutions are the plain extremal Reissner-Nordstrém (RN) black hole and the extremal
Gubser-Rocha (GR) black hole [38]. The RN solution of AdS-Einstein-Maxwell theory
has been studied extensively primarily because it is the simplest such model. Its
simplicity also means it is too constrained to be realistic as a model of observed locally
quantum critical metals. Notably the RN has a non-vanishing ground-state entropy
and emerges from a d > 2-dimensional conformal field theory. The more realistic GR
model arises from a non-conformal strongly correlated theory, where one isolates the
leading irrelevant deformation from the IR fixed point. This “universal” subsector
gives it a chance to be applicable to observed local quantum critical systems. Moreover
the groundstate now has vanishing entropy (to leading order). In the gravitational
description this leading (scalar) (IR)-irrelevant operator is encoded in a dilaton field
that couples non-minimally to both the Einstein-Hilbert action and the Maxwell action.
Even with its more realistic appeal, the more complex nature of the GR dynamics
means it has been studied less; some examples are [201} (118} |86 1202, |203].

In the course of these studies of non-minimally coupled Einstein-Maxwell-Dilaton
(EMD) theories, it was noted in particular that the proper holographic interpretation
of the analytical Gubser-Rocha (aGR) black hole solution depends sensitively on the
particular quantization [202}/203]]. Within holography, relevant and marginally relevant
scalars allow for different quantization schemes. A relevant operator of dimension
% < A < d always has a conjugate operator of dimensio % —1<A¢nj=d—-A< %,
and one can choose whether one considers the original operator as the dynamical
variable (standard quantization) or the conjugate operator (alternate quantization) or
any intermediate linear combination through a double-trace deformation [204, 205].

An additional complication results from the fact that the (static and isotropic)
aGR solution is a two-parameter solution depending on 7" and i, whereas one expects
a third independent parameter encoding the asymptotic source value of the dilaton
field. A low-energy scalar can have a sourced (or unsourced) vacuum-expectation
value; this changes the energy of the ground-state and hence should contribute to
the thermodynamics. For minimally coupled scalars this was recently elucidated in
[206].

In this paper we will show that the correct way to interpret the aGR solution is
as a two-parameter subset of solutions within the three-parameter thermodynamic
phase diagram. For essentially all quantization schemes this constrains the source of
the dilaton field in terms of the temperature and chemical potential of the solution.
Crucially this implies that derivatives of thermodynamic potentials mix the canonical

1The upper bound of A would suggest Aconj > 0 but requiring unitarity of the conjugate theory leads to a
higher bound.
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contribution with an additional contribution from the scalar response. We will show
this explicitly in Section A proper understanding of the solution requires one to
carefully separate out this contribution.

It also turns out, however, that there is a specific quantization scheme where the
dilaton corresponds to an exactly marginal operator in the theory. This was previously
noted for another set of the EMD actions [203]E] In this special quantization choice
the aGR solution corresponds to a solution with no explicit source for the dilaton field.
Within this special quantization scheme one can deform the analytical solution to
a nearby solution with a finite scalar source. We do so in Section We conclude
with a brief discussion on the meaning of this newly discovered exactly marginal
deformation.

4.2 Setup

The GR black hole is a solution to the EMD action

Z(¢)

1
Sbulk = 55 f d*xy/—g [R LAY <a¢>)2 V(cp)] (4.2)

where the potentials are given by Z(¢) = e? V3 and V(p)=-6 cosh(¢/\/§) This action
is a consistent truncation of d = 11 supergravity compactified on AdS4 x S7 [38]. The
equations of motion for this system are

Z 1 1
Ry ="~ ("’) Fy va——ngz += ay¢6v¢+ ng(dﬂ
VA
06 =Vr+ 225

1
where we used that, on-shell, R =2V (¢)+ §(a¢>)2. The static and isotropic metric ansatz
that is asymptotically AdS is

2

_f(2)de% + g(2) (dx2 + dyz) M (4.4)

L
2 f@)

ds? = guvdxtdxt =
z

2We thank Blaise Goutéraux for bringing this paper to our attention.
3Note that the dilaton has dimension zero.
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4 Quantization and thermodynamics of the Gubser-Rocha black hole solution

where the coordinate z is the radial direction with z = 0 the AdS boundary (UV). The
aGR solution [38] is then given by

g2)=(1+Q2)%?%,

1-z/zp,

f(z)= 22

2
1+(1+3Qzp) i + (1 +3Qz), + 3Q2zi) (i) ] ,

V3Qzp(1+Qzp) 1-2/z
z

h 1+QZ ’

() = %glog[lwz] ,

(4.5)

Ai(2)=pj(z) =

where zj, is the horizon of this non-extremal black hole. From hereon we choose units
where 2x2 = 167G = 1, such that the temperature, chemical potential and entropy-
density of the GR-black hole are

3/2
! 31+ 1+Qz
T= _f(z) = Qzn R s=4nah=4n—( th) ,
n |, 47 22 (4.6)

u=A(z=0)=+3Qzr(1+Qzy)zp ,

where a; = \/gxx(21)8yy(21) is the area density of the horizon. Expressed in terms of

?—\’gyT +...at
low temperatures with no remnant ground state entropy. Important in the remainder
is (1) to recall that both the temperature and the entropy can be read off from the
near-horizon behavior of the metric alone. As local properties of the black hole they
do not depend on the boundary conditions. (2) The analytic solution depends on two
parameters @ and z;. And (3) note that the metric gauge choice is not of the Fefferman-
Graham (FG) type in that the change in metric functions starts at order z and not

23,

the temperature, it is easy to see that the entropy vanishes linearly s =

4.3 Regularization, boundary terms and choice of
quantization

4.3.1 Boundary action

We must add to the gravitational action a boundary action. This is to regu-
larize its on-shell value as well as to make the variational principle well-defined. In
the case of the scalar it also prescribes the quantization of the scalar field. We will
be using in this work a standard multi-trace deformation of the Neumann boundary
theory, which were generally described in [204, 205, 207] and more specifically in EMD
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theories [203], with a boundary action of the form
Shdy = - f . d’xy=y [2K +4+PRy | +Shayp » C%)

Here N# = —,/g%%(0,0,0,1) is an outward pointing spacelike unit normal vector defining
the hypersurface z =€z and Y,y = guv — NuN, is the induced metric on the surface.
Furthermore K = y"K;; is the trace of the extrinsic curvature K;; = —yf YVl

and (3)Ry the Ricci scalar curvature of the hypersurface (Latin symbols correspond
to coordinates on the hypersurface while the Greek symbols are those of the original
manifold). The first three terms correspond to the usual Gibbons-Hawking-York coun-
terterms necessary to make the variational principle for the metric well-defined and
also to regularize the Einstein-Hilbert-Cosmological Constant part of the action on
shell. In our coordinatization Eq. the induced metric is flat on-shell. The scalar
part of the boundary term Sygqy 4 can take two forms depending on whether we consider
the standard quantization boundary theory where only the ¢? regularization term
appears

A
Shay = f Exy/Tor¢7, Ap=-1, 48
zZ=€

— here the value of Ay is set to regularize the boundary term arising from varying
the bulk action — or whether we consider a multi-trace deformation of the alternate
quantization boundary theory

Ay

— ¢+ ONPOup| + S, Ap=1. 4.9)

MT
S%)dy,zp = f dsxﬁ
z=€

The ¢N*d,¢ is a Legendre transform from Dirichlet to Neumann boundary conditions,
which also diverges at leading order and is the reason for the shift in A, as we will seeﬂ
The multi-trace deformation Sg is a finite contribution to the boundary action and
will be described when the asymptotics of the solution are analyzed. We will continue

the derivation with the choice Spqy,¢ = S%gzp while keeping in mind that a similar
(SQ)

derivation can easily be done using instead Spay,y =S} dy.b° and we will invoke those

results when necessary.

Varying the total action S = Spyuik +Shqy to first order, a proper holographic inter-
pretation demands that one obtains a variation of the form [208]]

1
5 Tun0Y™" + J46A,+ 0,50 (4.10)

58 = f d3xy/=y
zZ=€

where the terms multiplying the EMD fields are interpreted as the operators in the
boundary CFT where T, is the boundary stress tensor, /, the boundary current

4Strictly speaking ¢N H0,¢ is a combination of a true Legendre transform JO = z’L‘M—l(ﬁanz—’L ¢ (see
Eq. (4.13)) and counterterms.
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4 Quantization and thermodynamics of the Gubser-Rocha black hole solution

associated with the U(1) charge, and O, the operator dual to a scalar which may be a
non-linear function of the dilaton field. The important point is that the action evaluated
on the black hole solution is equated with (minus) its Gibbs free energy density. The
variation of the action (restricted to preserve isotropy) thus includes thermodynamic
variations. The expression above makes clear that in addition to the temperature and
the chemical potential there ought to be a dependence of the Gibbs free energy on an
external (source) variation of (the boundary value of) the scalar field [206].

Performing this variation on Eqgs plus (@.7), we can write it as a bulk integral
of an integrand proportional to the equations of motion (4.3)), that vanishes on-shell,
and a remaining boundary part. In the boundary part the normal derivatives of 6y
cancel due to the Gibbons-Hawking-York term; there are no normal derivatives in A,.
Restricting to boundary indices we have[ﬂ

Tij=2Kij—2C Ry ) - 2K +2)yi; +7i) [¢N262¢+A¢gb2/2] +TF, w11
Ji=-Z(P)N?F;; ,

where TZ. is the contribution from Sz. The expression for O, requires a more detailed
discussion. Focusing on the variation in the dilaton ¢ in (4.10), we have

55, = f & y/7F [ Ap0p + ON*0,50| +3S . (4.12)

From its linearized equation of motion the dilaton has the following expansion in the
near-boundary region
P(2) = az’ + pt + O, (4.13)

1
where 14 = — =+ 5\/ 9+4m? and m is the effective mass. In the GR model the effective

N w

mass equals

)
m? = 302 [V((/))+ =-2. (4.14)

Z(¢) le
$»=0,2—0

4

This value of the mass —% <m?<1- % = —% is in the regime where two different

quantizations are allowed, i.e., for this value of m both 1. >0 and either a (standard)
or f (alternate) can be chosen as the source for the dual CFT operator with the other
the response. One can also choose a mixture of the two, corresponding to a multi trace
deformation, as we shall elucidate below.

The proper holographic normalization is most conveniently performed in a FG
ansatz for the metric

1
d32=z—2 —Hy(2)dt? + Hy(2)dx® + Hy oy (2)dy? +d2?| (4.15)

5The radial components of 7 and ¢J;, vanish due to the projection on the hypersurface.
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4.3 Regularization, boundary terms and choice of quantization

where we require Anti-deSitter (AdS) aymptotics H,,(z = 0) = 1 and use the equations
of motion to constrain the near-boundary expansion of H,,, in terms of a small
subset of degrees of freedom. We will use this ansatz for the remainder of this section.
Using that N?(z) = —z, and substituting into (4.12), we can expand the variation
w.r.t. the dilaton as

Ap-1
"’e aba+adP(Ay—2)+poa(hy—1)+O)| +0Sp .  (4.16)

8Sp= f d3x
z=€

As we claimed in (4.9), we must remove the leading divergence by imposing Ay = 1,
leaving a finite contribution

8Sp = f Bx[-adp+Oe)] +6Sr . (4.17)

For the standard quantization term (4.8), it is easy to see that a similar derivation
leads to Ay =—1.

One can modify the quantization by the addition of a multitrace deformation.
This can in general be encoded in the boundary action Sg. Following [207, 209
203, we choose Sg = [ d3x —yed]: (a) such that, ignoring the metric variation, 6 S =
S d%ﬁed}" "(a)6a. Without loss of generality we choose F of the form F(a) = %az +

%as from here on. The variation of the boundary action then becomes
8S =f Bra[-6B+(a+ba)al . (4.18)
zZ=€

We can therefore identify the VEV of the boundary scalar operator as O, = a while the
source of the operator is

b
JMT:—,B+aa+§a2. (4.19)

Once again, had we chosen the standard quantization boundary term, then we would
have §S¢ = [ d3xBda such that Oy = B and ¢ = a leading to the boundary condition
JSQ =a.

We have now almost all the ingredients to compute the scalar contribution to
the stress tensor, but we still need to derive the variation of Sy w.r.t. the leading
order of the boundary metric in order to compute the term Tf?, as was done before

in [203]. Doing so, one simply finds T{}" =v; jed}' (a). It is interesting to note that the
contribution Sz can also be absorbed into corrections to the ¢? term as well as a ¢3
term as

+e€ea

A b
Shay = fz /| ~eK 4 OR o+ oNFOg+ S0P, (420

where Ay +e€a is a renormalized ¢? coupling which will reproduce the a? contribution
of F, as was done in e.g., [204, 210]. The ¢ coupling on the other end will reproduce
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4 Quantization and thermodynamics of the Gubser-Rocha black hole solution

the a® contribution of F. This way of writing the boundary action highlights why we
concentrated on F of the form F(a) = %az + %as. Lower order in a terms are constant
shifts variationally and can be absorbed in a field redefinition — they are tadpoles. Any
term a” for n >d would lead to vanishing contributions €~ in the action — they are
irrelevant deformations. The equality A4 = 1 remains true in order to regularize 6S.

In the presence of such a boundary action, the contribution T{’J‘. in the expression
417) simply includes the ¢p2,¢3 contributions and leads to
b

b 3
50| @2

Ay +ea

Tij=2Kij_z(dRy,ij)_2(K+2)Yij+Yij ON?0,p+ 2 gb2+

We recognize the F-dependent part of the stress tensor which agrees with the direct
method. It is then immediate to compute the trace of the stress tensor

T =g(3aa+2ba2—4ﬁ) =—g(aa—4JMT) , (4.22)

where in the last equality we used the boundary condition (4.19). This result points
to the existence of a line of critical points with a = 0 where the sourceless (JyT =0
equivalent to the boundary condition —f+aa+ %az = 0) deformation F is just marginal.
This is equivalent to only deforming the boundary theory through a ¢ term which

indeed has dimension d and should therefore be marginal.

For completeness we mention that in the case of the standard quantization the
trace of the stress tensor is simply T;' = aff = fJsq.

4.3.2 Choice of quantization and thermodynamics

In this subsection, we will derive the thermodynamics of a black hole solution in a
general compatible quantization choice. This goes beyond the analyses in [202,|203]]
where only the thermodynamics of a marginal scalar were considered, i.e., the case
of alternate quantization with a multitrace deformation such that the stress tensor
remains traceless. In view of extending the choice of possible theories to non-marginal
ones, we will show that the thermodynamics space is extended from a 2-parameter to a
3-parameter space, as also emphasized for Einstein-Scalar theory in [206].

Let us start with the constraint that a choice of solution imposes on the possible
quantization schemes. Indeed, while the choice of boundary terms in the action and
therefore of the boundary deformation is a priori agnostic of a given solution to the
bulk equations of motion, we have seen that the multi-trace deformation leads to a
specific choice of boundary condition on the scalar (4.19). Not every solution to the bulk
equations of motion are compatible with every possible boundary condition, as
was noted in [203],211]]. In the case of the metric corresponding to the aGR solution
(4.5), the scalar ¢ has the following falloffs

O ~az+(B—-f(0)a/2)z? = az +(f - 3Qa/4)z? (4.23)
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4.3 Regularization, boundary terms and choice of quantization

where we have related the values of ¢'(0),¢"(0) to the falloffs «,§ in the FG ansatz
(4:15). This matching is made explicit in Section [4.B] Comparing with the full solution
(4.5), we can therefore equate a = v/3Q/2 and f = v/3Q?/8. Consider then alternate
quantization deformed by an arbitrary (relevant and marginal) multitrace deformation.
In that case the source equals

Jur(Q) = \/_Q (

4a+(V3b-1)Q) . (4.24)

From this equation, we see there are a few distinct cases to consider

(i) a =0,b = bagr = 1/V3: every instance of the 2-parameter aGR solution (.5)
is compatible with this choice and is sourceless J = 0. This is the sourceless
marginal deformation we previously mentioned and which was studied in [202}
203, 211]. From Eq. .22), we see that this boundary theory has T;’ = 0.

(i) a =0,b =0: the quantization procedure is conventional alternate quantization. In
this case, since the solution (4.5) is not sourceless, we must impose a Neumann
boundary condition p = —J with fine-tuned source J(Q) = —v/3Q?/8. The explicit
source leads to an explicitly broken conformal symmetry in the boundary. (A
similar argument holds for standard quantization with a Dirichlet boundary
condition a = J. One would then need to consider the boundary term Syqgy ¢ =

S(S(;D instead, and a fine-tuned source J(Q) = v3Q/2. Also here the explicit
source leads to an explicitly broken conformal symmetry in the boundary.)

(iii) For all the other cases, one can look for explicitly sourced solutions J = J(Q,a,b)
defined in Eq. @24) [f| This case is fundamentally similar to the case with
the explicit sourcing leading to a non-zero trace of the boundary stress-tensor.

In the end, we see that the only natural sourceless description we have of the solutions
(4.5) corresponds to the marginal multi-trace deformation, case[(1)} The other cases,
and [(iiD)] are better understood as explicitly sourced deformations where the source is
fine-tuned to select a certain subset of solutions at a fixed Q.

An important aspect is that even though a bulk solution may have different inter-
pretations depending on the quantization choices set out above, the thermodynamics
does know about the quantization choice. Let us consider the free energy of the solu-
tions (4.5). Substituting the solution into the action, the free energy density Q of the
aGR black hole solution with compatible boundary condition is given by

on—shell

3 H2
Sregularlzed dexQ so Q=-— (Zi + Q) + % (Q(l - \/§b) - 3(1) . (4.25)
h

61f we 1n51st on looking for solutions with J = 0, one of the couplings a or b must be fine-tuned e.g.,
b(@)= (1 4a/Q). As it was noted in [211] this means that fixing a,b to some constant will restrict the

space of solutlons to those for which @ =

= \fb Allowing for a finite, albeit fine-tuned, source J = J(Q)

leads to the same result and we will choose this more natural point of view.
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4 Quantization and thermodynamics of the Gubser-Rocha black hole solution

Furthermore, the holographic dictionary tells us that the chemical potential and the
temperature of the boundary theory are given by (4.6). One might be inclined to
use this to deduce a variation of Q in the 2-parameter grand canonical ensemble
dQ = -51dT — p1dp and derive from it the thermodynamic entropy and charge density

of the theory
) . e ()
S1=—|—=— , pl =—|— . .
oT), o |
However, we have seen from Eq. (4.10) that the free energy variation in the presence
of an explicit source should be corrected by a scalar contribution of the form (see also
[206])
dQ = —s9dT — padpu— O(de . 4.27)

This is the full 3-parameter thermodynamics of the system. The fact that the free
energy of the aGR solution only depends on 7" and y, and not on the value of the
scalar source means that the aGR solution should be seen as a 2-parameter constrained
solution within this 3-parameter space. This family of solutions is only a subset of
all the possible ones for any given compatible quantization scheme. A direct corollary
is that to explore only this analytical set of solutions, variations of J,T,u are not
independent. Denoting J as the dependent variable, i.e., it is not independent but is a
function of both T and p, then the grand canonical potential varies as

0J(T, )

oT (4.28)

dQ=- 82+O(p

o0J(T, )
)dT— (p2+O¢TN)du

if one constrains one’s considerations to aGR solutions only.

The precise relation of the VEV O, and the source J to the fall-off of the dilaton
depends on the quantization scheme as we have just reviewed. A choice of quantization
is not a canonical transformation, as shown by [206] in the standard quantization case
for Einstein-Scalar theories. Therefore the value of the free energy will depend on this
choice. This is evident in the dependence on a,b in Eq. (@.25). In the full 3-parameter
space of solutions this quantization choice dependence would only appear in the dilaton
contribution part. In the constrained 2-parameter space of solutions, it would appear
to imply that now also the thermodynamic entropy s; and charge density p; deduced
from Eq. depend on the quantization, as

L, (1+Qz)?? Q*z;
sy =4m = 8(1+QZh)3(Q(1—\/§b)—2a),

(4.29)

8(1+Qzp)3

1+Qz;, Qz2(2+Qz)
PL=p— 1-

(Q-v3b)- 2a)] .

This is strange, as the Bekenstein-Hawking entropy and the charge density — the VEV
of the sourced gauged field — are properties of the black hole solution and do not depend
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4.3 Regularization, boundary terms and choice of quantization

on the boundary action which sets the quantization. Indeed they can be read off directly
from the geometry as

4n(1+Qz;)*?
So =47/ 8xx(21)8 yy(2n) = ”(z# the area of the horizon of the black hole,
h

(1+Qzp)
2y

the global U(1) charge.

(4.30)
The solution is of course that in the constrained system s; and p; are not the true
entropy and charge density, as they include the artificial contribution from varying
J(T, ) following from the constraint to stay within the 2-parameter aGR solution
space. It is then a rather straightforward computation to connect Egs. and
through the variation of J expressed in Eq. (4.27). To that end, we can remember that
the source o/ is constrained by the boundary condition and that in our choice of
quantization, we always have O, = a. In summary, the geometric expressions for the
entropy and charge of the aGR solution are always the correct ones. The difference from
the quantities computed from the Gibbs potential can be attributed to the fact that

p2=-0;Az—0)=p

one considers a constrained system: the expression s; = — (g—%) =- (g—%) -0y (3—5{)
Iz Iz Iz

contains a term that is absent in the correct definition of the entropy sg = — (%) 7
I

and similarly for p.

There is, however, the special case[1)} When the deformation is purely marginal
and sourceless —a =0 and b = \/ig — we can immediately infer that the variations
of J = 0 will be trivial. In that case, we will have s; = s9 and p; = p2. The way to
understand this is that within the 3-parameter space of possible solutions quantified
by (T, i,J) the 2-parameter aGR solution spans a different subspace depending on the
quantization choice for the dual boundary theory. illustrates how this differ-
ence of boundary interpretation between the alternate quantization with sourceless
marginal deformation of case |(1)|and the standard quantization of case changes
the shape of the aGR solution manifold inside the thermodynamic space of sources
{T',u,J}. This visualization allows us to see at a glance how the sourceless marginal
deformation reduces to a 2-charge thermodynamic space where 2-parameters of the
solution naturally coincide with 7', u while the standard quantization interpretation
of the aGR solution induces some non-trivial projection when varying the Gibbs free
energy w.r.t. T, u. For the sourceless marginal deformation the thermodynamics of the
boundary thus simplifies greatly and will behave in a similar fashion to the conformal
fluid dual to the RN black hole solution.

To complete the argument above we shall construct numerical solutions to the
equations of motion in the next section that differ from the aGR solution in that
they explore the third direction orthogonal to 7', u and analyse their various boundary
interpretations.
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4 Quantization and thermodynamics of the Gubser-Rocha black hole solution

M Sourceless marginal deformation

M Standard quantization

Figure 4.1: aGR solution manifold in the thermodynamic parameter space of source {T', u,J} for
two specific choices of boundary interpretations (cases[(D)] and [(D). The sourceless marginal case
has trivial source and is by itself a 2-charge submanifold while the standard quantization case
has a constrained source which leads to the non-trivial corrections in s1,07.

4.4 Deformed Gubser-Rocha black holes

4.4.1 Numerically constructed solutions

The solutions that generically differ from correspond to setting different
boundary conditions for the dilaton field. However, for each such new solution, its
interpretation depends on the quantization one considers, i.e., what the on-shell value
of the action including boundary terms reads.

We will solve the GR equations of motion (4.3) numerically using the following
parametrization

3
¢= \/7_21//(2) , A2)=pj2)az), (4.31)
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and with metric ansatz

22
f(2)

where f(2),g(2), j(z) are held fixed to their expressions in the aGR solution and
v,a:,Gy,G,z,G are the dynamical fields. The radial coordinate z spans the range from
the boundary at z = 0 to the outer horizon at z = z. The IR boundary conditions are
chosen to have a single zero horizon corresponding to a non-extremal black hole and
to impose regularity at the horizon for other fields (see e.g., [81])[] The UV boundary
conditions are chosen to impose AdS asymptotics for the metric components and
A4(0) = p. Parametrizing p = \/3Qzx(1+Qzp)/z; as in the aGR solution, the scalar
boundary condition (4.19) can be rewritten in terms of the falloffs of ¢ as

ds® = zl ~f(2)Gy(2)de? + zz(Z)+g(Z)G(z)(dx2+dy2) (4.32)

2J
v'(0)=-"Z+ w(0)? . (4.33)

V3

For simplicity, we Will choose zj, =1 and the temperature of the solutions will therefore

be encoded by @ = 7 6 —b— T2 In holography, we would usually first fix the boundary theory
of interest by choosing a,b. Then every solution to the equations of motion would be
labeled by (T, i, <J) imposed through the boundary conditions. However in this section,
we will be interested in how a given set of solutions, labeled by (T, u,¥(0)), behaves
in the various compatible boundary theories. This is possible because the boundary
condition we impose on the scalar is simply a way to parametrize how we choose a
bulk solution constrained to have a black hole in the interior. Every boundary theory
determined by a,b and the value of sourcing J compatible with the condition will
provide a valid boundary description. We will focus on the boundary interpretations in
the next subsection. In many holographic studies ¥(0) is often used interchangeably
with the source J, but this is of course only true in standard quantization. We shall,
however, be careful to distinguish between the boundary value y(0) of the AdS scalar
field and the source o of the operator in the quantization choice dependent dual field
theory.

Let us now briefly describe the effect of changing y(0) without referring to any
specific boundary theory. By looking at the aGR solution (4.5), we see that ¢(0) =@ ~
(T/u)~2 for this family. Therefore, increasing 1(0) is akin to lowering the temperature
and vice versa. To confirm our intuition, we can compare solutions at fixed Q¢ ~ (To/1) 2,
and varying 1(0), to aGR solutions with y(0) = Q # Qo i.e., at different T/u # To/p. We
will choose to focus on the gauge field A;(z) and more specifically the component a;(z)
defined in (@.31). Formally, a;(2) = A(2)(uj(z, To/w)) for a fixed To/u. Since the aGR
solution at a different temperature T/u will have a gauge field A;(2) = uj(z,T/w), the
correct field to compare with will be a;”(o):Q(z, T/u#To/w) = jz,T/w)/j(z,To/u). We plot

"The boundary conditions from regularity imply in particular that G4;(zj) = G;2(23). This conveniently
allows us to set the temperature with the parameters @ and zj, just like in the aGR solution in Eq. (4.6),
as the temperature of this generalized model is given by T = Tgr /G:(21)/G2(21,) = 3\/1+ Qzp/Anzy,.
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Figure 4.2: Gauge field component a;(z) as defined in (4.31) at To/u = 0.15 and for various

values of ¥(0). We compare with the equivalent function a?j(O)zQ of the aGR solution at different
temperatures T/p = 0.16 (purple) and T/p = 0.14 (red). This illustrates that qualitatively the
effect of changing the dilaton boundary value has similarities to changing the ratio T/pu.

the profiles azl(O)#QO(z, To/p) in[Figure 4.2/and compare these to ag/(O)zQ(z, T/u>To/w)

(purple) and a;”(o)zQ(z,T/p < To/p) (red). We see that indeed, starting from y(0) = Q,
as we increase (decrease) (0) with @ fixed, the solution becomes similar to the aGR
solution at lower (higher) T/pu.

4.4.2 The holographic dual of the one-parameter family of
solutions in different quantization choices

Having numerically constructed instances of this one-parameter deformation
of fixed T/u GR black holes, each instance in turn has multiple holographic dual
interpretations depending on the quantization scheme. These are constrained by the
compatibility condition (£.33). We will focus on three specific choices:

1. the conformal symmetry preserving quantization a,J = 0 boundary theory for

which we can then label our solutions by b(y(0)) = \/51;(0)2 (1//’ 0)+ %w(O)),

2. the standard quantization boundary theory with the label J = a = %w(O),

3. the alternate quantization boundary theory with a,b = 0 for which the label is
now J =—f= —%U/'(O) - @W(O).
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Figure 4.3: Trace of the boundary stress tensor when varying the Dirichlet boundary condition
w(0). This can be interpreted as exploring boundaries with ¢ = 0,J = 0 and varying marginal
coupling b (left) or as changing the source J = a in standard quantization (right). aGR denotes
the analytically known Gubser-Rocha solution. (Left) We see that in this case, T;; remains
traceless regardless of b which is consistent with a marginal deformation and the result (4.22).
(Right) In standard quantization, the trace is generically not zero, but this can happen for
specific boundary theories: sourceless J = 0 — not visible on the graph — and when Oy =0 —
which happens at J/Q = 1.4.

Using Eq. we can compute the energy and the pressure of a solution in a
specific quantization scheme and construct the trace of the stress tensor T;' = —¢ + 2P
for each of these solutions. For the choice[I] as we can see in[Figure 4.3] the stress tensor
remains traceless for any value of b(1(0)), confirming the analytic result Eq. (4.22).
This is what we expect from a CFT deformed by a marginal operator. On the other
hand, for the choice [2] we see that generically conformality is broken and the stress
tensor acquires a non-zero trace. In this quantization scheme, this is also true for the
aGR solution, as we described in the case There are two exceptions: the first one
is when J = 0 (but O, # 0) — which is reminiscent of a Z3 spontaneously symmetry
breaking solution but here, the finite charge of the black hole actually always leads to
an explicitly symmetry broken (ESB) solution ¢(z) # 0. This case is outside the range
of the plot [Figure 4.3] The second solution would happen around J/Q = 1.4 such that
Oy =0. These are consistent with what we would have expected from T = ap.

Each one of these new black hole solutions has a different thermodynamics com-
pared to the aGR solution. A clean way to exhibit this is to show the boundary charge
density pg, which for the choice[I]is the same as the variation of the Gibbs free energy
w.r.t. the chemical potential, i.e., in that case pg = p1. In[Figure 4.4] we plot the charge
density as a function of temperature for various values of the marginal coupling b. It
is clear from this figure that the charge density as a function of 7/u is dependent on
the choice of boundary theory and the deformed solution describes a different state,
even if the change is small.

To reiterate this last point, let us remember that a priori, the true charge density
of the theory pg, as well as the true entropy of the theory sg, only depend on the bulk
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Figure 4.4: Boundary charge density as a function of the temperature T/y when imposing
Dirichlet boundary conditions, which we interpret as varying the boundary theory through b.
The charge density is normalized by Q2 in the left-hand plot and by its aGR value defined in
(4.30) in the right-hand plot. The qualitative behavior of all these theories is extremely similar
to the aGR solution (left) but quantitatively differs as a function of 7/u (right), showing the
theories described are different.

solution — they are geometric quantities. Yet we now argue that different boundary
theories have different thermodynamics. The resolution of this apparent contradiction
is that while the entropy and charge density of a black hole solution only really depend
on the bulk solution, how we explore the space of solutions is dependent on the choice
of quantization. As we mentioned in Section [4.4] the holographic interpretation of black
hole thermodynamics shows that we should label solutions by their sources {T', u,J} —
and in the case of the sourceless solutions of the choice|ll b plays the role of the label
J. But different boundary theories have different notion of source JJ such that varying
T and p at fixed J will mean different path in the space of bulk solutions labeled
by {T, 1, w(0)}. In we illustrate this point by looking at the Bekenstein-
Hawking entropy s2 as a function of 7/u — all solutions are normalized by the aGR
entropy defined in (4:30). Both choices [I] and [3] are used to label the solutions when
varying the temperature, which can be done by imposing the boundary condition
for each of the choices. The values of b((0)) and J = — are chosen such that solutions
meet in pair at 7/p = 0.2. Upon lowering the temperature, we see that these pairs split
indicating that the bulk solutions they belong to are not the same anymore. A path
at fixed J = —f is therefore generically different than a path at fixed J = a or fixed
b(y(0)).
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Figure 4.5: Black hole entropy as a function of 7/u when keeping either the alternate quantization
source J = —f fixed (choice|3| orange gradient curves) or when keeping the label b((0)) fixed
(choice E[, blue gradient curves). The curves meet in pairs at 7/u — indicating identical bulk
solutions — and separate for other temperatures — indicating different black hole solutions.

4.5 Conclusion

In this paper, we have clarified how the GR black hole thermodynamics works in
the context of holography and the appropriate quantization thereof. The well-known an-
alytical solution (4.5) of [38] covers only a 2-parameter subspace of the full 3-parameter
thermodynamics of black hole solutions to the action (4.2). The 2-parameter aGR black
hole solution has been used widely as a physically sound version of the z = co AdSg
IR critical point that preserves the quantum critical properties but does so with a
vanishing zero temperature entropy. It was already pointed out [202] that an unusual
quantization choice could preserve conformal thermodynamics and hence stay within
the analytically known 2-parameter family. This indicates the existence of a marginal
operator in this specific quantization scheme [203]] and we have recovered this in our
analysis. For other quantization choices, the analytic solution has a fine-tuned value
for the source. To prove this point we have numerically computed the solutions corre-
sponding to different boundary values of the dilaton. This fills out the full 3-parameter
thermodynamic phase space. The filled out phase-space therefore elucidates that other
quantization choices are just as valid as the one we chose to focus on. This had to
be so, but the trade-off that one must make is to properly account for various scalar
contributions to the general thermodynamics of the theory in line with the findings in
[206].
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4 Quantization and thermodynamics of the Gubser-Rocha black hole solution

Because the GR action is a consistent truncation of d = 11 supergravity compact-
ified on AdS4 x S7 and has ABJM theory as its known holographically dual CFT, in
principle one should be able to identify this marginal operator in the CFT. The fact that
marginality is associated with a multitrace deformation makes this not as straightfor-
ward as may seem. In particular as it originates naturally in alternate quantization, it
is likely that it is an operator which is only marginal in the large N limit where the
classical gravity description applies. We leave this for future research.

Our focus and interest is the use of the GR and other EMD models as phenomeno-
logical descriptions of AdSy fixed points, especially due to its resemblance to the
experimental phenomenology of strange metals. In this comparison, thermodynamic
susceptibilities and (hydrodynamic) transport play an important role. Our result here
shows that in EMD models one must be precise in the choice of boundary conditions
and scalar quantization as they will directly affect the long-wavelength regime of the
dual boundary theory as well as correct the thermodynamics of any extension of the GR
model. This is especially true for any boundary interpretation differing from the pure
marginal case of [202,[203], as was shown by [206] for Einstein-Scalar models and we
have shown here for the GR model. A proper understanding of the boundary conditions
is necessary both for the thermodynamics of the background and the hydrodynamic
fluctuations on top of that background.
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4.A Validity of the boundary action

In a previous version of this paper, we considered the boundary term introduced
by [202] which is of the form

, Ap=2cp—1, (4.34)

(cq) Ag
Sb“dd’y,d) = fz:e d3x /=y [?qﬂ +cppN?0,¢

. . =0 =1
which matches our boundary terms for specific values SLC;;’ 4)) = SS& ¢ and S](:dd’y’ d)) =

S%}sz for a = 0,b = 0. The claim of [202] is that more general values of ¢y are also
possible, which from a renormalization point of view is an acceptable assumption. The
only prescription one has for boundary terms is to choose relevant and marginal ones

(the irrelevant boundary terms contribute as corrections in the cutoff ¢ and can be
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truncated) which respect the symmetries of the action. However, choosing the boundary

term (4.34) leads to
5 (Sbulk +8 ¢) - f &gy (- cp)psa-cyasp|
zZ=€

(4.35)
:f By (_C¢al/C¢)6(IBal—1/C¢)
zZ=€
which generically differs from our result for the standard quantization or multi-trace
deformation where O, = a or .

The question of the validity of such variational problem as Eq. (4.35) was raised
before in e.g., [212] for the simple case of a non-relativistic particle. Consider a particle

¢
with action S = ttlz d#(—G2/2) to which one adds the total derivative term Sg = [%qq] tz.
1
¢
The variation of the total action on-shell (S +S3) = %q&j - %qéq] tz is of a similar
1
form as the variation (4.35) for ¢y = 1/2. The boundary condition required to make the
boundary variation well-defined is then to fix ¢/qg = C at ¢ = ¢; and ¢ = ¢o. However,
in the case of S, this is not a correct boundary condition to impose. Since the bulk
equation of motion is § = 0 with solutions q(¢) = At + B and ¢(¢) = A, the quantity to
fix is i A;“ﬁ = ﬁ which only depends on the ratio B/A. Therefore, fixing it at ¢;
leaves no freedom to also fix it at £2. At the same time the two boundary conditions at
t1 and 9 do not select a unique solution. A direct check one can do is whether for other

t
values of the analogous cy, this problem remains. Taking for example Sg = [%qq]tz,
1

the boundary condition to impose is now to fix ¢/q? = #. Solving this condition at
the boundaries for values C1 2 now does lead to fully determined solutions, unlike the
previous case. However, the solutions are not unique, because the boundary conditions
itself have arbitrary constants C12. There are therefore multiple branches to the

system of equations AC1 2 =(At12 +B)2.

In holography only the UV boundary conditions are imposed in the exact same
manner. The IR boundary condition in a black hole spacetime is different. We simply
require regularity of the scalar at the event horizon. For ¢y = 1/n, n € N*, the question
of whether the variational problem is well-defined is then whether the UV boundary
condition of fixing % = C is sufficient to pick a unique solution once the IR boundary
conditions are taken into account. It is quite straightforward to show that these
are the same boundary conditions as the usual multi-trace deformation boundary
condition (#:24), for J = 0 and specific choices of monomial 7, = 22 a”. From (.19), we
see that for n > 1, the sourceless boundary condition for the deformation associated
with F,, is % = :_"1 so the matching between boundary theories occurs for C = na_"l.
Interestingly, choosing the boundary value C is equivalent to choosing a deformation
coupling constant with (single-trace) scalar source J = 0. This is because the coupling
constant a,, is really the same as a source for the multi-trace operator O™.
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In Table we look at n = 1,2,3,00 and what type of multi-trace deformation
they match. For n = 4 the higher order terms in F represent irrelevant operators
and we shall not consider them. The special cases n =1 and n =oco i.e., ¢y = 1 and
¢y = 0 are the alternate and standard quantization case of fixinga=<J and f=-J.In
the previous version of this article we argued that the aGR solution quantized with
boundary term (4.34) and ¢y = 1/3 could be viewed as a marginal deformation w1th
n=3and f/a®= 5 \/g which according to our mapping is equivalent to the case

expected.

n Boundary condition Analog multi-trace choice
n=1 p=C a=0, b=0, J=-C
n=2 b-c a=C, b=0, J=0
n=3 L=c a=0, b=2C, J=0
n =o00 a=C a=0, b=0, J=C

Table 4.1: Matching between the boundary conditions obtained from the multi-trace
deformation boundary action (4.9) and those obtained from the boundary
term (4.34).

Moreover, and importantly, the on-shell values of the boundary actions with
monomial multitrace deformations F = F, and are also equivalent through
the mapping described in Table Indeed, we see that the difference between the
boundary terms is

(MT) _ _ (ce)
ST = F =Sy = |

—a —(1—c¢)aﬂ] f C(n—l)]%, (4.36)

where we injected the expansion ¢ ~ az + fz2 and in the second equality, we used
the boundary condition = Ca” ! with ¢y = 1/n. We see that the difference (4.36)
vanishes for the choice C = na_"l and thus the actions are the same through the mapping
described in Table We can conclude that as far the two roles of the boundary terms
go — setting the boundary conditions of the variational problem and specifying an
on-shell value for the action — these boundary terms yield the same answer for specific
choices of the boundary theory. This explains how our previous derivation based on
yielded the same results as the derivation based on for sourceless solutions.
The on-shell action equivalence does not hold in generality, however. The boundary
term fails to account for polynomial deformations F and therefore would miss
out on the most general theories of case
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4.B Matching of metric gauge choices

4.B Matching of metric gauge choices

In Eq. we have expressed our scalar field UV expansion in the FG gauge
choice for the metric (4.15). In this section we will use r to denote this choice of
radial coordinate. However, the aGR solution (4.5) uses a different metric gauge choice
(@4). This means that the expansion of the scalar field ¢ = @z + fz2 +... in the

coordinates is not directly identical to that given in Eq. (4.13). They are related by
_ _dz2?
T 22f(2)°

solving erZZ This relation is formally given by

dx
x/f@)

z
logr(z) —loge = f withe —0. (4.37)
€

In the near-boundary regime, we will only be interested in the leading and subleading
orders of this relation — since we only want to see how the leading and subleading
orders in the scalar expansion mix — and we therefore expand f(z)=1+f'(0)z +...,
where the analytical value of f is given in Eq. (4.5). Doing so, we find

3Qz2

T 0% . (4.38)

r(z)~z-
It is then straightforward to input this in the FG UV expansion
3
(p~ar+ﬁr2~az+(ﬁ—TQa)zz , (4.39)

as was claimed in Eq. (4.23).
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Chapter

Emerging Fermi liquids from
regulated quantum electron stars

Attribution

This chapter was published as a journal article under the title “Emerging Fermi
liquids from regulated quantum electron stars” in the Journal of High Energy Physics
(JHEP), volume 2022, article number 222, together with Vladan Djuki¢, Mihailo
Cubrovi¢ and Koenraad Schalm.

5.1 Introduction

Strongly correlated electrons at finite density remain a deep and interesting puzzle,
encountered in various quantum-many body systems, from condensed matter to heavy
ion physics to astrophysics. Apart from some special cases, Fermi liquids are the only
interacting fermionic systems at finite density where we have good control. A break-
through was provided by the application of AdS/CFT to finite density large N-matrix
fermionic systems. This allowed new strongly coupled IR fixed points characterized
by an emergent Lifshitz scaling with dynamical critical exponent z to be discoveredE]
Though many of such results were found in bottom-up holographic models where only
bosonic operators are tracked, there is reason to believe that any holographic finite
density systems must also have microscopic fermionic degrees of freedom. Indeed a
number of these holographically discovered fixed points have now been independently
confirmed as Sachdev-Ye-Kitaev-like large N quantum spin-liquid fermionic ground

1At finite N these fixed points may be not be true IR fixed points but intermediate scale attractors in the
RG flow.
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states, where the additional microscopic description allows valuable extra insights into
the workings of these novel states of matter.

In holography these new ground states are qualitatively understood to arise as a
deconfined phase of an underlying microscopic theory with the confined phase corre-
sponding to a conventional Fermi liquid; see [213]]. A dozen years ago this was a hotly
debated topic and it was found that the prototypical deconfined state, characterized
by the AdSs, z = co near horizon dynamics of AdS Reissner-Nordstrom (RN) black
holes and an associated multitude N of non-Fermi-liquid Fermi surfaces [[214} [215]
32| in the Thomas-Fermi limit of N — co indeed transitions at low temperatures to a
charged Tolman-Oppenheimer-Volkov electron star [42, 216, 43| 44], 48]]. These states
are partially confined - partially deconfined in that they still have a finite z Lifshitz
horizon; for a review and the transport responses of these states, see |19, [1]l.

However, away from the Thomas-Fermi limit a holographic description of a di-
rect single Fermi-surface deconfined non-Fermi-liquid-to-confined Fermi-liquid 7' =0
quantum phase transition has so far not yet been found. In the bulk, this problem
corresponds to solving an Einstein-Maxwell-Dirac system in a self-consistent way,
accounting for the backreaction of fermions on geometry, but keeping the number of
Fermi surfaces finite or specifically keeping only one. The distinct puzzle here is that
the signal of the putative instability towards confinement at low temperature — a log-
oscillatory response in the single fermion spectral function [32] — occurs at a distinct
point in parameter space from the one where the first stable Fermi surface is located
(Fig.[5.1). In [46] an electron star model is introduced where N is finite but still very
large; this hinted at a first order rather than a continuous transition. Approaching the
question from the other side, a holographic description of confined single Fermi surface
Fermi-liquid was constructed in [47] by enforcing confinement through a hard wall IR
cut-off [47]]. This confirmed that confinement-deconfinement is the correct viewpoint of
the quantum phase transition, but did not yet include the gravitational backreaction.
The most comprehensive study to date is the attempt at quantum electron star model
of [[49, 50] which regulates the system by putting it on a sphere and then tries to
carefully remove this regularization procedure for a self-consistent solution of the
Einstein-Maxwell-Dirac equations in the asymptotic AdS background.

The simple hard-wall solution of [47] already illustrates the fundamental prob-
lem. In the presence of an occupied Fermi surface the gravitational backreaction is
uncontrolled, see [49, 50]. These subsequent papers then address this by a second
cut-off for the backreaction, and then attempt to remove both cut-offs in a precarious
balancing act. In the present paper we address this in a different way. We construct a
fully gravitationally backreacted single-Fermi surface solution confined through a soft
rather than a hard wall. From the gravitational point of view this soft wall determines
the deep interior boundary conditions of the fermionic wave functions instead of the
horizon geometry. As illustrated in detail in [49] 50] at the technical level the puzzle
is that with the vanishing of the horizon (signalling deconfinement) at the quantum
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Figure 5.1: A schematic representation of the phase diagram of holographic fermions, where ¢
and m are the charge and the mass (related to the scaling dimension in field theory A =3/2+m)
of the bulk fermion respectively. Along the line ¢ = m/v/2, determined by the Schwinger pair
production threshold, the quantum phase transition ought to happen between the Reissner-
Nordstréom black hole describing the strange metal phase and the quantum electron star solution
(no black hole) corresponding to a metallic phase. However, this line is not identical to boundary
of the regime where the Reissner-Nordstrom system supports stable Fermi surfaces as probed
through the Reissner-Nordstrom spectral functions. The electron star (fluid) model requires
taking the limit q,m — 0 where both critical lines become indistinguishable. To understand the
transition at finite g, m is the motivation for our approach. Adapted from [32].

phase transition, not only must one find a new self-consistent (confining) IR geome-
try, but also an associated set of self-consistent boundary conditions for the fermion
wave-function.

Because the confining boundary conditions suppress the fermion wave function
in the IR, there is also no associated backreaction in the deep IR, which remains
AdS. This confined regulated quantum electron star (rQES) is therefore the fermionic
analogue of the Horowitz-Roberts-Gubser-Rocha AdS4-to-AdS, groundstate/domain
wall for holographic superconductors [217,|218]. This solution (just like our soft wall
confining electron star solution) describes a system that flows from a conformal pure
AdS UV to an intermediate ordered holographic superconductor (Fermi liquid) state
with a gap in the sense that below that gap it returns to the renormalized conformal
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theory and low energy excitations cannot disturb the ordered state. As is well-known
the generic holographic superconductor ground state is not AdS4-to-AdS4 but of the
Lifshitz type [41]. It is the technical difficulties described above that guided us to first
construct this Horowitz-Roberts-Gubser-Rocha type solution. We leave the full Lifshitz
quantum electron star for future work. One natural way to construct the latter is that,
rather than trying to remove the soft-wall regulator, one can also make it dynamical,
similar to the electron star study in [45].

We do confirm that within the class of non-dynamical soft-wall solutions this
gapped confined holographic Fermi liquid is the thermodynamically preferred state
over the deconfined Reissner-Nordstrém metallic state for appropriate charge and mass
of the fermion. Because we are not yet able to remove the regulator we do not yet solve
the puzzle of Fig.[5.1] directly.

The outline of the paper is the following. In Sec. [5.2] we present the gravity setup
and the regulated quantum electron star (rQES) solution. In Sec. we present the
properties of our rQES solution, i.e., the gapped confined Fermi liquid: we show it is the
thermodynamically preferred solution in a certain range of parameters, and demon-
strate the existence of the infinitely long-lived quasiparticle peaks in the spectrum of
the boundary theory. In Sec. we present some considerations about removing the
confining soft wall. Sec. sums up the conclusions together with some musings on
further directions of work and the physical meaning of our results.

5.2 A confined Quantum Electron Star: set-up

The minimal bottom-up gravity dual of a strongly correlated electron system is
the Einstein-Maxwell-Dirac system [214} 215|, |32]]. The new element of our setup is
the phenomenological soft-wall-like regulator inspired by bottom-up AdS/QCD [219].
The regulator is a fixed non-dynamic scalar field, which neither backreacts on the
metric itself nor does it feel the backreaction by the fermions. This is again in line with
AdS/QCD models. Therefore, the geometry starts as pure AdS in the UV, in the interior
it is influenced by the gauge and matter fields and deviates from AdS, and in far IR all
matter fields are exponentially damped by the confining potential. However, in contrast
to most hard/soft-wall models we will let the potential only damp the matter sector and
not the gravitational sector. The action of the system is:

L? L?
—— (R+6)- - +L3L, (Y, D]

W) (5.1)

s-[atv=g

where « is the gravitational coupling constant; and L is set to L = 1 in the remainder.
The Dirac Lagrangian is:

L=

1 .
ehT4 (au+zwﬁCFBc—iqu)—(m+MCD)] y (5.2)
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where ¥ = i‘I’J’FO, ei is the vierbein, ['4 are the gamma matrices in four dimensions,
and wﬁB is the spin connection. The regulator is fully encoded in an effective mass
contribution M(z)®(z) for the Dirac field, with ®(z) a non-dynamical scalar field whose
profile we shall choose later. Inspired by [220]], we will consider two types of the
confining potential:

W= —e§F3 ,  the potential preserves chirality ,

(5.3)
z1y, the potential breaks chirality .

Here z, both as index and a variable, refers to the radial coordinate of the AdS space.
We will assume a radially symmetric metric which is asymptotically AdSy,1 with d =3,
parametrized as:

dx;dx? dz?

22 * 22f(2)
The radial coordinate is defined for z = 0, where z = 0 is the location of AdS boundary
(UV). Development of a horizon at finite z is in principle signified by the appearance of
a zero of the function f: f(zg) = 0. At zero temperature (the only case we consider), the
space extends to infinity, 0 <z < co.

f@h(z)

ds® = -—5—dt* + (5.4)

zZ

Our choice to let the wall only confine the fermion-matter sector (together with
the absence of backreaction by the confining scalar) implies that at finite chemical
potential but zero bulk fermion density, the thermodynamically preferred solution is
the regular charged (RN) black hole, though pure AdS with a constant electrostatic
potential is also a solution.

For a certain value of the charge g of the fermion, it will be thermodynamically
preferred to store all charge in an occupied bulk fermionic state, i.e., nonzero bulk
density n. = (¥7W), rather than a Reissner-Nordstrom black hole. Now the precise
radial profile of the scalar ®(z) becomes important. The original AdS/QCD papers used
a quadratic scalar, behaving in the IR as @ ~ z2 [221], which ensures confinement while
still being smooth. Another form found in the literature is a profile which flattens out
to a constant in the IR [222]. At the same time the UV completion of the scalar field
has to ensure that its contribution to the Dirac equation decays quickly enough for
small z to reproduce the equation of motion in pure AdS in the limit z — 0. The forms
that satisfy all the requirements and which we find numerically convenient are

D(z) = 122, quadratic scalar
@ (5.5)
D(z)=A az+ = flat scalar.
2i+z

The amplitude of the scalar (i.e., the measure of the "hardness" of the wall) is
parametrized by A, and zg is the scale at which the scalar begins to flatten (in the
second, flat scalar model). The choice of a is merely that of computational convenience
and we choose a = 4. Similarly, we will consistently choose z¢ = 2 throughout the rest
of this paper.
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5 Emerging Fermi liquids from regulated quantum electron stars

5.2.1 Einstein-Maxwell-Dirac equations

From the action we obtain the Maxwell equation and two convenient linear combi-
nations of the #¢ and zz components of the Einstein equations. With the ansatz that
only A; # 0, and that all functions only depend on z, compatible with homogeneity and
isotropy, they reduce to

h'(2)

ey / _
Alz) —Zh(z)At(z) Vh@E@)n(z),
2 4
Z iy - - % A2 (5.6)
L3l @10 = 50 P Tare@
B(z) = —zh(z)p(z)—%p(z).

Compatible with the symmetries the current vanishes J* = 0, the charge density J° is
denoted as J° = n(z)/\/=g = z*n(z)/v/h(z), and the stress tensor is parametrized as

(Tf)uv = diag(p(2),p 1(2), p 1 (2), p(2)), .7)

where p | (2) is the pressure in the transverse x,y directions.

The ii components of the Einstein equations are both equal to

2h(z) [—z3A;(z)2 +(32f"(2) — 4 (2)) h'(2) + 22 f(z)h”(z)] +

+2h(2)? [z (2f"(2) - Af'(2) - 2Bzp 1 (2)) + 6f(2) 6] —22f()h'(2)2 =0 .

They are not independent, however. Denoting the Einstein field equations as
E,y =Gy — Ty and the Maxwell equation as Ep =V, F* —J", one can show thatﬂ

. 1
Eu=L-E- -V, T", (5.8)

where L-E = A10,Ey; + A20,E . + A3Ey + Asf (2)Ey + E . (Asf'(2) + Agh'(2) + A7) is
a linear combination of both {E;,E ,,,E s} and their derivatives and T*" is the total
stress-energy tensor associated with the matter content of the theory. The stress-tensor
is covariantly conserved if the matter sector is on-shell, i.e., obeys its equations of
motion. Thus

Eonsbell g v = (5.9)

It is therefore sufficient to solve the three equations (5.6) together with the matter
sector.

The charge, energy and pressure densities n(z), p(z), p(z) are determined by the
occupied fermionic states in the AdS bulk space. Importantly, we will compute them

2This is essentially VuGHY =V, TH.
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5.2 A confined Quantum Electron Star: set-up

solely from microscopic considerations: we do not assume anything like a fluid limit or
a specific form of the equation of state. We compute them from the Dirac Lagrangian,
within the one-loop Hartree correction to the background. This is discussed in detail in
the next subsection.

We will now proceed to derive the equation of motion for the Dirac field. From
(5.2), the equation reads:

1 X
ehTA (6y+zwﬁcfgc—iqA”)‘P= (m+M20) v (5.10)

It is known that the spin connection in this type of metric can be eliminated by rescaling
the fermion [214, 223]:

1 h(z)\"1
Y= (—gzz detguv) fy= (%) ' ¥ =al2)y. (5.11)

In addition, it is convenient to eliminate any singular terms from the fermionic wave-
function. Since our solutions are smooth in the interior as we shall see, the only
singularity is the branch cut in the UV behaving as z™. We thus rescale one more
time

v=z"y=bR)y. (5.12)
In most cases we will use the rescaled form and write the equations for . So far this is
all independent of the gamma matrix representation. In order to simplify the equations
of motion, we now employ the representation

0o y* 3 (1 O
H: =
r (7“ 0), =l ) (5.13)
with p € {0,1,2}, yo = iaz,yl = al,yz = 03 and 01?3 are the usual Pauli matrices.

Homogeneity and isotropy along the ¢,x,y directions allow us to take the energy w and
momentum % = &, as good quantum numbers, so the Dirac bispinor is expressed as
—iwt+ikx( T. (514)

v=e 1(2), x1(2), —ix2(2), iy2(2))

As in [47,223], this yields two (equivalent) decoupled systems for the two independent
components, for w19 and y12, corresponding to the spin degeneracy of our system. We
will focus on the y; components for which the Dirac equation reads

d,+¢ q>+f(1— L\ yyeo)— |- @¥94e | =0
TR V)| T V@ fevee |
(5.15)
m 1 w+qA,5 k
0,+e_ O+ — |1+ (2)+ - (2)=0.
2 ( \/f(z_)) T rovEe Jie T
where €, = e = 1 corresponds to the chiral-preserving potential and €, = —¢_ =

—1/4/f(2) corresponds to the chiral-breaking potentials.
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5 Emerging Fermi liquids from regulated quantum electron stars

5.2.2 Fermion densities and backreaction

The fermionic densities and pressures are obtained microscopically, from the Dirac
Lagrangian (5.2):
(el I(-iw—igA)Y) ,
—~(viw) . (5.16)

i~}
Il

The components of the pressure p, ,p are likewise formally equal to

pr =(Vielk, I[1WP),
p  =(Peil?5,¥). (5.17)

The expectation value (...) in (5.16}5.17) is the quantum-mechanical expectation value,
i.e., one solves the Dirac equation with appropriate boundary conditions (see below)
and sums over the quantum numbers in the appropriate range. The quantum numbers
are the radial modes ¢, and momenta k., %, in the x, y-directions which determine the
on-shell energy in terms of a dispersion relation w = E (k). The role of the confining
potential is essential here: it quantizes the radial number ¢. Each discrete radial mode
corresponds to a separate Fermi surface [214}215|32}|44,|48,|47]. As emphasized in the
Introduction, we seek a state where only a single Fermi surface is occupied. This must
be the lowest radial mode. Note that despite occupying a single mode, this mode still
contains a thermodynamically large number of states counted by the x, y-momenta.
Each radial mode is thus a fluid of fermions.

We will ignore the subtleties of the zero-point energy and the Dirac sea; in principle
these are absorbed in a renormalization of the cosmological constant and the AdS
radius; see however [49] 50] for a more detailed treatment. Then, in terms of the
solutions to the Dirac equation, formally the expressions for the density are

2q
n(@) = —2— a(2)*b(z)* Y. © (~E (k) (wuk(Z)WlZk(2)+wzgk(2)1#’2!k(2))

22\/f(z) I,

p(2) = a(2)*b(2)%el(2) (~iw — iq As(2)) kz ~Eo®) (4], @)+ ¥, (e 1(2))

p(2) = a@)?b(2)%e 3 ZO(Eeh) (W0 40wtk = Why 10010 (5.18)

where the step-function O(x) selects the positive energy states. Note that due to
the antisymmetry of the two spin components, the derivatives of the scaling factors
a(z),b(z) cancel out in the expression for p.

The self-consistent Hartree calculation

We solve the system 5.15) in the one-loop Hartree approximation. As a
reminder, the Hartree correction is the local single-particle diagram (vacuum bubble),
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5.2 A confined Quantum Electron Star: set-up

Choice of initial _ Solve the Dirac | Compute the Backreact on the

background equations Hartree densities background

Figure 5.2: Iteration algorithm used to compute the rQES solution.

ignoring anti-particles, i.e., ignoring the contribution from the Dirac sea. We do not take
into account the Fock correction. In flat space, the Hartree correction is trivial [224]: in
terms of the causal fermionic propagator G it equals lim;_¢- [ dwd?k Gr(w,k)e 10t =
10) pﬂ merely renormalizing the chemical potential. In curved space however, the local
chemical potential is pjc(2) = A¢(2)y/—g*(2), with a nontrivial radial profile, thus the
correction 6u(z) is also variable along z and therefore it can have nontrivial physical
effects.

The Hartree approximation then proceeds by computing this one-loop Hartree
correction self-consistently. One starts with an ansatz for the background, solves the
Dirac equation in this background, computes the one-loop Hartree densities in the
assumption that they are small, updates the background and iterates to convergence

as in Fig.

5.2.3 Boundary conditions on the Einstein-Maxwell sector

The Einstein-Maxwell equations require four boundary conditions in total
(two for A;(z) and one for each of the metric functions f(z),h(z)). The UV boundary
conditions are

Azuv)=pu, the chemical potential. (5.19)
flzuv)=h(zuy)=1, AdS, asymptotics. '

3The infinitesimal time separation ¢t — 0— is really the point-splitting regularization, as the integral of Gp
at coincident points in spacetime generally diverges; the sign of ¢ is dictated by the contour choice for the
retarded propagator [224].
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5 Emerging Fermi liquids from regulated quantum electron stars

The fourth boundary condition we impose is given by our demand that we seek a state
where all the charge is contained in occupied fermionic statesf_f] The confining potential
ensures that the fermionic wavefunctions are localized at a finite value in the radial
direction. Thus by construction the charge density will vanish in the deep AdS interior.
From this follows that the fourth boundary condition is 0,A;(z1g) = 0. Formally z1g = oo;
in our numerical computation it will be finite but large, and we have checked that our
results do not depend on its value.

In practice, we solve the boundary value problem by shooting from the IR. We
impose directly the condition 0,A;(z1r) = 0 as well as the condition 9, f(z1g) = 0. The
latter indirectly encodes our demand that we seek a T' = 0 solution; recall that for a
black hole solution 0, f (Zhorizon) ~ T- Then we use the free value A;(z1g) and A(z[R) to
shoot for A;(zyv) = i, h(zyy) =1 at the boundary. From the equation of motion for
f(z) one obtains automatically that f(zig) = 1 once we fall on the right branch; for the
same reason one can also use f(zig) =1 as an IR boundary condition if one demands in
addition that there is no energy density or electric field in the deep interior.

5.2.4 Boundary conditions for the fermions

The UV boundary conditions for the appropriate solutions to the Dirac equation
are straightforward. Near the AdS boundary the rescaled field behaves as

w_k_ﬂqzl—2m
2m -1

oz — 0) ~ Ap(w,k) 27 2™ + By(w, k)

vi(z —0)~A(w,k) +B/(w,R)+...,

0tk g (5.20)
— %

2m+1

+....

On-shell solutions are normalizable, i.e., A/(w,k) = 0. This agrees with the AdS/CFT
dictionary, where a finite A/(w,%k) would imply an external source for the fermions
for a specific band ¢ and energy w,%k. Demanding normalizability A /(w,k) =0 instead,
implicitly translates in a dispersion relation w(k) = E ;(k).

The IR boundary conditions for the fermions require a more detailed discussion.
Firstly, for the fermionic wavefunctions, the amplitude is set by normalization of each
wavefunction to unity. For each radial mode ¢ this implies

fdz\/—_glwi;z,k(z)lz < co. (5.21)

For finite temperature backgrounds this is usually not an issue as the horizon is
parametrically at finite distance and finite IR boundary conditions, together with the
UV-condition that the un-normalizable fall-off vanish, guarantees a finite integral.
For the T = 0 background we consider here, the interior is parametrically at infinite

4There could be interpolating solutions with both a charged horizon and a charge in occupied fermionic
states. We will not seek for those here as the presence of the charged Reissner-Nordstrom like horizons
should imply the continued presence of log-oscillatory instabilities.
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5.2 A confined Quantum Electron Star: set-up

distance and finiteness of the integral can only follow from bounded behavior of the
wavefunction. Since the spin components are not independent, it is sufficient to demand
¥1,0(z — 00) — 0, i.e., the leading component should vanish in the interior.

It is well known in AdS/CFT that it is then the simultaneous requirement of a UV
and an IR boundary condition that determines the spectrum of the small excitations.
This spectrum can still be continuous or discrete; we address this directly below.
Formally, however, the normalization together with two boundary conditions make the
system overconstrained and one must search for accidental solutions. We again do so
by shooting from the interior to search for parameters where the UV conditions are
also satisfied.

The shooting condition we use is the ratio yo/y1, which still leaves the freedom to
normalize the norm (5.21) to unity, and which we do after the solution is found.

Effective potentials and confinement

Pure T'=0 AdS — representing a deconfined phase of the strongly coupled bound-
ary theory — has a continuum spectrum of normal modes computed in the way de-
scribed above. The system must be considered in a different phase or have its IR
dynamics modified by a confining potential to discretize the spectrum; this spectrum
may still be ungapped or gapped. We will now demonstrate that the chiral-breaking
soft-confining potential supports a discrete Fermi surface, i.e., a tower of bound states
at discrete energies, for momenta up to some kg, the Fermi momentum. The spectrum
is also gapped. A convenient way to see the effect of this potential is to transform the
Dirac equation to the Schrodinger form [32], 48], {19]:

XSch(Z) = e%foz duP(u) ,
|02- V()] ksan(2) =0,

V(z)= %P'(z) + 373(2)2 -09(2), (5.22)

where the coupled equations (5.15) were decoupled into two second order equations,
each taking the form

'@+ P (2)+ Q2)w(z)=0, (5.23)

with the indices 1,2 on v, ygch(2), V omitted.

In principle, the Schriodinger potential is itself a function of the background
spacetime and electrostatic potential f(z),h(z),A:(z) and can be fully determined
only by calculating numerically the full solution. However, we can give a qualitative
estimate whether it is confining or not by studying its asymptotics. Since the bulk

remains asymptotically AdS4, we have V(z — 0) ~ —. In pure AdS4 the IR behavior
z
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Chiral-preserving quadratic
Chiral-breaking flat
0 ﬁ / Chiral-breaking quadratic
/ """ Hard wall

1k

V(z)

0 5 10 15 20
z

Figure 5.3: Comparison of the Schrédinger potentials for y1(z) for the two types of confining
potential: chiral-breaking quadratic (green), chiral-breaking flat (red) and chiral-preserving
quadratic (blue). The dashed black line indicates the truncation of spacetime which happens in
the hard wall model of [47]] at z = 7. Only the chiral-breaking potential and the hard wall allow
for bound states. Parameters are {m, uq,%,w} ={0.1,1.05,0,—0.027}. The scalar parameters are
A =0.1 for the two quadratic scalars and A =1 for the flat scalar.

would be Vagsr(z — 00) = —(@ + 1q)? + k2 + m(m + 1)/2% + O(1/z®) (Fig. [5.3) | This now
gets modified by the confining potential due to the scalar ®(z). Making the ansatz that
the confining potential in the deep IR for z — co suppresses exponentially all sources
in the Einstein and Maxwell equations for large z, i.e., the geometry in the deep IR is
again an (emergent) AdS, geometry, the leading order IR behavior of the potential is
then schematically

¢ L PREm+2)+ (e~ £4)P(2)?

> e +|+0Wz%,
2z z

Vads-1r = V(z — 00) + (e~ —€4)
(5.24)

Note that the chiral-preserving solution €, = e_ =1 leads to a vanishing contri-
bution and therefore does not lead to fermionic bound states. In contrast the chiral-
breaking solution €, = —e_ = —1/\/f(2) = =1+ O(1/z) in an AdS4 IR does lead to a
potentially bounding potential depending on the choice of ®(z). For this reason, we will
work solely with the chiral-breaking scalar field.

Fig. shows the behavior of the Schrédinger potential for the various profiles of
the scalar field and regulation schemes. With a chiral-breaking regulator, we indeed
see that the infrared behavior of the potential is dominated by the large z behavior of

5We are interested in k2 < (w+uq)? since the potential is otherwise confining even in AdS4 with no regulator,
as discussed in [225]. We will discuss this later.
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5.2 A confined Quantum Electron Star: set-up

each profile. The final choice of which scalar field profile to use is determined by the
convergence of the iteration scheme. We numerically found the quadratic profile to be
unstable while the flat profile leads to an emergent AdS4 in the infrared. Specifically for
the chiral-breaking confining potential with flat asymptotics the Schrédinger potential
in the deep IR becomes

V(z — 21p)=— iy + A + kg + O(1/z) = Vig + O(1/z2), (5.25)

where we have used that f(z),h(z),A;(z) become constant in the emergent AdS, IR
w+qAs(z1R)

A
—  AMr=———and kjg= —.
f(zr)V/h(z1R) V() V)

In the IR limit, Schrodinger equation becomes

and we have defined wig =

|02 - Vir | xsen() =0, (5.26)
which is solved by
Xsch(2) = Yseh+ (e Y VIR 4 ygqn_(2)e”V VIR (5.27)

We see from that, for frequencies such that Vig > 0, the solutions have a growing
and a decaying branch. The decaying branch clearly confines the wavefunction. This
is the one we shall choose. This leads to the following IR form for our original Dirac
fermion components

Y1o2) = cry(@)e VVRe, (5.28)
where the ratio of the coefficients is fixed by the Dirac equation (5.15):

N6 B cp(z) B 1
viRGe) Rz) om+kr

(5.29)

m 1
— -1|+vVir+A
2 (\/fI_R ) IRt AR

and the normalization of the wavefunction to unity sets the remaining overall scale.
With these IR boundary conditions the equations (5.15) are solved by shooting from

21Rr to zyv.

The confinement imposed by both IR and UV boundary conditions leads to a
discrete and gapped spectrum which defines a band structure (see Fig. [5.6]later). The
fall-off of the wavefunction both at the AdS boundary and the interior also implies
an absence of any backreaction in those regions. Once backreaction is included the
resulting solutions will therefore be AdS4-to-AdS4 domain wall solutions, as we will
show in the next section.

As a last remark, equation gives us a simple way to view the effect of
the chiral-breaking flat potential. As has been pointed out in [32]225]], in AdS4 with
constant electrostatic potential where A = 0, the potential is deconfining for modes
with |wir| > |kr| and confining for modes such that |wir| < |kr|. The addition of a
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5 Emerging Fermi liquids from regulated quantum electron stars

flat profile means that now modes with |kgr| < lwir| < /%% + AZ;, which previously
were not bound states, also become confined. This allows the existence of a window
w_(k)<w<wi(k), with w. (k) = qA;(z1R) + 4 /k%R + )L%R where a discrete set of (gapped)
modes can be populated.

5.3 Regulated Quantum Electron Star:
thermodynamics and spectrum

Now that the problem is well-posed, we can follow the algorithm in Fig. and
construct a fully backreacted regulator-confined T' = 0 quantum electron star. Choosing
the chirality-breaking flat regulator the resulting solution is shown in Fig. This is
by construction an AdS4-to-AdS4 domain wall solution. Just like the analogous domain
wall solutions for the holographic superconductor [218, |41, |217]], it has a UV AdS4
and an IR AdS4 with the same radius but different effective speed of light. This can
be checked by considering the diffeomorphism-invariant ratios vir/vyv and Lir/Luyv
which are equal to

Lir = R(z = zyv) -1, R vz > 2in) = 7z = 2mr) < 1 in our solution
LUV R(z nd ZIR) ’ vuv B U(Z - ZUV) h(z - ZUV) )
(5.30)

d
Here R(z) is the Ricci scalar and v(z) = vA(z) is deduced from the null vector EX H(z)

where X*(z) = {t,0,v(z)t,0} is a x-directed trajectory. Therefore, our solution obeys the
c-theorem since the effective speed of light in the dual field theory is lower in the IR
than in the UV, as discussed in detail in [[218]].

In accordance with our discussion in the Introduction, the chemical potential is
chosen such that only the lowest radial mode of the fermionic wavefunction is occupied.
The associated matter content shows that a localized distribution of fermions in the
mid-infrared region is characterized by a stable finite density of fermions with total
charge @ = —A}(z — 0).

With the chirality-breaking flat potential the convergence is in fact quite fast at
low density. The Hartree algorithm provides a discrete sequence of fields (£, h(”),A(tn))
as we iterate from n =1,2,.... We can introduce a criterion for the convergence of the
solution using the IR parameters used for shooting

en =\ FMm? + AP ) + A wR)? (5.31)

n—oo

Convergence is obtained if (A€), = €, —€,-1 0. For a small occupation num-
ber/charge Fig. shows that the solution already stabilizes after three iterations;
for large occupation numbers the convergence rapidly becomes much slower. We
have checked that the solution is not sensitive to the choice of the numerical cut-
offs {ZUV’ZIR}-
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1.02 1.02 1.02
_ LO0fs—— ~ 1.00 = 100
< 098 T 098 = 098
0.96 0.96 < 0.96 —n=1
0.94 0.94 0.94
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 — n=2
V4 z V4

p(z) X 1073
SN = O
P(z) x 1073
O N = O

N S

1] 1}

W SN

n(z) x 1073
O N = O

AN

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
z b4 z

Figure 5.4: Iterative backreactions on the background fields (f(z), h(z),A(z)) and their associated
currents (n(z),p(z),P(z)) with the same parameters as in Fig. In total 5 iterations are
performed, denoted by the color scale from violet (first iteration) to red (last iteration). For
these values {m, g, A} ={0.1,0.9,1} only the first iteration differs significantly from the final
solution, and the other curves are visually barely distinguishable from each other; for higher ¢
convergence rapidly becomes slower.
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Figure 5.5: Convergence in terms of the logarithm of the difference in the IR between the n-th and
n + 1-st iteration (A¢), for a rQES with {m,uq, A} ={0.1,0.9,1}. he convergence is exponentially
fast and the agreement is very good already around the 34 jteration. The convergence is very
good already around the 34 jteration.

5.3.1 Thermodynamics

For a large g/m ratio we expect that the quantum electron star at a given chemical
potential u is the thermodynamically preferred solution over the extremal Reissner-
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5 Emerging Fermi liquids from regulated quantum electron stars

Nordstrom solution. In order to study the thermodynamics of the regulated quantum
electron star, we need to compute its free energy. It consists of two parts. There is a
direct saddle point contribution from the regularized Euclidean action:
1
R+6)—-F?
4

1
Sg = [ df —
E f TVEE | 92 (

+jf xvVh(-2K +2y) , (5.32)

where gg is the Euclidean metric, A is the induced metric on a hypersurface normal to
a radial (2) slice, pointing outwards, K is the trace of the extrinsic curvature and y = 2
is required to make the AdS free energy vanish. The imaginary time at temperature
T is compactified with the radius = 1/T', the integral in the x—y plane produces the
(infinite) volume Volg, and the radial integration is performed to some UV cutoff ¢,
yielding

Sg = BVoly f dzV2E % (R+6)- 3F2 + BVoly V/(e)(—2K () +27) . (5.33)

This accounts for the contribution of the bosonic fields. The Dirac action vanishes on-
shell and therefore does not contribute to this part. It does have a one-loop contribution
to the free energy density
Sg
ﬁVOlz

Here fpirac represents the fermionic contribution. Following [47, [226) 223, 227]], at
T =0 we can simply sum the energies along the filled band of fermions (above the
Dirac sea). This is the internal energy shifted by the chemical potential. For our normal
modes, this leads to the expression

f = + fDirac . (534)

kdk kdk
fDirac :Zf % 6(_E[(k))®(E[(k)_IJQ)Eg(k) 2‘/‘% O(-E1(R)E (k)
4

where in the last line we have made explicit that we choose our chemical potential such
that only states of the lowest electronic radial mode E ;-1 will be occupied. One must
first choose the potential strength A such that the Schrédinger potential supports at
least one normalizable mode. At the same time, it is only these normalizable modes that
can be populated. If there is only one band in the window of existence of normalizable
modes [w_(k),w(R)], i.e., Ey-1(k) < w+(k) < E/s—9(k), then increasing the chemical
potential beyond that upper limit will not populate further normalizable modes. Our
rQES is in this sense not plagued by the usual large-N Fermi surfaces artifact.

It is furthermore quite easy to show that both before and after accounting for
backreaction the band structure follows a similar form as in pure AdSy [47]]

E (k)=—-Eq+\/k2+kZ, (5.35)

where kr = \/Eg - k(z) and the parameters E(, k¢ are most easily found by fitting from
the numerical dispersion curves, as in Fig.
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-0.75

Figure 5.6: First electronic band for {m, uq,A} ={0.1,0.9,1}, for the AdS4 background with con-
stant electrostatic potential (blue) and the backreacted solution (red). The lines are a fit to the

form (5.35).

Note that fpirac is negative semi-definite. This does not mean, however, that the
occupied state is automatically thermodynamically preferred. The backreaction also
changes the bosonic saddle point contribution compared to its original AdS, value
f(AdS4) = 0. Adding both contributions we compare to the RN free energy

2 2 3
FRN) = ipg, (5.36)
422 6v3

Because the regulator does not act on the background sector, the Reissner-Nordstréom
free energy is unaffected by it.

Fig. shows the free energy of the rQES as a function of the charge uq for a
fixed mass m and confining potential strength A. As ¢ increases, the rQES grows, so we
need to compute more and more modes. This becomes more and more time consuming.
By constructing an interpolating curve based on low g rQES solutions (using the
points until uq = 1.2), we can estimate where the solution becomes thermodynamically
preferred and verify this with a fewer number of large ¢ datapoints (uqg = 1.4 and
1q = 1.58). We see that at uq = ug. = 1.56, the rQES becomes thermodynamically
preferable over the RN background.

In Fig. we show that this transition point evolves linearly with the fermion
mass m for fixed ¢ and A. Based on this finding, we can sketch a thermodynamic phase
diagram for our model in Fig. The critical charge satisfies an approximate relation
qc(m;A) = co(A) + cl(ﬂt)% with ¢g and ¢; dependent on A. It is tempting to compare
this to the confounding phase diagram based on RN holography alone. For pure RN
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Figure 5.7: Plot of the free energy density for rQES at {u,m,1} ={0.75,0.1,1} as a function of the
fermionic charge pq (blue dots) and the reference RN black hole free energy (red dashed line);
the thin blue line and the red triangle are to guide the eye to the transition point. Since RN
has no fermions its free energy curve is flat, i.e., does not depend on the fermion charge. The
first-order phase transition from RN to rQES happens at the intersection of the two lines. Since
the calculations for larger g values are costly, we only compute two points for ug > 1.5 and
interpolate.

holography it is surmised [33] that the superradiant instability of the RN black hole
toward an electron star (seen in the spectrum as log-periodic oscillations) sets in at
g = V3m. This should correspond to the limit A — 0. As A decreases we therefore expect
the phase-boundary to pivot anti-clockwise. This comparison should be done with care,
because the smaller A becomes, the harder it is to observe bands that can be occupied
— see the section on removing the regulator below. Another way to see this is that the
effective Schrodinger potential in the extremal RN black hole for w = 2 = 0 (the onset of
instability) has no linear term in m: Vgx ~ —4¢2 + 2m?. Hence we cannot extrapolate
freely to A =0.

5.3.2 Spectrum of the rQES

To confirm our results, we consider the fermionic spectral function on rQES back-
grounds. As a reminder, the spectral function is defined as the trace of the imaginary
part of the retarded propagator: A(w,k) = ImTrGg(w,k). In holography the type of
propagator is defined by the boundary conditions in the interior. Therefore the only
difference with computing the normalizable Dirac solutions is the choice of appropriate
boundary conditions.

Considering that we have an emergent AdS4 geometry in the IR, we can use the
known prescription for infalling boundary conditions in pure AdS, i.e., the presence of
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Figure 5.8: @) Transition point pq. as a function of m and its linear fit, for 1 = 1. @) Sketch of
the phase diagram of the rQES. The black line indicates a first order transition between the
regulated Reissner-Nordstrom and the rQES, occuring when their free energies cross.

a Poincaré horizon [228]. Accounting for the confining potential, these are

. /2
e’ kIR, ifw%R<k%R+)L%R,

yi(z —o00)={ eV FiR i Re[wrr] > \ /b2 + A2, , (5.37)
—iz\/—k2
e PVTFR | if Relwr] < -y /B2, + 12, ,

where wir, k1R, A\iIr Were defined by (5.25), kir = (w1R, 4 /k%R + A% ,0) and kI2R = —w%R +

k%R + )L%R = Vir. As we saw with the normal modes, the IR boundary condition for 2
can be obtained using the Dirac equation and the boundary condition for ;. After
imposing these boundary conditions, the retarded propagator is then computed as

—om w1(2)

Va2’ (5.38)

Gr(w,k)=B/A = 1in(1)z
7

where A and B are the coefficients in the UV expansion of the spinor (5.20).

Inside the gap (w%R < k%R + A%R) the IR boundary conditions are the same for the
probe fermions as for the bulk normalizable modes — the wavefunction should fall off
for z — oo, which yields A = 0 for the normal mode frequencies w = E (k). Therefore,
the propagator will present a pole along the bands of the background. Moreover, since
the fermionic wavefunctions and thus also the Green’s functions are real inside the
domain where bound states exist, the spectral function will vanish there. Thus, we
expect to see ImGg(w,k) =0 for w € [w_ (k),w+ (k)], except when w = E (k) where a
pole should appear.

This general structure of the spectral function including the gap for w_ <w < w;
can be seen in Fig. The data here and in the remainder of this section is computed
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2.4

Im Gg(w, k)

0.5

Figure 5.9: Spectral function ImG g (w, k) for {m,ug,A} ={0.1,0.9,1}. The gap appears in white
and is well delimited by w4 (%) (red dashed lines). The normal mode bands have been superim-
posed to show the infinitely long-lived modes, see Fig. Outside the gap, there is no particle
(normal mode) but a continuum shaped by the remnant of the UV conformal branch cuts. Since
the regulator and the chemical potential explicitly break conformality, we do not reproduce the
pure AdS Lorentz-invariant spectrum for any finite value of w and %.

for {u,q,m,A} = {3/4,1.2,1/10,1}. Inside the gap (white area), the spectral weight of
excitations is indeed zero to numerical accuracy except at the positions of the normal
modes of the background fermions. The latter are computed directly from the solution
of the background Dirac equation (green lines in Fig. [5.9), as they cannot be seen
numerically in the spectral function because they are infinitely long-living modes
which show in the spectrum as Dirac delta peaks. Being infinitely narrow on the real
axis, they can only be detected in the complex-w plane. Representing schematically
the normal mode located at w, by ImG(w = Re(w)) = Z6(w — w4) where Z is the peak
weight (wavefunction renormalization), we have, for complex w:

Imw-Imws«

ImGgr(w,k)=-Z 5 5 - (5.39)
(Rew-Rewy)” + (Imw - Imwy)
When Rew = Rewy, this simplifies to
Z
ImGr(w,k)=——— . (5.40)

Imw-Imws«

We check this picture against the numerics first in Fig. (A), where the absolute
value of the spectral function in complex frequency plane shows the typical structure
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Figure 5.10: (A) Absolute value of the fermionic spectral function for different values of momen-
tum. The plot is cropped for values below 100 to highlight the quasiparticle peaks. (B and C)
Comparison of the poles in the spectrum (blue circles), identified in (A), to the first electron band
of the background (red triangles). The real parts (B) of both sets agree perfectly; the imaginary
parts (C) are both zero to high accuracy. All this data is computed for {m, ug,A} ={0.1,0.9,1}.
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of a string of poles (for various momentum values) lying on the real axis. The relation
(5.40) is then used to identify the dispersion relation of the pole w« (%) by fitting
ImGr(w,k). We find, with no big surprise, a perfect agreement with the normal mode
excitations E1(k) corresponding to the first electron band, as seen in Fig. ©)
and (D). A similar picture is found for the first hole band E_;(%k) and this yields the
spectrum inside the gap, plotted in Fig.

In Fig.[5.11]we compare the spectral function at finite y for our regulated quantum
electron star (blue data points) to the fermionic spectral function in a pure AdSy
background with finite chemical potential, either with (green line) and without (red
line) regulation by the confining scalar. The comparison is given at £ =0 (left) and 2 =1
(right). The Dirac spectrum in AdSy is well-known [228]]:

2m+1

2 r(1/z—m)[ 1( 2 k2)

_ ) w2-E2T(1/2+m)| 2

Gr(w,k)= 9 F(1/2—m)[l( 2 k2)
w2 —EZT(1/2+m)

w}fo—kyl] ifo>k,
(5.41)

O—kyl] ifw<—k.

It has a conformal branch-cut at w = % and a gap for w? < k2. For AdS, with finite
electrostatic potential, one merely needs to replace w — w + g in the previous expres-
sion. Adding confining potential by turning on the chirality-breaking flat scalar widens
the gap to (w + uq)? < k2 + A2; in particular the gap is open also at 2 = 0. The rQES
solution outside the gap exhibits qualitatively the same spectral function as that of
the confined Dirac spectrum in pure AdS4 but for renormalized IR values wir, k1R, AR
given in (5.25). It is important to emphasize that none of the modes in this continuum
are normalizable and thus do not contribute when building the bulk rQES, even when
uq is large enough that w, (%) < 0. This is guaranteed by our choice of UV boundary
conditions.

5.4 Towards a self-confining quantum electron star

5.4.1 Comparison to the holographic superconductor

By construction the confinement in our setup gives an AdS4-to-AdS, solution.
With the fully backreacted solution in hand we can also understand what the field
theory dual describes. The confining regulator scale 1 gaps the field theory fermion
spectral function. Considering then the RG flow from the IR emergent conformal field
theory towards the UV, this means that as one increases the energy scale it takes a
finite distance for occupiable fermion states to be encountered. This can also be seen in
the band structure of Fig. At this scale the theory deforms away from the strict
conformal theory up to the scale u beyond which it is no longer energetically favorable
to occupy more states. The flow up the RG then continues towards the UV AdS, fixed
point.
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Figure 5.11: (Confined) Dirac spectral function (blue points) in the rQES background for 2 =0
(left) and %2 = 1 (right), compared with the standard/unconfined (red dashed line) and regu-
lated/confined (green dashed line) Dirac spectral function in AdS with finite electrostatic poten-
tial.

In the more usual flow from the UV to the IR this is not a natural RG trajectory.
The generic IR will not be a non-trivial conformal field theory. Nevertheless, within
holography such AdS4-to-AdS4 domain walls are well-known. Especially in the search
for the holographic dual of the holographic superconductor ground state, Horowitz and
Roberts and independently Gubser and Rocha have found AdS4-to-AdS4 domain walls
(in some cases with logarithmic corrections) in a finite parameter range [217} 218];
the other solution found is the Lifshitz geometry. It was later understood that Lifshitz
rather than an AdSy IR is the generic holographic superconductor ground state [218]
41]l, but this is only seen with the inclusion of a stabilizing quartic potential.

In detail of course the solutions are different. The Horowitz-Roberts-Gubser-Rocha
holographic superconductor ground states do not need an additional confining scalar.
They can also be obtained classically without the need for a one-loop Hartree mean
field. This is due to the fact that the bosonic field already couples quadratically to the
electrostatic potential A;. A fermion only couples linearly, but its one-loop contribution
can couple at all orders. This is why for fermionic systems one needs to go to one-loop.

5.4.2 Confinement in the rQES solution

Given that the Horowitz-Roberts-Gubser-Rocha AdS4-to-AdS,4 solutions do not
need a confining potential, and that the more generic holographic superconductor
Lifshitz solutions are known, it is a natural question why we do not try to remove the
soft-confining regulator altogether. There was in fact a concerted effort to do so several
years ago [42| 48, |46], culminating in the QES model of [49, 50]. The latter two articles
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show in detail how the presence of the gap and the discretized spectrum are crucial
to construct any type of quantum fermionic backreacted solution, i.e., where one or a
small finite number of radial modes are occupied. Any attempt to remove the confining
potential results in a uncontrolled continuum spectrum.

It is precisely this insight that was the starting point for our confining potential.
What we have furthermore shown, is that even then there are several severe technical
hurdles to overcome to construct a converging fully backreacted confined quantum
electron star solution. At the same time the general insight still holds. Our infrared
boundary conditions crucially depend on the coupling to the scalar ®(z) to extend the
domain of existence of normalizable modes of AdS4 all the way to £ = 0. The parameter
A, as we previously noted, acts as a momentum shift in this domain such that a mode
at £ = 0 will behave as a mode at k. = A and therefore normalizable modes with
lw + ngl < A will be found. These can be populated and will condense in the bulk.
Turning off the potential, even slowly, will invariably lead to a lack of normalizable
modes at the lowest momenta and will bring us back to a situation similar to that of
AdSy.

One sliver of hope would be that the domain wall solution itself, after convergence,
can support a well in the Schrédinger potential such that a regulator is no longer
necessary. We have therefore looked at this (Fig. by comparing the Schrédinger
potential for a £ = 0, w = E1(0) mode in the confined quantum electron star AdSy-
to-AdS4 background with and without the confining potential. Without a potential,
however, the AdS4-to-AdS4 quantum electron star domain wall solution is not confining.
We do see that Viomainwall(z — 00) > Vags which means the wedge of existence of
normalizable modes is indeed wider in the domain wall solution than in the AdSy
solution. Yet, the modes with sufficiently small momenta (including % = 0) are always
outside the wedge.

This therefore leads us to believe a true QES would not remove the regulator but
must incorporate it into the model, i.e., make the scalar field a dynamical dilaton which
couples to the Dirac fermion and drives the geometry from one fixed point to another.

5.5 Discussion and conclusions

In this paper we have constructed a self-consistent model of a single band con-
fined holographic Fermi liquid. The crucial technical problem, the infrared divergence
brought about by the fermionic wavefunctions, is solved by controlling it by hand. We
control the far infrared by the means of a scalar regulator, equivalent to a soft-confining
potential. The confinement is drastic and 100%: our regulated quantum electron star
is dual to a gas of infinitely-long living particles with zero self-energy. In the limit
where we compute, it is a single-band Fermi-gas rather than a Fermi-liquidﬁ At higher

6This holds at zero temperature. At finite temperature a black hole horizon would form, causing inevitably
some dissipation even in the presence of the confinement.

162



5.5 Discussion and conclusions

2
[l AdS M AdS4-to-AdS,
A ---2=1 — 2=0
3 LZZSSETETEEZEIEIEISESESSSSICSIZIZZZZZZEIoIas
-~ I::'
0 &.;
’
4
L 4
\\ /
s/
v
~1F
0 5 10 15 20

4
Figure 5.12: Comparison of the Schrodinger potential for the AdS4 (blue) and AdS4-to-AdSy
(red) solutions with (dashed) and without (solid) regulator, for {m, uq,%,w} ={0.1,1.05,0,-0.027}.

energies, the spectrum switches to the featureless continuum inherited from the UV
conformal field theory (though it is not conformally invariant due to the presence of
the confining potential).

The regulated quantum electron star is the thermodynamically preferred solution
over the Reissner-Nordstrom background for pg/m > (1g/m)epitical. The transition is
first order, which means that the there is no continuous exchange of charge from the RN
solution to the bulk Fermi sea. Instead all the charge is carried by the infinitesimally
small rQES. This is somewhat different from the conundrum that we mention in the
Introduction: the onset of a log-oscillatory signal in the spectral function signaling
a putative instability and the presence of normalizable solutions. The first order
transition is essentially unrelated to the RN horizon instability.

Although it is not yet clear how the rQES is related to the final state after the con-
jectured continuous quantum phase transition which destroys the Reissner-Nordstrom
black hole horizon signalled by the log-oscillatory instability, we nevertheless feel it is a
step in the right direction, bringing us closer to the full unregulated quantum electron
star. The reasons are the following:

1. It is now much clearer what a healthy Fermi liquid should do on the gravity
side: it should self-consistently form a geometry which yields such an effective
potential for the Dirac fermion that it is just confined enough not to diverge in
far IR but not so much that the bulk Fermi sea dies out in the far IR, failing to
influence the low-energy physics.

2. We have inspected in some detail the spectrum and the phenomenology of the
dual confined Fermi liquid. Although our confining bulk construction is some-
what more natural in holography — it just uses a non-dynamical rather than
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a dynamical scalar — than the hard-wall model [47], and it now allows us to
compute the backreaction, qualitatively the field-theory side description is only
marginally improved. Similar to the hard-wall model, the occupied fermions have
vanishing self-energy. The main effect of the backreaction is to understand how
this confined Fermi gas emerges in an RG flow from the UV conformal field
theory. In the likely event that an unregulated (confining) quantum electron star
— supported for instance by a dynamical rather than a non-dynamical scalar
(such as the fluid electron star in [45]) — has a Lifshitz IR rather than an AdS,
IR, possible decay into the Lifshitz horizon could provide a finite lifetime and an
honest Fermi liquid.

3. Unlike the global AdS radius regulator of [50] which cannot be easily be sent
to infinity, our scalar can at least in principle be made dynamical. That would
be a perfectly natural holographic model, given the ubiquity of non-minimally
coupled scalars in top-down holographic actions. Therefore, a very natural line
of further research is to turn this construction into a fully dynamical Einstein-
Maxwell-Dirac-scalar system, similar to the fluid approach of [45].

Apart from the natural next step — making the dilaton dynamic — a number of
other directions of work open up. It would be useful to understand the relation of our
work to the AdS/QCD studies, some of which employ a similar type of scalar (soft wall)
to impose confinement. The role of the Fock correction (the one-loop exchange diagram)
is also not clear yet, and may be important for a fully self-regulating solution and/or
a finite self-energy. Finally, the most characteristic property of rQES — the domain-
wall-type solution with an infrared AdSy, is analogous to the domain-wall holographic
superconductor solutions of Horowitz-Roberts-Gubser-Rocha [41}, 217, 229]. Based on
those results and the macroscopic electron star with dynamical dilaton studied in [45]],
it strongly suggests that Lifshitz IR quantum electron stars must also exist.

Acknowledgements

We thank Jan Zaanen for discussions. This research was supported in part by the
Netherlands Organization for Scientific Research (NWO), the Netherlands Organiza-
tion for Scientific Research/Ministry of Science and Education NWO/OCW), Ministry
of Education, Science and Technological Development of the Republic of Serbia and
Science Fund of the Republic of Serbia, under the Key2SM project (PROMIS program,
Grant No. 6066160).

164



Chapter

Complexity for conformal field
theories
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6.1 Introduction

The peculiarity of quantum systems is rooted in their entanglement pattern.
Hence, there is increasing interest in studying measures characterizing entanglement
in quantum states. The most famous of these measures is the entanglement entropy,
which estimates the knowledge a given subsystem has about the full quantum state. In
recent years, it became apparent that entanglement entropy is not enough to capture
the full information about quantum correlations in a state. As a consequence, a new
measure from quantum information became prominent in studies of quantum states.
This measure, known as quantum computational complexity (QCC), estimates how
hard it is to construct a given state from a set of elementary operations [[230, 231} 56].
QCC is also of clear interest in recent efforts to construct quantum computers.

QCC has attracted a lot of attention in high energy theory due to its proposed
relation to black holes [232, 54]. This relation was explicitly formulated within the
holographic (or AdS/CFT) correspondence [25]]. It turns out that the growth of black hole
interiors behaves in a very similar way to the growth of complexity during Hamiltonian
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evolution in quantum systems, see, e.g., [233},|1234, 235/ 236237, 238, 1239]. These ideas
suggest a promising avenue to address puzzles related to black hole spacetimes and
their interior geometry.

However, the lack of a complete framework for studying QCC within quantum
field theory (QFT) has been a stumbling block towards rigorously establishing the
connection between black hole interiors and QCC. Significant progress was made for
free and weakly coupled QFTs [240, 241}, 242} 243, 244, 245|,1246] and for strongly
coupled two-dimensional conformal field theories (CFTs) [247, 248 249/ 250, 251]].
Yet, no results exist at present for circuit complexity in CFTs in d > 2 and further,
its precise connection with holography has not been established in any dimension.
The importance of studying complexity in d > 2 becomes evident when noting that
holographic complexity behaves very differently in d =2 and in d > 2, in particular
when studying the complexity of formation of thermofield double states [252] or its
sensitivity to defects [253] 254]l. The goal of this letter is to bridge these gaps by
studying complexity of CFTs in d > 2 and further by establishing a rigorous connection
between complexity and geometry in holography.

We employ the symmetry generators to construct circuits in unitary representa-
tions of the Lorentzian conformal group and present explicit results for state-dependent
distance functions along these circuits. Our circuits live in a phase space which is a
coadjoint orbit of the conformal group and the various cost functions take the form
of simple geometric notions on these orbits. Using symmetry generators to construct
circuits restricts the circuits to move in the space of generalized coherent states. We
use this fact to generalize our results to general symmetry groups. We illustrate our
methods by focusing on circuits starting from a scalar primary state whose coadjoint
orbit can be identified with the coset space SO(d,2)/(SO(2) x SO(d)), but our techniques
are also applicable to more general spinning states. We derive bounds on the complexity
and its rate of change.

We explicitly relate our unitary circuits to timelike geodesics in anti-de Sitter
spacetimes. We find that the line element in the complexity metric admits a very simple
interpretation as the average of the minimal and maximal squared distances between
two nearby geodesics. This provides a novel bulk description for complexity which is
rigorously derived from the CFT and opens new possibilities for testing the holographic
complexity proposals.

This paper is organized as follows: in Sec. we introduce the relevant complexity
distance functions. In Sec. we present the result for the complexity of CFT states in
general dimensions. In Sec. we connect our results to the notions of coadjoint
orbits and generalized coherent states. In Sec. [6.6| we connect our results to holography.
We conclude in Sec. [6.7] with a summary and outlook.

166



6.2 Preliminaries

6.2 Preliminaries

Explicitly, QCC is defined as the minimal number of gates required to reach a
desired target state, starting from a (typically simpler) reference state. For several
applications, it is advantageous to focus on continuous notions of complexity rather
than a discrete gate counting. Such ideas were put forward by Nielsen [58, 57, |255]
who translated the problem of studying minimal gate complexity to that of studying
geodesics on the space of unitary transformations. In a very similar way, we can
study notions of continuous complexity using geodesics through the space of quantum
states.

Continuous complexity is defined using a cost function F (o), with circuit parame-
ter 0. The complexity is the minimal cost among all possible trajectories moving from
the reference state to the target state: C = min [ do F(o). Past attempts to study state
complexity in CFTs (e.g., [247]]) focused on two cost functions: the /7 cost function and
the Fubini-Study (FS) norm defined as

Fi@)do = [(y]o,v)|do = [(wr|UtdU|yz)|, (6.1a)

2
Frs(o)do = \/<wR|dUTdU|wR> - | <WR|UTdUiWR>| , (6.1b)

where |y(0)) = U(0) |yr) are the states along the unitary circuit, |y ) is the reference
state and ds%.s =F [%S(a)do2 is the well known FS-metric. Our analysis in the next
section demonstrates that the F; cost function assigns zero cost to certain gates and
has therefore disadvantages as a complexity measure.

The FS-metric along straight-line trajectories e!*|yg) is proportional to the

variance AE = \/(H2)—|(H)|2. We can interpret H as the Hamiltonian and ¢ as
the time. This variance was shown by [256] to bound the time required to reach an
orthogonal state 7., = 7h/(2AE) on compact spaces. Inspired by these bounds on
orthogonality time, Lloyd conjectured a bound on the rate of computation [257]] (see
also [234])). Unlike [256]], our state manifold is non-compact and our states never become
orthogonal. Nonetheless, we will derive bounds on the complexity and its rate of change
by other means. Deriving bounds on the state overlap in our setup is an interesting
question for future study.

6.3 Complexity in General Dimensions

Consider the Euclidean conformal algebra in d = 2 with D,P,,K,,L,, the
Euclidean conformal generators (used to construct unitary representations of the
Lorentzian conformal group in Sec. satisfying

p'=p, K\=P,, Ll,=-Lu, (6.2)
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in radial quantization.

As the reference state, we consider a scalar primary state |1[/R> = |A> satisfying
D|A)y=A|A) and K, |A) = L, |A) =0 and focus on circuits generated by the unitary

U(o) = '®@Ppiro@D ( I1 eMW(U)LW) P, (6.3)

u<v

with o a circuit parameter and a, ,,,yp and Ay, a priori complex parameters, further
constrained by the restriction that U(c) be unitary. The circuits take the form |a(0)) =
U(0)|A) = N(0)e!™P |A) where N(0) = exp(iyp(0)A) is a normalization factor and
Yp(o) = yg(a) + i}f{)(a), with R/I indicating the real/imaginary part. Unitarity of U(o)

implies )/IID(U) = —%logA(a, a”) (see Sec. where
Aa,a®)=1-2a-a* +a*a*?>0, (6.4)

and requiring a positive spectrum for the Hamiltonian D along the circuit implies
a*-a <1 (equivalently a?a*? < 1).

Substituting |a(o)) into the cost-functions (6.1a)-(6.1b) and using the expectation
values of {P,,K,,K,P,} (see Sec. , we find for the F; cost function

F1 d-a*—a*-a+a@-a*)-a2(a-a) .
i + 1y 6.5
A Ala,a*) Yg ’ 6.5)
while for the FS-metric we obtain
. * *2 . 2
ds%,s_2A d~c‘r*—2|d-a|2+2 a-af—a a‘a‘ ©6)
do? Ala,a*) Ala,a*)? ' '

The FS-metric is a positive-definite Einstein-Kéhler metric on the complex
manifold of states with d complex coordinates a bounded inside the domain (6.4). It
satisfies ds%s =0q0q+K(a,a*)dada™, where the associated Kihler potential is defined
as K(a,a") = —AlogA(a,a”). Denoting collectively the indices of @ and a* by capi-
tal Latin letters, one finds that Rap = —%g A and R = —%2 and that all sectional
curvatures are negative. This means that geodesics will deviate from each other.

In fact, is a natural metric on the following quotient space of the conformal

group
S0(d,2)

S0(2)xS0(d)’

which can also be identified with the space of timelike geodesics in AdSg,1 [258,
259, see This is similar to the relation between the metric on kinematic space

M= (6.7)
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and spacelike geodesics in AdSy.1, [260) [261}, 1262, |263]] where the relevant orbit is
S0(d,2)/S0(1,1) x SO(1,d — 1) [264]]. While some of the above observations are well
known in the context of geometry of Lie groups [265}[266], here they find a novel role
in the context of circuit complexity.

Since the coset space (6.7) is a negatively curved symmetric space, its geodesics
passing through |1//R> take the form [267]

|w(0)) = exp [io(aP, + @ K| [wr), 6.8)

and do not reconnect, i.e., (6.7) has no conjugate points [266]. Here, we parametrized our
geodesics in terms of the straight-line-trajectory-parameter @ rather than a. Explicitly,
in terms of the a parametrization, the complexity of a target state |a(0 =1))=lar)
is

Clal=v2A a*-a,
(6.9)
2a-a" =

’

(tanhflﬂ‘;)z + (tanhflﬂé)2

where Q;—Z = Q‘% 4_-(2‘; =./2 aT-a}i2la%| (see Sec. and Sec. . Earlier, we
chose to parametrize the states with a(o) rather than & since this facilitates the
evaluation of correlation functions in the state and therefore provides its more natural
characterization. We will see later that the relation to holography is also done using
the parameter a. The complexity can be bounded by employing the inequalities

around (6.4)
ToiA VE7r-AN<Clarl=VEr-A (6.10)
T

where E7 = (ar|D|ar) = A(1 - aka;?)/Alar,a}) is the energy of the target state in
radial quantization (see Sec.[6.E).

A substantial difference between the Fj cost function and the FS metric is that
the former depends on yg which induces an overall phase in the states through which
our circuits pass. In fact, the /7 cost function without absolute values vanishes on-
shell except for its part associated with the overall phase }fg and is simply proportional
to the Berry gauge field, cf. [268), (269, |248].

We close by observing that the F'S distance along time evolved states e'™? |a0)
satisfies a Lloyd-like bound [257]

dsps E 2
<—=<4/——FE. 11
d&r ~ VA \d-2 .11

where E = <a0|D|a0> is the energy, |a0> an arbitrary initial state, and we used the
unitarity bound A = d/2 -1 [270].

We compare our results to the existing literature for d = 2 CFTs in Sec. In that
case, holomorphic factorization allows us to also treat spinning states (see Sec. [6.G).
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6 Complexity for conformal field theories

6.4 Geometric Action and Coadjoint Orbits

Our results for the cost functions (6.5)-(6.6) can be understood in terms of the
geometry of coadjoint orbits, see, e.g., [271},[272]. A similar connection was pointed out
in two dimensions in [|247, [248].

Let us start by briefly describing the coadjoint orbit method in representation
theory. Consider a Lie group G with Lie algebra g, a dual space g* consisting of linear
maps on g, and a pairing (-,-) between the Lie algebra and dual space. For matrix
groups, the adjoint action of u € G on X € g is defined as Ad,(X) = uXu 1. At the level
of the algebra, the adjoint action is simply the commutator ady(X) = [Y,X] where
X,Y € g. The Maurer-Cartan (MC) form on the full group is ® = v 'du where u € G
and it satisfies d® = -O A O.

The coadjoint action on the dual space is defined implicitly by
(Ad¢,X) =(¢,Ad,1X), ¢eg”,Xeg,uel, (6.12)

from which one can build the coadjoint orbit O, = {AdAlu € G} < g* of a given dual
algebra element A € g*. O, can be identified with the coset space G/H,, where the
subgroup H) = Stab(1) = {u € G | Adj A = A} is the stabilizer and the corresponding
algebra is b, = stab(7).

Each coadjoint orbit corresponds to a symplectic manifold with a local pre-
symplectic form A, and the Kirillov-Kostant symplectic form w, defined as

Ay =(1,0), wy ={A,dO) . (6.13)
The geometric action associated to the coadjoint orbit is Sy = [ A, [273,[274].

The symplectic form w, is compatible with a complex structure J; satisfying
J/% =-1lifwy(Jyx,J1y) = wy(x,y). In this case it is possible to define a Kdhler metric
dsé/HA(x,y) =w)(x,J,y) on the coadjoint orbit O,.

In Sec. we apply the above definitions in the fundamental (matrix) representa-
tion of the conformal algebra so(d,2) with representative A taken to be proportional to
the dilatation matrix with stabilizer group h, = s0(2) x so(d) and orbit corresponding to
the quotient space G/H from Eq. (6.7). This yields an agreement with Eqs. (6.5)-(6.6),
ie.,

Fido=|Ax|,  dshg =dsip, - (6.14)

As alluded to above, A, can also be interpreted as a Berry gauge field, and the Berry
curvature is simply the symplectic form w,. Circuits starting from spinning primary
states in d > 2 amount to a different choice of representative to match with the relevant
reduced stabilizer group.
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6.5 Coherent State Generalization

The equivalence of the FS-metric and the /7 cost function with their geometric
counterparts on the coadjoint orbit is also valid within infinite dimensional Hilbert
spaces obtained via geometric quantization of the orbits of arbitrary Lie groups [247,
251}, |275]]. This can be understood using a group theoretical generalization of the
notion of coherent states, see e.g., [276, 277,278, |279]. The existence of these states
is intrinsically connected to the representation theory of the symmetry in question.
In this section we explain how the coadjoint orbit perspective leads to the complexity
functionals of (6.5)-(6.6) for general Lie groups.

As before, we consider some real Lie group G with Lie algebra g. The correspond-
ing complex algebra admits a decomposition g¢ = n; + hgo +n- with a real structure
(a dagger) which maps h¢ to itself and n, to n_. For a detailed account of this decom-
position, see Sec. The generators of the real Lie algebra are anti-Hermitian. We
denote the real subalgebra of h by hh and its associated Lie group H. We also assume
that [n,,n.]cn, and similarly for n_ and that [hg,n+] < n.. We take a basis of raising
operators E, for n; and lowering operators E_, for n_ with E}; =E_, and a basis h;
for b.

We consider a unitary highest weight representation generated by a one-
dimensional base state |wg) satisfying D(E)|lwgr) =0 and D(h;)|ygr) = xilyr) with
xi constants and where D is the representation on the Hilbert space. In other words,
the base state is invariant up to a phase under the action of the stabilizer subgroup
H c G. This includes the possibility of spinning highest weight representations, cf. [280,
281,282, |283], in which case the stabilizer subgroup will be smaller compared to the
spinless case.

We act on our base state with a unitary transformation U = exp(Za(/laEa -

AME_o)+Y; xihi) in order to produce generalized coherent states

luy =Ulyr) = Nu(z,2",x)exp{za DE )} YR) , (6.15)

with Mg a normalization factor (including possibly an overall phase). x are real co-
ordinates on the stabilizer and z, z* are holomorphic coordinates on the orbit. The
relation between the coordinates which appear in U and the coordinates z can be quite
complicated in general. Of course, multiplying U from the right by an element of H
does not modify |u) (up to an overall phase) and therefore U can be thought of as an
element of D(G/H).

Generalized coherent states can be understood in terms of coadjoint orbits. Con-
sider the dual element

AO)=iTr|[yr) wr| DO)] (6.16)

where the trace is taken in the infinite dimensional representation space. The coad-
joint action (B12) on A is simply (Ad;A,0) = i Tr (IwR> | U*ID(O)U) = i (W D(O)\w),
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6 Complexity for conformal field theories

which indeed remains unmodified by the stabilizing elements U € D(H). Thus we can
view A as a representative that selects the orbit G/H.

The MC form of the unitary U in Eq. (6.15) can be decomposed as © = UTdU =
0~ + 0" 1 ©* with O, € ny, O € h. When acting with it on the base state we
obtain

Olyr)=U"" [%\[—:U + Ny d(eZaD(E-a)) lWR) . (6.17)

SoO_|y) = (U’INHdeZ“D(E-a))_ |w) and this only depends on dz, and not on dz,. There-
fore @~ |yg) = @;dz“le) and by conjugation (yg|®" = (yg |®;dz*“. Notice also that
O = —O and therefore the FS-metric becomes ds%s =—(yrl0,0; lyr)dz*Fdz".

The metric has a manifest complex structure JJ compatible with the dagger which
maps z to —iz and z* to iz*. Together, the metric and the complex structure define a
closed 2-form according to w(X,Y) =—-g(X,JY), i.e.,

w= —i(wRI(B;@;IwR) dz** andz
= —i(YRrIOABlYR) = i{yg|dOIlYR) .

We recognize this as the Kirillov-Kostant symplectic form (6.13) through the represen-
tative (6.16).

Finally, the geometric action of the coadjoint orbit associated with the representa-
tive (6.16) relates to the F7 cost function (6.1al)

(6.18)

Frdo = [ (wr|UTAU [ygr) | =1(1,0) | = Al . (6.19)

For the specific case of the conformal algebra considered in we can take
as base states the scalar primary states, |U’R> = |A). The stabilizing subalgebra is
h = 50(2) x so(d), generated by D and L. The raising operators n, = {K,} annihi-
late highest weight states and the lowering operators are their conjugates n_ = {P}.
Together these parametrize the coset (6.7).

6.6 Holography

The symplectic geometry we found equally describes the space of timelike geodesics
in AdS, and this allows us to rigorously derive a bulk description of complexity. Explic-
itly, our circuits starting from a scalar primary are mapped to the following particle
trajectory in embedding coordinates in AdS ;.1 of curvature radius R (following [284]’s
conventions)

Xo =r(t)cos(t/R), Xy =r(t)sin(¢/R),
Eyr()

X = G atway (B G+ @)

(6.20)
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where

_RE VA(a,a*) E-E 1-a2a*?)

" Ey Bt,a)l’ ~ T A, a) (6.21)
B(t,a)=e'"Rq? - ¢7E

r(t)

Here, a parametrizes the phase space of the geodesics, and A(a,a*) >0 and a?2a*? < 1.
E is the energy of the massive particle, which is minimal at rest and equal to E( =
mR (1+0(1/mR)), with m the mass of the particle. The phase space is identical to that
of the CFTy; with the identification A = E(. Time evolution '™ |q) = |ae”> amounts
to translating the geodesic in time in AdS;,1 and fixed radius geodesics correspond
to a? = 0. The complexity is expressed in terms of the energy E and the angular

[E+J-A
momentum </ of the massive particle through Q%/A = T1ITA (see Sec. . For

a circuit of circular geodesics starting at the origin and ending at a radius rp = R%/8
close to the boundary, the complexity diverges as C[8] ~ vVAlog[2R/5].

The FS-metric over the space of circuits receives a surprisingly simple interpre-
tation in terms of the maximal and minimal perpendicular distance between two
infinitesimally nearby geodesics (as illustrated in figure (6.1} see Sec.

(6.22)

A
2 2 2
d%s = 53 (OX perpmin + O X perpmas ) -

6.7 Summary and Outlook

We studied the circuit complexity of trajectories associated to unitary representa-
tions of the conformal group in general dimensions. We considered primary states as
reference states. Boundary states which are disentangled [285]] could be an interesting
alternative. Our gates, consisting of global conformal transformations, are non-local
similarly to the gates relevant for holographic complexity [286]. We explained how
our results can be understood using the geometry of coadjoint orbits. We presented
general proofs relating the FS-metric and F7 cost function to a coadjoint orbit metric
and geometric action in the context of generalized coherent states. These proofs are
also applicable to circuits starting from spinning primaries and to other symmetry
groups.

Our complexity geometry does not provide a notion of distance between any two
states in the CFT Hilbert space. It is an important question for the future to describe
the complexity for circuits moving across different conformal families. Furthermore,
considering more general states formed by non-local insertions could reveal the role of
OPE coefficients in studying complexity.

Considering the complexity of mixed states in CFT, e.g., thermal states or sub-
regions of the vacuum is another important question. For example, coherent states
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Boundary of AdS — Center of AdS — XH(t)
- XH(t) +0X* (t) - 6X{;erp,min - 6Xll;erp,max

Figure 6.1: Illustration of two nearby timelike geodesics in AdS3 (blue, red) corresponding to
two boundary circuits and the minimal (green) and maximal (brown) perpendicular distance
between them. The infinitesimal variation was exaggerated to improve the visualization.

can be used as a starting point for the ensemble approach to mixed state complexity
[287]. Tt is also interesting to explore the complexity of states with a conformal timelike
defect/boundary and compare to holography [253] [254, [288].

The path-integral approach to complexity [289][290} 291} 292} [293], 294]] involves

the two-dimensional Liouville action and central charge. Hence, it relates to circuits
going beyond the global conformal group. It is therefore compelling to study the d > 2
complexity of circuits constructed from general smearings of the stress tensor and tie
the result to a higher-dimensional Liouville action [295].

Our complexity geometry is highly symmetric. It is interesting to break some of the
symmetry by adding penalty factors — effectively favoring certain directions through the
manifold of conformal unitaries. Our F; cost function (6.1a) (also considered in [289]))
vanishes along certain non-trivial trajectories and differs from the F; norm used when
studying the complexity of Gaussian states (e.g., [240]). The difference is reminiscent
of exchanging the order of the absolute value in the complexity definition and the sum
over circuit generators. We intend to compare these two different definitions in the
future.

We rigorously derived a bulk description of our circuits as trajectories between
timelike geodesics in AdS. We could connect this picture to the holographic complexity
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proposals for instance by exploring the influence of massive particles on the action. It
is valuable to study generalizations of our circuit-geodesic duality in other spacetimes
and for more than one (possibly spinning) particle. Further, it is important to explore
the relation of our bulk picture to the phase space of Euclidean sources [296, 297, 298|
299|] and hence possibly to the complexity=volume proposal (see also [300]]). Another
compelling possibility is to connect our bulk picture to a parallel transport problem of
timelike geodesics similarly to what was done for spacelike geodesics [301,|302] in the
context of kinematic space [260, 261, 262, 263].

Complexity provides us with a new measure of entanglement in CFTs and it is
interesting to probe its potential in diagnosing phase transitions. Some inspiration can
be drawn from [303, 304, 305, (306, [307]. We hope to come back to this question in the
future.

6.A Relating the Euclidean and Lorentzian
Conformal Generators

The Euclidean conformal generators

[D,P/,L]:P/,L P [L;,H/ypp] :5va,u_5/,Lva >
[D,K,1=-K,, [Luw,Kyl=6,,K,—6,0Ky,

[K,,Py]=2 (6WD - Lw) , (6.23)

[Luv,LpU] = _Lpp6v0 +Lua6vp —(uev),

used in our analysis obey an SO(d + 1,1) algebra. This might seem confusing since we
are interested in studying unitary circuits of the Lorentzian conformal group SO(d,2).
However, the choice of Hermiticity conditions ensures that we are building unitary
circuits of the Lorentzian conformal group. We present below the explicit relation
between the Euclidean conformal generators on R? and the Lorentzian conformal
generators on R»¢~!. The Euclidean generators are then used to construct unitary
representations of the Lorentzian conformal group and in fact play a role analogous
to that of the ladder operators J. in the quantum mechanical treatment of angular
momentum. Although this idea is very commonly used in defining the Hilbert space in
CFTs with respect to constant time slices on the Lorentzian cylinder, it is not always
explicitly addressed. We found that it was most clearly explained in [308, 309, see
also [310]. Since here the generators play an essential role in constructing the circuits
for defining complexity, we found it worthwhile to present some of the details of this
construction here for completeness.

The idea is to construct the Hilbert space with respect to constant time slices on
the Lorentzian cylinder, using the cylinder translation generator as the Hamiltonian
in quantizing the theory. This means that as a starting point for our circuits, we will
consider states which are eigenstates of this generator. Since we are constructing
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6 Complexity for conformal field theories

unitary Lorentzian representations, all the Lorentzian generators are taken to be

anti-Hermitian. The generator of time translations on the cylinder is mapped via a
hyperbolic map tan(tcyl) = % to the generator Pg —Kg on the Lorentzian plane,
which plays the role of the Hamiltonian when quantizing the theory on the Lorentzian
plane. The relevant time slices are illustrated in figure Here and throughout the
following, we will use a subscript L to denote Lorentzian generators on R?~1 and E
to denote Euclidean generators on R?. To go to the Euclidean picture one has to Wick
rotate with respect to the time direction on the Lorentzian cylinder 7.y; = it.y;, in such
a way as to obtain a Euclidean cylinder, and finally map radially to the Euclidean plane
T¢y1 = log(r). The Hermiticity conditions of the Euclidean generators follow from this

mapping procedure and are as given in Eq. (6.2).

Lorentzian Plane Lorentzian Cylinder
‘ >
Hyperbolic
) @] Mo
AN
I
Wick Romtinn\L
Euclidean Plane Euclidean Cylinder
’ 5
Dg
. Radial Map
|Z|
pa
N

Figure 6.2: Illustration of the process of mapping the Lorentzian generators to the Euclidean
generators. We start with quantizing the theory with respect to constant P? — K9 slices on the
Lorentzian plane. Those are mapped to constant time slices on the Lorentzian cylinder. The
Wick rotation maps those to constant time slices on the Euclidean cylinder. Finally we map the
Euclidean cylinder to the Euclidean plane via a radial map.

176



6.B Expectation Values of the Conformal Generators in d = 2

The explicit relations between the generators are given by [309]:

LL, l<p<d-1 and 1l<g¢s<d-1,
1,pL L
-s5(Py+K =d d 1sp=sd-1,
LE, - 12(Lp Lp) q an P (6.242)
5Py +Kyg) p=d and l=<qg=d-1,
0 p=d and ¢g=d,
g ) 3PE-KD—iLLk 1s=p=d-1,
Py =AnL iipL .\ 5L (6.24b)
DL-LPEk+KL) p=d,
1.pL L -7 L
KE: —E(PpA—Kp)—leo 1Sp5d—l, 624
P L _i(pL, L (6.24c)
-D*-35(Py+Ky) p=d,
DE = %(Pg -Kb), (6.24d)

where the index p takes values between 1 and d. The Lorentzian generators are the
usual anti-Hermitian ones. In terms of the differential representation for example:

L
LW =xu0y —x,0y ,

PL=-_p

n 1o

KL =x%3, - 2x,x"0 6.25)
§ =X"0u—2x,x 0y ,

Dl =—«xtg,,

where £ =0...d — 1. It then follows straightforwardly that the Euclidean generators
satisfy the algebra (6.23) and the Hermiticity conditions (6.2).

6.B Expectation Values of the Conformal Generators
ind=>=2

Here, we present additional details about the derivation of the expectation values
of the symmetry generators in the state |a(c)). We start by considering the following
conjugation relations

gaM,N)= e 1M NoiaM (6.26)

where M and N are two generators of a given algebra. The conjugation functions obey
a system of differential equations

d ) .
d—ag(ocM,N) =—je M1 N1 ™M | g(0,N)=N, (6.27)
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which can then be solved to obtain the conjugation relations for the generators of the
algebra. Specifying to the case of the conformal group (6.23) in d =2 we obtain

gla-P,D)=D+ia-P, (6.28a)
ga-K,D)=D-ia-K, (6.28b)
g(a-P,Ly) =Ly —ia,Py+ia,P,, (6.28¢)
ga-K, L) =Ly —ia,Ky +ia Ky, (6.28d)
ga-P,K,) =K, +2ia,D - 2ia’ Ly, - (2a,a” - a*5}) P, (6.28¢)
gla-K,P,)=P,—2ia,D—-2ia’L,, - 2ayaf - azéz)Kp . (6.28f)

Next, we explain how to evaluate the expectation values required to get Eq. (6.5)-
(6.6). The one point functions are evaluated as follows:

(@lKul@) = 2i@,A - (2a,0” - a?6}) @IPyla) (6.29)

where we have used the conjugation (6.28¢) to derive this equality. We further make
the ansatz (a|Kyla) = ({alPula))” = Aay+B™ aj, with A and B two complex coefficients.
Solving for the coefficients leads to

*2
a a”

* . 0!;—
(@Pyle) = ((@lK o) =-2iA (6.30)

Ala,a*) ’
where A(a,a*) was defined in Eq. (6.4). Next, we evaluate the expectation value

<a|K,qu|a> = (a“:K,u,Pv]la) + (alva,ula> = 25yv (alD|a) _2<a|Lyv|a> + (alvay|a> s
(6.31)
where in the last equality, we have used the algebra (6.23). The expectation values
(alD|a) and {(a|L y|a) can be related to those calculated in Eq. by using the
conjugation relations (6.28a) and (6.28¢), respectively. The conjugations and
can then be used to relate the expectation value (a|P,K,|a) to the unknown
(alK,Pyl|a). Finally we solve the entire relation by using the ansatz (a|K,P,|a) =
Adyy +Bayay +B*a;a§ + Ca;av +Daya;, with A,C and D real coefficients and B a
complex coefficient. In making this ansatz we have taken into account that (a|K,Py|a)
is invariant under complex conjugation and the exchange of its indices. Finally, solving
for the coefficients leads to

2A
K,P =—
(alKyuPy|a) Ala.a )2

SwAla,a™)—2(A+1) (a*z auay +a’anal - a#a;)

(6.32)

-2 (1 —2a-a* - Aa2a’*2) a,ay| -

The expectation value of the dilatation generator is derived in a very similar manner

1-a2aq*2

(alD]a) = A—A(a,a*) .

(6.33)
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Positivity of this expectation value together with the condition A(a,a*) > 0 implies

a-a* <1 (or equivalently a?a*? < 1). Similarly, we derive the expectation value of L uv
through
) ) oc;jav —auay
(alLyvlay =iay (@|Pyla) —ia,{a|Pyla) = 2AA(a—,a*) , (6.34)
such that its contraction yields
1 . . ola-a*)?—a?a*?
§<(X|1L’uv|(1> <(X|ley|a>=4A W (635)

When we introduce the bulk picture, (a|D|a) and % {aliL yla) {aliL | a) will be the
energy and the squared angular momentum of the particle, respectively.

Constraints from unitarity: Using the above one- and two-point functions we can
now explain how the requirement that Eq. (6.3) encodes a unitary transformation leads
to the constraint

1
Y/I:) = —ElogA(a,a*) , (6.36)

where A(a,a”) was defined in Eq. (6.4). In our derivation below, we use similar tech-
niques to those often used in the context of coherent states, see, e.g., [311]. The require-
ment that U in Eq. (6.3) be unitary implies

1=(ala) = e—2y{)A<A|e—ia*.Keia-P|A> = o 21pA (@lay, (6.37)

where in the last equality, we have defined the un-normalized coherent state
&y =e'*P|A). (6.38)
In order to evaluate the overlap (d&|a), let us apply successive derivatives to this

expression
(@al-iK,laQ)

Oq+ulog(al@) = — =(al-iKyla) ,
(ala) (6.39)
i laliPyla) . '
Ognlog{dla) = ——— = (aliPyla) .
(ala)

Using the explicit expectation values in Eq. (6.30) and integrating these equations, we
find
log{ala) = —AlogA(a,a*)+c1, (6.40)

with ¢1 an arbitrary constant. The trivial solution for & = a* = 0 can then be used to fix
c1 = 0. Finally, substituting the overlap (&@|&) into Eq. (6.37), we obtain Eq. (6.36).

6.C Geodesic Trajectories in the Complexity Metric

As mentioned in the geodesics on the coset space (6.7) take the form

|a(0.)> EN(O’)eia(U).P |A> = eiU(d~P+d*,K) |A> = eiU’X |A> , (641)
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where the relation between a(o) and {@,o} is yet to be determined. We choose a
convention in which the trajectory will reach its end point (the target state) at 0 =1
where a(o = 1) = ar. We will explain in Sec. how to relate ar and @. For the
moment, we will only need the relation

2d-@* = (tanh—19§)2 + (tanh—lgf;)z (6.42)

where QS/A =(Q}£Q7)/2 and QF = \/5\/&7‘ -af +y/azan?. A useful simplification

s [QS/A

) = aT aT \/ (arp- a:T)2 - a a 2 The Fubini- Study metric associated to the
trajectory (6.41) is

ds = (A|XTX|A) - (<A|X|A>‘ = a*ta’ (A|K,Py|A)=2A @-a@ (6.43)

so the complexity of the state |ar) is given by
Clal=v2A a*-a, (6.44)

where it remains to substitute the relation (6.42). We can see from this result that
C admits no non-trivial null directions since C = 0 would require Q, = Q. = 0 which
in turn implies that a7 -aj = a2T = 0. Therefore, a7 = 0. In the bulk of the paper we
insisted on parametrizing the state in terms of a(o) rather than & since, as we saw
in Sec. this facilitates the evaluation of correlation functions in the state. We
therefore regard it as a more explicit characterization of the state throughout the paper.
We will also see later that the description in terms of a(o) lends itself to a more natural
holographic interpretation.

As an example, let us consider the one-dimensional case for which we have
|a(0)) = ol @(@P ,iy(@)D ,if(0)K |A) = oi0(@P+a"K) INg (6.45)

In this case the relation between a(o) and {@, o} is straightforward to derive and we
obtain

alo) = %tanh (oldl) (6.46)

(see, e.g., Sec. 11.3.3 of [312] or appendix C of [241] for this recombination formula).

It is possible to verify that this function solves the affinely parametrized geodesic

* ! 2
equations a''(g) = % (and its complex conjugate) for the d = 1 metric ds%s =

dada*

N | ——
(1-lal2)?

cf. Eq. (6.6). The target state obtained at o =1, i.e., a(1) = ar satisfies

tanh(|@|) = lar|. This leads to the complexity

Clar] = V2A tanh (lar)) , (6.47)
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6.D Canonical Variables and Recombination Formula

which is indeed consistent with Eqgs. (6.42), (6.44).

In two dimensions, we can use holomorphic factorization to decompose the met-
ric as ds? = ds%l + dslz4 g Where H stands for holomorphic and AH stands for anti-
holomorphic, see Eq. below. The geodesic trajectories take the form of a direct
product of two elements of the form with parameters {{(c),{} for the holomorphic
part and {{(0),(} for the anti-holomorphic part (cf. Eq. below). The metric along
these (straight-line trajectories) reads

ds? = 2do? [h|Z|2 +E|E|2] . (6.48)

Due to the holomorphic factorization we have that

¢ S\ s { .
(o) = mtanh (am) . Ho)= Etanh(a|(|) . (6.49)

Using the same logic as before, we can compute the complexity for the end state {{1, {1}
and obtain

- _ _ N2
Cler,irl = \/ 2h (tanh~!({7|)? + 2k (tanh~1iZ7l) . (6.50)
Note that this equation is consistent with the result Eqgs. (6.42), (6.44) in general
dimensions (using the relation (6.100) below).

6.D Canonical Variables and Recombination Formula

In this part of the supplementary material, we will explain how to establish
the relation a(@) in general dimensions, see Sec. This method will be based on
reference [313] which explains how to use the matrix representation of the algebra to
find the coset representative of an arbitrary group element.

We will work in the fundamental representation of the conformal group corre-
sponding to the matrix algebra so(d,2) spanned by

(Map)°p=064%g8p-68%g4D , (6.51)
where g = Diag(—,—,+,...,+) is the flat metric over Rd’z, 0 Ao is the Kronecker delta,
and A,B,C,D €{-1,0,...,d — 1,d}. These matrices obey the commutation relations

[MaB,Mcpl=-gBpMac+8BcMap +8apDMpc —8acMBD, (6.52)

and the orthogonality condition

eMT =-Mg. (6.53)

The Euclidean conformal generators are given in the fundamental representation
(denoted by R) by

RD)=-iM_1p, RLy)=M,,,

. . (6.54)
R(P)=M_1,-iMo,, RK,=-(M_1,+iM,),
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6 Complexity for conformal field theories

where u,v € {1,...,d}. Note that this representation obeys the algebra (6.23), and is
consistent with the Hermiticity conditions (6.2) through

RO =g RO)'g (6.55)

for any operator O in the conformal algebra.

We can define a vacuum vector Q € R%2 as
Q=(1,i,0...), RMD)-Q=-Q, REK,-Q=0, R(Ly)-Q=0. (6.56)

Note that the D eigenvalue for the vector Q above is not generic. However, in the
following equation, the result of exponentiating D is absorbed in the normalization
constant A/ and hence changing it amounts to changing the overall phase of the
coherent state. This phase eventually cancels out in Eq. and hence this choice
does not influence our results. The action of a coherent element on the vacuum vector
takes the form
1-a?
i(1+a?)
Ne®BP . o=N| 2ia1 | (6.57)

2ia d
which means that we can find the coset representative a associated to an arbitrary
group element g from the vector v = g-Q through

. Uy
ay=—i——. (6.58)
UV-1—10g

Choosing now a geodesic path g(o) = elo(@RP )+5‘*'R(K)), we can use this method to find
its associated coherent state parametrization a(@,o).

In d =1, this method confirms the recombination formula (6.46). In that case, the
vector v associated with the group element g(o) is

cosh(ldla)2 - sinh(ldla)2

d*
b= %((1+%)cosh(20ld|)+l—%) , (6.59)
i\/d%sinh(Zaldl)
and a(a, o) is given by ~
ald@,o) = %tanh(ldla) ) (6.60)

This equation can be inverted as follows

i) = %:ltanh_l(lal)/cr . (6.61)
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6.D Canonical Variables and Recombination Formula

In d =2, we find that

sinh(@+0) d;eiﬁ +ay sinh(@-0) dzeiﬁ— @y
ay = -
#" cosh(@40) +cosh(@_0) @ cosh(@40)+cosh(@_0)  @-

where @+ = V2V a-a* +Vva2 @*2 and ef = @%/a*2. This method is applicable for
any dimension d. As a consistency check, we note that in d = 2, the above formula
is consistent with holomorphic factorization, i.e., using it together with the relation
below, we simply obtain a double copy of the relation

|J\n

(= tanh(o|Z|), = tanh(a|f|). (6.63)

~

The inversion (finding & in terms of a) can be translated to the problem of solving
three equations (for a-a, a*-a* and a@-a*) in terms of three variables (@- &, @* -a@* and
@-@*) using the above relations. This system of equations can be solved analytically.
To start, note that

(072 @? cosh(@+0)—cosh(®_0) ©)- a6)’ sinh (@4 0)® +sinh (&_0)?
a0) =\ , a(o)-alo) =
a

*2 cosh (@+0) + cosh (@_0) cosh (@,) + cosh (6)_0))2 )

(6.64)

and a?/a*? = @2%/@*2. It is useful to consider the following combinations:

2sinh (@.0)

Q+ =
£(0) cosh (@40) + cosh (@_0)

where Q. (0) = \@\/d(a) -a*(0)+ Va(o)2a*(0)?,

(6.65)
which can be inverted as

4Qi(0')
4+(Q%(0)-Q2%(0))

Wt = 1 tanh™! ( ) = 1 (tanh_1 [QS(U)] +tanh™! [QA(U)]) (6.66)
o o

where we have introduced the variables Q54 (¢) = (Q*(0) + Q™ (0))/2 and used the iden-

1 1+
tity tanh~1(x) = 3 log

1=l Noting that @-a* = ((I)_% +®2)/4 and using the previous
-x

formula leads to

~ ~ %k
a-a =—5

202

2 2
(tanh Q5 (0))" + (tanh Q4 (@) ] . (6.67)
This is true for all ¢ and so in particular for o = 1 we find

2
) + (tanh_1

T T
2

Q;+Q§,
2

QF-Qr

2
2d-a* = (tanh—l ) , (6.68)
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6 Complexity for conformal field theories

with Q% = ﬂ\/aT-a;i\/a%a}z where we have defined a(o = 1) = ap. Similarly
using @2 = Va?2/a*2 (LD_% - @%)/4 we obtain
9 1 [a?

@ =—=\— tanh ™ [Q4(0)] tanh 1 [Q5 (0)] . (6.69)
o a

Using the above, the full inversion of (6.62) is straightforwardly obtained

Q5(0)ay(0) - Q4 (0)y/ ;*22 a, (o)
Q*0)Q (o)

0A(@)au(0) - Q5 (0)\/ Lal(0)
Q*(0)Q(0) '

oa, = tanh™! (QS(U))
(6.70)

—tanh™! (QA(O'))

6.E Bounds on Complexity and its Time Evolution
Here, we derive bounds on the complexity and its rate of change.
6.E.1 Bounds on Complexity

We consider bounds on the complexity of a final state ar with energy E7. We
will use the following bounds on log

— <log(y)=s——, y=1, (6.71)
(») 7

-l<x<1. (6.72)

We therefore have

VA 3 " (Q3)? Q4)?
7\/(QT)2 +(Q5)2 <Clarl< IN 1_(92)2 + 1_(99)2

A
ie., EaT-a}SC[aT]S\/ET—A

(6.73)

2 *Z_ETiJT—A

2
where we used (QS/A) =ar-an+ \/(aT car)?-agar = Trid iA with the energy
r+dJr

E 7 and the angular momentum J7 given by

Er=(ar|D|ar)=A(1-aza?VAlar,ap),

(6.74)

Jr = \arliLylar)arliLylar)/2 =20/ (ar - ap)? - dha;?/Al, o).
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6.E Bounds on Complexity and its Time Evolution

The lower bound can be expressed in terms of E7 by using the inequalities
_ E2 - J2 - A? _20E7-1)
Er+0?-J%  (Ep+A)°

O0<sdJr<Er-A = aT~a;~ , (6.75)

leading to

A VE7r-AN=Clarl=svEr-A. (6.76)

Er+A

The above bound uses the inequality J7 + A < E7 which can be proven using
the definitions of E7 and Jp above (these will actually have a nice interpretation in
holography, see (6.144) below). For this note that
4A2 CZ2CK*2
_—

Al(a,a*)
We then see indeed that J7+ A < Ep when A < E7 which in turn follows from positivity
of the spectrum, see comment below Eq. (6.4).

(Ep-A)P’-J2= (6.77)
6.E.2 Complexity of Time Evolved States

Let us now consider the time evolution of a coherent state e*™? |a0> = ‘aoe”>, for
which the FS-metric reduces to

a0~a* (ao.a*)Z_aZa*Z
ds? ¢ = 2Ad7> 0 g 90 6.78
*rs =220 | Alag, ) Alao, ap)? (6.78)
This can be simplified and bounded as follows
ds%s _op %0 ay +(ao-ag —2)05%0582
dr? Ao, ap)? ’
_ (a0|D|a0)2 202 (- af —2)+2a0- af
= A —3
(1— a%a02)
(6.79)
_ (@|Dlao)” | A+ agag?)Alac,ap)
- A 2 x2)2
(1 —aya, )
_ {ao|Dao)* _E?
S—x =%
Unitarity further constrains A for d = 3 [270]
A=d/2-1. (6.80)

Therefore, the rate of change of the FS-distance along this trajectory in the space of

states is bounded by
dspg E 2
<s—<E\{—. 6.81
dr VA \/ d-2 ( )
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6 Complexity for conformal field theories

6.F Comparison with Previous Results in d =2

In this part of the supplementary material, we will focus on conformal circuits
in two dimensions. In this case, the global conformal group can be extended to (two
copies of) the full Virasoro group. The discussion is often phrased in terms of holo-
morphic and anti-holomorphic coordinates z = x +i7 (2 =x — i7). The global conformal
algebra s0(2,2) = 5l(2,R) x sl(2,R) is generated by holomorphic generators L_1,L¢,L1
satisfying

[L+1,Lol=+L+y, [Ly,L_1]1=2Lg, (6.82)

and anti-holomorphic generators L_1,L¢,L1 satisfying similar relations. In radial
quantization, the generators satisfy the Hermiticity conditions Lg =L_1 (and I:Ji =L_y).
Working in this language will allow us to compare our results with the previous
complexity literature in 2d CFTs [247}|248| 249 [250].

For the reference state we again select a spinless highest weight state |1//R) =
|h,l_z = h> = |h), satisfying Lo |h) =Lo|h) =k |h), L1 |h) = L1 |h) = 0. As expected, the
cost functions factorize into holomorphic and anti-holomorphic parts, which can
be treated separately. We will focus on holomorphic unitary circuits within the 2d
global conformal group

Uo) = ei((o)L-1 ei}f(a)Loei(1(a)L1

’

i (6.83)
¢)=U (@) |h) = N(0)e L1 |n)

where y = yg +iys is decomposed into its real and imaginary parts and unitarity
restricts y7 = —log(l - |(|2) with |¢]2 <1 and {1 = (*e!'®. These relations can be derived
using an explicit recombination formula, see Sec. 11.3.3 of [312]. Following the same
logic as in (see the expectation values of the conformal generators below) we can

derive the F7 cost (6.1a)

F1

h

(-3¢
1-1¢12

+iYR +(CHZ)' , (6.84)
and the Fubini-Study metric

d¢dg” N d¢d¢*

dshg =2h
T (- ge)

) (6.85)

which corresponds to the hyperbolic geometry on (two copies of) the Poincaré unit disk.
These cost functions are obtained from those in the §6.3|by the substitutions a9, =

(c;z
2i

implies that in the case with spin s = A — A # 0 in 2d the result is straightforwardly

2

0+ (ﬂ) 0, and )/g = (yr +YRr)/2. It is worth noting that holomorphic factorization
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6.F Comparison with Previous Results in d =2

obtained by replacing the coefficient in front of the anti-holomorphic part of the metric
by h.

There are a number of existing results in the literature for the circuit complexity
of the Virasoro group on the cylinder [247, 248,249, 250]. However, in those papers
the circuit complexity is given in terms of the diffeomorphism f(z = %) € Diff(S')
associated to the holomorphic part of the circuit. We find it insightful to explicitly
relate our approach to the previous literature for d = 2. In addition to providing a
consistency check for our results, this also provides a clear interpretation of the circuits
and gates associated with the diffeomorphisms of [[247, 248|249/ [250]l. Restricting to
the holomorphic copy, [247]] have shown that the F; cost is given by

[‘M do agf(a,e)[ . c
0

T1=| )y 27 07 (0.0) _’”ﬁ{f’e}”’ (686

where c is the central charge, & = h — ¢/24 is the shifted eigenvalue of the generator Lg

0 0;
on the cylinder and {f,6} is the Schwarzian derivative. Denoting ¢; = %, the
o,f(0,0;
FS-metric is [249, 2501
ds; 27 46 d h
£ :f b R P — S . (6.87)
do 0 27 27 32sin* [(01 —02)/2]  2sin® [(01 — 02)/2]

As explained in section §3.3 of [250]], this expression must be regularized and thus we
have
. (91 — 03 )2
sin
2

The diffeomorphism associated with the circuit 1i is a Mobius transformation
on the circle parametrized by the coordinate 9, i.e., z = el?

d.5‘2 27
FS
= do1dos1
do2 A 1dbz log

c ~
_ﬂaglflangg—h691£1692£2] . (6.88)

A(0)e'? + B(o)

- — "7 with|A?-|B®=1, (6.89)
B*(0)et? + A*(0)

f(o): e'?
which maps the unit circle in the complex plane to itself. Acting with our unitary (6.83)
expressed in terms of the differential generators L, = —z"*14, (n = 0, +1) straightfor-
wardly leads to
10 (eiy/Z +C(1e—iy/2) +ile ir2

—i{1efe-iV2 1 p-iv2

flo): e — , (6.90)

where the flip in the signs of the parameters is due to the usual active/passive transfor-
mation conversion. Constraining this transformation to be Mébius yields

{1=("e"R | yr= —log(l - |(|2] ) (6.91)
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6 Complexity for conformal field theories

Note that these are precisely the relations we obtained by requiring that the circuit
(6.83) is a unitary. Finally, substituting the relations (6.91) into the unitary we
obtain o )
ey /ZeLH + i((g)e—ty/z

—i(*(a)eiy*/zeie +e-iv2”
As expected for a global transformation in d =2 we have {f,z} = 0, while the mapping
to the cylinder creates a non-zero Schwarzian {f,60} = 1/2. Substituting this diffeomor-
phism into Eqgs. (6.86) and (6.88), we immediately recover our results (6.84)-(6.85) upon
the addition of the second copy.

flo,e)= (6.92)

6.F.1 Expectation Values of the Conformal Generators in d =2

We here derive the conjugation relations and expectation values of the conformal
generators in the special case of d = 2 required for the derivation of Eqs. (6.84)-(6.85).
For the conjugation relations (6.26) we obtain using the algebra (6.82)

gWL1,Lo)=Lo—-i{Lq, (6.932)
gWL_1,Lo)=Lo+i(L_1, (6.93b)
g(Ly,L_1)=L_1-2i¢Lo—-{%L+, (6.93¢)
g(L_1,L1)=L1+2i{Lo-{?L_1 . (6.93d)

Next, we explain how to evaluate the one- and two-point functions of the 2d
conformal generators in the states (6.83) along the circuit. The one point functions are
evaluated as follows:

(¢|L1|0) =2ich -2 (¢|L-1]C) (6.94)

where in this equality we used the relation (6.93d). The Hermiticity relations for the
radial quantization further imply ({|L1|¢) = ({{|L-1|¢))*. This then allows us to solve
the relation (6.94) and obtain the one-point functions of the conformal generators

*

(el-ile) = el = -2in

(6.95)

Finally, the two point function can be computed as follows
(¢|L1L-1|¢) = {¢|IL1,L-1]|¢) + (¢|L-1L1|¢) = 2(¢|Lo|¢) + (¢|L-1L1[¢) ,  (6.96)

where in the last equality, we have used the algebra (6.82). The expectation value
¢ |L0|( ) can be related to those calculated in Eqg. by using the conjugation
relation (6.93b). The conjugations (6.93c) and (6.93d) can then be used to relate the
expectation value ({|L_1L1|() to the unknown ({|L1L_1|{). Note that ({|L1L_1|{)
should be real due to the Hermiticity conditions. Finally we solve the entire relation,
which leads to

1+2h(2
(C|L1L 1|7} = 2R % . (6.97)
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6.G Comments about Spinning States

In this part of the supplementary material we make use of holomorphic factoriza-
tion in 2d to present extensions of the results (6.84)-(6.85) for the case with non-zero
spin s = h — h. We translate these results to the higher dimensional language in terms
of the circuit parameter a* in an attempt to reveal the structure of the result for the
case with spin. However, let us emphasize that the results of this section are only valid
in two dimensions and that this case is special in that spinning representations are
one dimensional (i.e., they consist of a single component state |k, kY = |A,s), with the
scaling dimension A = i + A). We leave a detailed analysis of spinning states in general
dimensions for future work.

Let us begin with the generalized version of Eqgs. (6.84)-(6.85) when A # h

Fi= h(fc*_c*( +l}’R)+}_L(((*_(*( +i)L/R) ,

11012 1-1¢2
(6.98)
ds%g =2h _dede” s | +2h _dgd” =
2 -
(1-1¢12) (1-1212)
Using the relation between the conformal generators
1 ) 1 . 1 .
L*lzi(Px_lPT), LOZE(D_lLTx), L1:§(Kx+lKr)’
(6.99)

1 . _ 1 . . 1 .
L_1=§(Px+lp-[), LOZE(D+ZL1x), L1:§(Kx_ZKT)7

allows us to identify the relation between the circuit parameters in two-dimensions
(6.83) and those in higher dimensions (6.3). We obtain

{+ (¢ +7 —7
Ay = ——, ar = P YDzY_’ /lTx:,y.’y’
2 2 2 2 (6.100)
s _a+a s __Ga-a
X 2 ’ T 2Z ’
which yields for the various costs
. * Lk 20 5% * *2¢
G-a"—a*-a+a*@”-a’)-a"(a-a) .
=|A +1y
F1 ' Ao L}’g)
(6.101)
. a-M-a*-a-M-a*+a(@* -M-a*)-a*2(@-M-a) .
+1is —isA;,

A(a,a*)
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and

2
. * _ %2 s
aa*_2|aa|2 a-a a~a CZ|

ds?.q =2A
SFs Ala,a*) * A(a,a*)?

(6.102)
21— la®Na-a*Na-M-a*)+a-M-d* [2(1— l@|2)? — A(a, a*)

+2i
' Aa,a*)?

where A(a,a*) was defined in Eq. (6.4), M = (_01 (1)), a = (a;,ay) and we have used

superscripts to denote the real part of yp and the imaginary part of A;, (which remain

unfixed by the unitarity constraint). Similar to the result in section the curvature
A

of this metricis R = -16 5—— = —% - % =Rp, +Rj, where Ry, R; are the curvatures

S

of the holomorphic and anti-holomorphic parts, as expected from the holomorphic

factorization. Of course, setting s = 0 recovers Eqs. (6.5)-(6.6).

6.H Metric and Geometric Action in the Fundamental
Representation of the Conformal Group

Here we will evaluate various quantities related to coadjoint orbits in the funda-
mental representation of the conformal group (see Sec. [6.D|for our conventions of the
fundamental representation of the conformal algebra so(d,2)). In this case, the Lie
algebra and the dual space are isomorphic since the algebra admits a non-degenerate

1
bilinear form (X,Y) = 3 Tr[X -Y]. Therefore each algebra element can be identified

with a dual algebra element according to (A,-) = (A,-). It is then straightforward to
build R(U), the matrix representation associated to the unitary U in Eq. (6.3). The
field theory unitarity conditions is imposed by requiring that we have

RUY=g 'RO)'g=RW)™. (6.103)

This condition fixes the parameters {ﬁ”,yé,/lﬁv} in the definition of U in Eq. (6.3) as a

function of the remaining parameters {a,yR,A’IW} where the superscripts R and [ indi-
cate the real and imaginary parts, respectively. In particular, one of those constraints
yh=-1 log(l -2a-a*+ aQa*Q) should be familiar from the discussion in section
We were able to solve the constraints explicitly for d =1 and d = 2 and order by or-
der in a perturbative expansion in |a| in d > 2, however the explicit expressions are
cumbersome and not particularly illuminating, and so we do not include them here.
One can then compute the MC form associated to the trajectory implemented by the

unitary U in terms of the coordinates {a,yg,)tl[“,} by evaluating

R©)=RU) YdR®) . (6.104)
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Conformal Group

To make the connection to our previous results we consider a representative in the
dual space A(O) = ((AR(D),0) = %Tr(AM,LO -0). This element of the dual algebra is
of course identified via the bilinear form with the algebra element A = iAR(D) (here we
slightly abuse the notation since we give the same name to the dual algebra element
and the corresponding algebra element, but since the bilinear form is non-degenerate
indeed the two can be identified). The stabilizer algebra is h) = s0(2) x so(d) and it
naturally leads to an orbit which can be identified with the coset space in Eq. (6.7).
In the d = 2 spinning case, where 4 # h (see Sec. , the relevant representative
is identified with the algebra element A = iAR(D) + sR(L,,) where A = h +h and
s=h—nh.

In order to evaluate the metric along the orbit associated with the representative
(6.16), we compute the symplectic form

w= %Tr [A-dR(O)] (6.105)

and then obtain the components
w=owpda*f Ada”, (6.106)

where we have introduced barred indices to formally distinguish between a and a*.
The wedge product is canonically identified with the tensor product through x A y =
1
§(x®y—y®x) hence
1 * L v v *l
0= Zop (da*" ©da” - da* ®da’?) . (6.107)

The metric is then obtained by contracting with the complex structure / given by

JH,daf = —ida*, J'sda*P =ida*, (6.108)
such that 1 1
d32G/H,1 = Ewﬁpda*ﬁ ®JP,da" - §wpvdav ® Jﬁﬁda*ﬂ (6.109)
leading to )
dsgypy, = —iopda*da’. (6.110)

Finally, the pre-symplectic form is given by
1
Ay = 5Tr[;L-R((a)]. (6.111)
Our results for the metric on the coset space coincide with the Fubini-Study metric

in Eq. and those for the pre-symplectic potential becomes the F; cost function in
Eq. (6.5) up to an absolute value, i.e.,

Frdo=|Ax|,  dshg =dsp, - (6.112)
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We have verified this analytically in d = 2 and in a perturbative expansion in d > 2.

Explicit Example — SO(2,1): Let us demonstrate how all this works for the simplest
example of the s0(2,1) algebra. This algebra is locally isomorphic to s((2,R), which rep-
resents (for example) the holomorphic copy in two dimensions. The relevant generators
are

0 0 1 0 ¢ 0 0 0 -1
Py=~L =10 0 -i| D=Ly=|-i 0 0| Ky=L;=]0 0 -i
1 -i 0 0 0 O -1 -i 0
(6.113)
The unitary is given by
RWU)= ei(L—lei(YR"'iYI)LOei(lLl . (6.114)
Requiring the unitarity condition (6.103) imposes
yi=-log(1-1tP), {1=e7¢". (6.115)
The MC form is
(femmae) (eag—ca (teirmac)
0=L_ + +id +Lj——— 6.116
1P 0( e VR) T (6116

The representative is A = ihL whose stabilizer is spanned by the generator L. The
exterior derivative of the MC form is given by

it
(1-1¢12)?

dyr —IYR iYR 37 *
+1_m2/\[e L1 -e""dC Ly,

The metric on the coset space (6.110) and the pre-symplectic form (6.111) read

do= ¢ Ly ~ e R Ly +2iLo| AL AdC”

(6.117)

dede
(1-1¢12)?"

which matches our results in Egs. (6.84)-(6.85) (up to an absolute value for F7) when
focusing on a single sl(2,R) copy.

{*df-¢dd*

ds% . =2h
"G/ 1= |2

Ay = ih( + idYR) : (6.118)

6.1 Root Space Decomposition

The assumptions used in section to equate the Fubini-Study metric with
the metric compatible with the symplectic form on a coadjoint orbit follow naturally
from the structure of a root space decomposition (for a summary of how this works
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for other coherent state symmetry groups, which use a slightly different root space
decomposition, see [311]]). For the conformal algebra, the relevant decomposition is
known as the minimal Bruhat decomposition [|314]], see [315} 316] for applications
to conformal field theory in the context of parabolic Verma modules. In this part of
the supplementary material we will both motivate the assumptions of the proof and
explain how to construct the representations of interest using a more mathematical
language.

Consider a unitarily represented semisimple group G with Lie algebra g, with D a
highest-weight representation on the Hilbert space. For our purposes we have in mind
the Euclidean conformal group, but for now we keep the group arbitrary. The group
theoretic generalization of a coherent state is often defined in terms of a base state
|WR> left invariant up to a phase by a subgroup H c G, or equivalently one that is an
eigenstate of the corresponding subalgebra b,

x|yr)=x|vr) , Vxe D). (6.119)

In the case of vector coherent states [280,|281),282,283|| (relevant to circuits constructed
from a spinning primary in the conformal algebra in d > 2), one often considers instead
a collection of base states that transform into each other under the action of a subgroup,
much like primaries with spin transform among each other under the action of the L ,,’s.
We will explain how the subalgebra h relates to a portion of a root space decomposition,
and also indicate how this works for the vector coherent states.

Any semisimple algebra admits some Cartan decomposition g = s+t where [s,s] c 5,
[s,tlctand [t,t] c 5. Let a c t be a maximal Abelian subalgebra for t, and m c s be the
centralizer of a in 5, in other words the elements X € s such that [X,A] =0 for all 2 € a.
The adjoint action with respect to a can be diagonalized, with the eigenspaces known
as the restricted root spaces gq:

ge=Xeg:[h,X]I=a(h)X Yhea}. (6.120)

The linear functionals a(h) are the roots. A root is called positive with respect to a
given basis of the dual space if its coefficients in the expansion over this basis are
positive. We denote the set of all roots as ® and the set of positive and negative roots
as ®*. Unlike for the standard semisimple Lie algebra root space decomposition, these
roots are defined with respect to an Abelian algebra a that is not maximal.

The minimal Bruhat decomposition is the resulting root space decomposition:

g=n_emeaon’, =@ ga- (6.121)

aed*

Here go = m @ a is the centralizer of a, since m is the centralizer of a in s and a is
maximal in t. n* are the positive and negative root spaces.

Pick a basis E4 p € go. The label p here accounts for any root degeneracy, which is
possible given that the Abelian algebra a used in the root space decomposition (6.121)
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6 Complexity for conformal field theories

is not the full maximal Abelian algebra (the Cartan subalgebra) for g. By Eq. (6.120)
these satisfy
(hi,Eqpl=a;Eqp, Vh;€a. (6.122)

For an inner product with hj = h;, applying the dagger to Eq. (6.122) gives Ez’p =
E_op.

Using the Jacobi relation applied to Eq. (6.122), we can prove inclusions for the
commutation relations for the root spaces,

(90,961 C Garp a+ped ora+p=0, (6.123)
and for the part of the centralizer not in the Abelian algebra a,
M, galcge, [mmlcm. (6.124)

For an ordinary root space decomposition, the commutator of a root vector with its
Hermitian conjugate would take values in the Cartan subalgebra. Notice that here,
it instead takes values in the centralizer g( of the Abelian algebra a defining the root
decomposition.

Consider a highest-weight representation for this root decomposition. This consists
of states |)L> labelled by their eigenvalues A under the 4;,

hild)=2i|A) (6.125)
where a highest-weight state |/10> is annihilated by all the raising operators,
Eaplho)=0, Va,p. (6.126)

By Eq. (6.122), E , , raises the eigenvalue under ; by «;, thus it can be interpreted as a
ladder operator. Likewise, E:; p =E_q,p is aladder operator that lowers the eigenvalue.
We build the representation by applying the lowering operators successively starting
from the highest weight state. Note that here, in order to match with the standard
CFT literature, we use opposite conventions to those used in the definition of coherent
states for the Heisenberg group in quantum mechanics where one typically starts with
a lowest weight state.

Now consider an element x € m (in the centralizer but not in a). Then [m,g,] < gq
by Eq. (6.124), and acting the commutator on |19) and applying the highest weight
condition gives gax|10) = 0. So x|1g) must be a highest-weight state. If there
is a single state satisfying Eq. (6.126), then x|1) is proportional to |1¢). Thus the
eigenvalue condition extends from a to go,

x|Aoy=x|Ao),  Vxego. (6.127)

Recalling Eq. (6.119), this means that the highest weight state of a root space repre-
sentation using the Bruhat decomposition is a natural candidate for our base state in
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6.1 Root Space Decomposition

the coherent state construction, with an invariance group H < G whose algebra b is
just the stabilizer go of a:

lwr)=|A), b=go. (6.128)

The orthogonal complements to h are n*. These consist of raising and lowering opera-
tors that are related by Hermitian conjugation and build the representation starting
from |A).

In the spinning case, a highest-weight representation can still be built from a
preferred highest weight state, with a highest weight condition that includes
ladder operators in m. Thus, |1¢) satisfying only Eq. is not unique and x| o)
defines a subspace of states. This subset of states will participate in the generalization
of the eigenvalue condition to vector coherent states. Imposing Eq.
applied to the preferred highest weight state results in an invariance subalgebra that
is smaller than the centralizer.

We now return to consider how this structure ties to the proof in section[6.5] We
saw that we could identify go 2 b. In other words, the centralizer for a is either equal to
the stabilizing subalgebra in the spinless case, or contains it in the spinning case. Thus
the commutation relations (6.122), (6.123) and (6.124) are simply the assumptions that
[ni,nelcng and [h,n.] c ny. The Hermiticity condition E:;,p =E_4p is also natural
for the root space decomposition. These were the starting points for the proof in section
6.5

Conformal algebra: Now we will be more explicit about how these abstract in-
gredients apply to the specific case of the conformal algebra as considered in sec-
tion Recall that we are considering the real Euclidean conformal algebra, a
semisimple real algebra that can be expressed in terms of its complexification as

so(d+1,1)= {X eso(d+2,0C) | X real, XTn+17X = O}, where 1 = diag(-1,1,...,1) is the

flat metric on R%*11. Note that the real matrices obeying these conditions differ from
our choice of complex generators in Eq. (6.54), however the algebras are isomorphic.
The starting point for the Bruhat decomposition is a Cartan decomposition of so(d+1,1),
which is not unique and can be specified by an involution. A natural choice is

0(X)=nXn. (6.129)

The Cartan splitting 6(X) = X for X € 5, 6(X) = —-X for x € t implies that s =
{LyV,P,, +Ku} and t = {D,Pu —K,l}. The maximal Abelian subalgebra for t is ag =
{-D}, with centralizer mg = {L ,W} in 5. Note that we have chosen g to be generated

by —D instead of D to match with the usual conventions for CFT representations.

The positive and negative root spaces with respect to ag are n™ = {P#}, nt = {K N},

which are related through the involution as 8(n*) = n™. The positive and negative roots
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are all degenerate with a = +1. The minimal Bruhat decomposition (6.121) for the
Euclidean conformal group is

g={Pel{L,}e{Dle{K,}. (6.130)

The usual highest-weight representation for the conformal algebra consists of a
conformal primary state |A) annihilated by K, with the remaining descendant states
built by acting with P,,. Both the primary and its descendants are eigenstates of —D,
with P, acting as a lowering operator since it decreases the —D-eigenvalue. But this
is precisely a highest-weight representation for the Bruhat decomposition described
above. —D generates the Abelian algebra a. The condition that the stabilizer
algebra for the highest weight state is the centralizer of a is just the statement that
the primary state is also an eigenstate under L ,:

D|Ay=A|A), Luw|A)=0. (6.131)

We end by summarizing how our assumptions in section apply to the case
of the conformal algebra. The condition [h,n.] < n. is satisfied by the algebra (6.23)
and [n4,n.] cny is trivially satisfied since for the conformal algebra, the P,’s and
K,’s commute so n. is Abelian. With respect to the field theory dagger (6.103), the
generators of n,. obey the Hermiticity conditions PZ =K,,. These are just the conditions

E};’p =E_, p taken above for the root space decomposition and used in the proof in

section [6.5]
6.J Holographic Interpretation

In this part of the supplemental material, we present further details on the relation
of our coherent states in CFT; and the trajectories of massive particles in AdS;.1. In
particular we explain the geometric interpretation of the Fubini-Study metric and the
complexity of states in terms of the bulk geometry and present an interesting example
of geodesics with fixed radius.

6.J.1 Background

Here, we review our conventions for the embedding space and trajectories of
massive particles in AdSy, 1 following [284] (up to a modification of the signature).
Let us start with the action of a massive particle of mass m in an embedding space
description of AdS;1 of radius R consisting of a hyperbola of radius R in flat space
R%2 with metric gap = diag(—,—,+,...,+). The coordinates of the flat space will be
denoted X4 with A €{0,0',1,...,d} and we will use Greek indices to denote the space
directions u € {1,...,d}. The action for the massive particle reads

S:—fdr

X()? .\ e(mm?® ()
2e(7) 2 2

(X(r)2 +R2)] . (6.132)
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In this action, e(r) is the einbein and p(r) is a Lagrange multiplier enforcing the
hyperbola condition X (7)? = —R2. The equations of motion derived from this action
fix

e(1)? =-X@)¥m?, wr)= —1% -X(1)2. (6.133)
Solutions will be timelike geodesics in AdS;,1 with
Xo(t)=r(t)cos(t/R), X (t)=r(t)sin(t/R), (6.134)
where ¢ is the AdS 1 time coordinate and the restriction to the hyperbola fixes
—R?=X%(t) = —r(t)® + X ()X (1) . (6.135)
The action is SO(d,2) invariant and the associated conserved charges read
Jap =Pp()Xa(t) - Pa()Xp(¢) = Pp(0)X 4 (0) - P2(0)X5(0), (6.136)

where P4 (1) = X 4 (1)/e(1) = mXA(1)/v/-X2(7) is the canonical momentum associated
with X 4 (7). The charges corresponding to the compact subgroup SO(2) x SO(d) are
the energy E = Jy ¢ and angular momentum <y, with J? = Jywvd /2 the squared
angular momentum of the trajectory. We selected our geodesics to be future oriented,
i.e., XoXy —XoXo >0 and this simply tells us that the energy is positive E > 0. The
remaining conserved charges are Jy, and J( , which can be reorganized into a pair
of complex coordinates describing (without redundancy) the phase space of timelike
geodesics

zp=dy—idoy, zz =Joyt+idoy - (6.137)

Using (6.136), we can write d equations for the coordinates X,

EX,=dou Xy —dJy Xo (6.138)
which yield
t . . 2ER
X, )= _ro (zZe‘t/R +zﬂe_’t/R) , withr(t)= .
2E VAE2 — 2%22itIR _ 52,-2itIR _ 95 . 5+
(6.139)

(z,z") are complex coordinates on the phase space of the particle which can be used to
evaluate its symplectic form
Wpalk = dPg AdXA (6.140)

The energy is minimal when the particle is at rest and equal to Ey = mR. Quantizing
the classical system canonically by promoting the observables {E,J;y, 2 u,z;} to opera-
tors leads to a unitary reducible representation of SO(d,2). We introduce the following
change of coordinates

* %2 2%
a,—a*“ay . ay—a‘a

=2E,+— =2E)— " 6.141
“u ““A@,an O A, a ( )

197



6 Complexity for conformal field theories

As shown by [284], an irreducible representation can be obtained upon imposing that «
is in the domain together with the condition a-a* < 1. Furthermore, we can find
that

Whulk = WCFTy » (6.142)

provided that we identify A = E, where the symplectic form of the CFT can be easily
read from the metric via the relations (6.107) and (6.110). Starting with the
action (6.132), the classical geodesic trajectory in the bulk is based on a saddle point
approximation with large mass. The mass of the dual quantum particle is related to
the field theory operator dimension as m2R? = A(A —d) which can be inverted as

d? d

A=mR|[{/1+—2% _+_ %
m 4m?R? " 2mR

(6.143)

In the limit of large mass we simply have mR = A. Therefore, we have an exact duality
between CFT,; states and timelike geodesics in AdS,. 1. It is interesting to notice that
due to canonical quantization, the conserved charges associated with the isometries in
the bulk map to the expectation values of algebra elements in the CFT;. For example,
we find that z, = (a|iP,|a) and the energy and angular momentum of the particle are
given by

1-a’a*? Via-a*)2-a2a*? 1 . ]
E ZAW =(alDl|a) , J=2A Aa, ) = \/5 (aILLWIa) <06|1L;w|0£> >
(6.144)

which can be inverted as

E%- g% - A2 9 4o (E-N?-J2

o — = 6.145
T Er- Y T EAE-2 (6.145)
In this coordinate system, r(¢) can be simplified into
E /A * . )
r(t) = RE M, B(t,a) =B q? — ¢ 1R (6.146)

A B, o)l

6.J.2 Complexity in Holography

We have established an explicit connection between states in the CFT; and
timelike geodesics in AdSy,1 (or particle states). We can now re-express the complexity
(6-42)-(6.49) of a target state |ar) in the field theory in terms of the energy E7 and
angular momentum J7 of the associated target particle state in AdS;.1 as

2

2
Erp+dJdr—A Ep—dJdpr—A
ClE7,J7)= VA, | [tanh~1,[ZTT2T =2 fgapp-1, (2122022 6.147
B, Jr] (an ET+JT+A) +(an ET—JT+A) (6147
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where we used that

s Ep+Jdp—A A Epr—Jdpr—-A
QT"\/ET+JT+A’ QT"\/ET—JT+A' (6.148)
6.J.3 Geometric Interpretation of the Fubini-Study Metric

We have argued that states |a) are related to timelike geodesics in AdS;.1 ac-
cording to (6.20)-(6.21). The question that remains to be answered is what is the
gravitational dual of the Fubini-Study line element between two infinitesimally close
states.

Consider two nearby geodesics X*(¢) and X*(t) + 6 X*(¢) corresponding to two
nearby states |a) and |a +6a), respectively. We can expand §X*(¢) as follows

OXHM(t)=da-0,XH(t)+da’* - 0q+ XH(t) +dtXH(t) . (6.149)

The relation implies that both X* and X" + §X* are geodesics in AdSg4.1 corre-

sponding to the parameters a,a* and a+da,a”+da*. We further impose a requirement

that 6X - X = 0 which can be used to solve for d¢ as follows

L OXH(t)
oa¥

0XH(t)

1 .
di = X, (t)d
M() a da*Vv

X2t

(6.150)

+Xu(t)dozW

This requirement can be understood as looking at the hyperplane orthogonal to X*(¢)
and finding the intersection of this hyperplane with the second geodesic at every time
t. We will measure the perpendicular distance between the two geodesics along this
hyperplane. The perpendicular distance 6Xgerp(t) can be related to ds%.s in as
follows. We begin by separating 6.X l%erp(t) into three contributions

9 R2 9 9 9 R2 e2it/R _ a*2
OX perp(t) = deFS +8aa(®)da” + gy ,(H)da™ , with gqa(t) = A o) 1 otk gs
(6.151)
Note that only the last two terms in 6 X l%erp(t) are time dependent. Next, we look for
times at which 6Xgerp(t) is extremal, i.e., étéXgerp(t) = 0. This leads to two solutions
t4 and ¢_ corresponding to a maximum (with 6?6X§erp(t+) <0) and a minimum (with
076X2,,,(t_)>0) perpendicular distance, respectively, which are given by
Q2its/R _ a*?Vda-da+vda*-da* , (6.152)
Vda-da +a?vda*-da*
where ) )
R 2R%*Vda? da*?
2 — sy 2
6Xperp,max/min =6X (tJ_r) = deFS + W . (6.153)
Using the above relations, we finally recover the equivalence (6.22)
A
ds%‘s = 2R2 (6X12)erp,min + 6X12)erp,max) . (6.154)
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6.J.4 Example: Timelike Geodesics with Fixed Radius

We will now work out an explicit case for which much of the previous calcula-
tions simplify. The goal of this presentation is to give an intuition of how to use our
holographic results. We will therefore focus on states for which we have a(o)? = 0.
The condition then implies a(0)-a*(0) < 1/2 and for these values, we have, from
Eq. (6.20)-(6.21)

A R
B = e o @ to)= = 6.155
@ 1-2a(0)-a*(0)’ rit;o) 1-2a(0)-a*(0) ro(@), ( )

where p(t) = R arccosh(r(¢)/R) is the global AdS radial coordinate. The fact that r(¢;0)
does not depend on ¢ means that the associated timelike geodesics have fixed radius
which we will define as circular geodesics. This choice of (o) leads to a path within
the subset of fixed radius geodesics for which simplifies into

Qf=\/2ar-ai, Qf4=0,
Clar]= VA tanh™! (,/2 aT-a;) .

In the holographic formulation, J7 = E7 — A for such states so the complexity can be
expressed using the energy of the particle

[ A R?
Ccircular[ET] = \/Z tanh_l ( 1- E_) = \/Z tanh_l 1- E E (6157)
T rp

where r =rg(o = 1) is the radius of the outermost geodesic in the circuit. Considering
1

the AdS metric in a Fefferman-Graham expansion ds? = - (d22 + dx,udx”), we have
z
RZ

near the boundary (p — oo) the relation z ~ R/sinh(p/R) ~ —. Close to the boundary

r

z ~ 6 and this means rp ~ R2/8 such that

(6.156)

Ceireular[01~ VAlog [2R/5] . (6.158)

This result captures the divergent behavior of complexity as we go to states (represented
by circular geodesics) which are very far from our reference state (very close to the
boundary in AdS;,1). Note that this is different from asking what is the vacuum
divergence of complexity evaluated using the holographic proposals as in, e.g., [[317,
318].
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Summary

By their very nature, strongly coupled systems are both some of the most inter-
esting while simultaneously being some of the least understood systems in physics.
Without the help of perturbation theory and other common tools, physicists have had
to be creative in order to probe and learn more about strongly coupled systems. To
that end, the AdS/CFT correspondence, which is at the heart of this thesis, has shown
tremendous promise and success in helping elucidate the physics of various systems
such as the quark gluon plasma or strongly correlated electronic metals found for
instance in cuprate high-T. superconductors.

This thesis brings about new numerical insights on this type of system in chapter
using complex black hole models and high-performance computing. The results
of such simulations demonstrate a rich variety of behaviors; the black holes with a
spatially undulating horizon are shown to behave like a relativistic fluid in a periodic
potential for which a universal effective hydrodynamic theory is presented in chapter
The extent to which this model can explain the transport properties of such strongly-
coupled system dual to these black holes is an indicator that electrons in cuprates
might behave more like a fluid than like billiard balls in a traditional metal. Such
black hole models require extreme care and analysis in order to be properly defined as
we discuss in chapter [4]

As a general mathematical duality, AAS/CFT can be applied to a wide range of
theories and models. Among the most intriguing questions it can help answer, the
problem of finding a configuration of fermions in a stable gravitational and electro-
magnetic potential in AdS space has remained elusive for the better part of a decade.
In chapter[5] we improve on the previous models and make some significant progress
towards a final resolution to this question. Another recent burning question has been
to understand the entanglement patterns of such strongly coupled systems, as it has
been theorized that measuring their long-range entanglement properties could be a
meaningful probe of their unique physics. One such measure which has garnered a
lot of interest is complexity, a continuum generalization of the ubiquitous computer
science notion. In chapter [6] we expand on the proper definition of such notion for
conformal field theories and bring about a direct connection to the geometry of the dual
Anti-de Sitter spacetime.



Summary

The common theme between these results is the predictive power of seemingly
unrelated computations of gravitational solutions when interpreted through the lens
of a dual lower-dimensional strongly coupled quantum system. These holographic
theories provide generic examples of computationally tractable strongly-interacting
systems which are otherwise unreachable with conventional methods.
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Samenvatting

Inherent aan hun aard zijn sterk gekoppelde systemen zowel de meest interes-
sante als tegelijkertijd de minst begrepen systemen in de natuurkunde. Zonder de
hulp van de storingstheorie en andere veelgebruikte hulpmiddelen hebben natuur-
kundigen creatief moeten zijn om deze systemen te onderzoeken en er meer over te
leren. Met dat doel voor ogen heeft de AdS/CFT-correspondentie, die de kern vormt
van dit proefschrift, enorme beloftes en succes getoond bij het helpen ophelderen van
de fysica van verschillende sterk gekoppelde systemen, zoals quark-gluon-plasma’s of
sterk gecorreleerde elektronische metalen die bijvoorbeeld worden gevonden in hoge
temperatuur supergeleidende cupraten.

Dit proefschrift brengt nieuwe numerieke inzichten over dit type systeem naar vo-
ren in hoofdstuk 2, waarbij gebruik wordt gemaakt van complexe modellen van zwarte
gaten en high-performance computing. De resultaten van dergelijke simulaties laten
een rijke verscheidenheid aan gedrag zien; zwarte gaten met een ruimtelijke op-en-neer
dijende horizon blijken zich te gedragen als een relativistische vloeistof in een periodiek
potentiaal waarvoor in hoofdstuk 3 een universeel effectieve hydrodynamische theorie
wordt gepresenteerd. De mate waarin dit model de transporteigenschappen van een
dergelijk sterk gekoppeld systeem duaal aan deze zwarte gaten kan verklaren, is een
indicator dat elektronen in cupraten zich misschien meer als een vloeistof gedragen
dan als biljartballen in een traditioneel metaal. Dergelijke modellen voor zwarte gaten
vereisen uiterste zorgvuldigheid en analyse om goed te kunnen worden gedefinieerd,
zoals we in hoofdstuk 4 bespreken.

Als algemene wiskundige dualiteit kan AdS/CFT worden toegepast op een breed
scala aan theorieén en modellen. Eén van de meest intrigerende vragen die het kan
helpen beantwoorden, is het probleem van het vinden van een configuratie van fermio-
nen in een stabiele zwaartekracht- en elektromagnetische potentiaal in de AdS-ruimte,
die al ruim tien jaar ongrijpbaar is gebleven. In hoofdstuk 5 verbeteren we de voor-
gaande modellen en laten we aanzienlijke vooruitgang zien in de richting van een
definitieve oplossing voor deze vraag. Een andere recente brandende vraag is het
begrijpen van de verstrengelingspatronen van dergelijke sterk gekoppelde systemen,
omdat er wordt gespeculeerd dat het meten van hun verstrengelingseigenschappen
over lange afstanden een betekenisvolle toets zou kunnen zijn van hun unieke fysica.



Samenvatting

Eén van die maatstaven, die veel belangstelling heeft gewekt, is complexiteit, een
continuiim-generalisatie van een welbekend computerwetenschappelijke begrip. In
hoofdstuk 6 breiden we de juiste definitie van een dergelijk begrip voor conforme
veldtheorieén uit en brengen we een directe verbinding tot stand met de geometrie van
de duale Anti-de Sitter-ruimtetijd.

Het gemeenschappelijke thema van deze resultaten is de voorspellingskracht
van op het oog ongerelateerde berekeningen aan zwaartekrachtsoplossingen wanneer
deze door de lens van een dual lager dimensionaal sterk gekoppeld quantum system
worden geinterpreteerd. Deze holografische theorieén geven generieke voorbeelden
van rekentechnisch navolgbare sterk interagerende systemen die anders onbegrijpbaar
zouden zijn met conventionele methoden.
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Résumé

De par leur nature, les systémes fortement couplés font a la fois partie des systemes
les plus intéressants, mais aussi partie des systémes les moins compris de la physique.
Sans I'appui de la théorie des perturbations ainsi que des autres outils usuels, les
physiciens ont di étre créatifs afin de pouvoir sonder et étudier ces systémes dans la
limite de fort couplage. La correspondance AdS/CF'T, qui est au cceur de cette these,
s’est montrée trés prometteuse dans 'étude de la physique de plusieurs systémes de ce
type, comme le plasma de quarks et de gluons ou encore les électrons fortement corrélés
présents dans les phases métalliques des supraconducteurs a haute température de
transition (ou cuprates).

La présente theése apporte de nouveaux résultats issus de simulations numériques
sur ce type de systémes au chapitre[2] utilisant des modeéles de trous noirs complexes et
s’appuyant sur des algorithmes a haute performance. Les résultats de ces simulations
illustrent une grande diversité de phénomenes; les trous noirs avec un horizon des
événements ondulatoire se comportent comme des fluides relativistes dans un potentiel
périodique pour lesquels une description universelle hydrodynamique est présentée
au chapitre [3] La précision avec laquelle ces modeles peuvent expliquer les propriétés
de transport de ces systémes a fort couplage, en dualité avec ces trous noirs, est une
preuve que les électrons dans les cuprates se comporteraient plus comme un fluide que
comme des boules de billard dans un métal traditionnel. Ce type de modele de trous
noirs demande une attention particuliére afin d’étre correctement définis, comme cela
est expliqué au chapitre

En tant que dualité mathématique, la correspondance AdS/CFT peut étre appli-
quée a une vaste gamme de théories et de systémes. Parmi les plus intéressants se
trouve la question de I'existence d'une configuration de fermions dans un potentiel
gravitationnel et électromagnétique stable dans un espace-temps AdS. Cette question
reste sans réponse apres une décennie de recherche. Au chapitre 5| nous présentons
une amélioration des modeles précédents et nous nous rapprochons ainsi d’'une solution
a ce probleme. Une autre problématique d’'un intérét notable est la question de la confi-
guration d’intrication quantique de ces systémes a fort couplage, pour lesquels il a été
théorisé que la mesure de leurs propriétés d’intrication a longue distance pourrait étre
une source de leurs propriétés uniques. Une des quantités possibles pour cette mesure
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qui a attiré beaucoup d’attention dans la communauté est la complexité, une analogie
continue de la notion de complexité en informatique. Au chapitre[6] nous présentons
une définition possible de cette notion pour les théories conformes des champs et nous
mettons en évidence une connexion directe avec la géométrie de 'espace-temps Anti-de
Sitter.

Le fil conducteur des résultats présentés dans cette dissertation est le pouvoir
de prédiction des modeles gravitationnels vraisemblablement sans rapport avec les
théories des champs quantiques a fort couplage et en dimension réduite. Ces théories
holographiques fournissent des exemples numériques résolubles de systemes a fortes
interactions qui sont autrement hors d’atteinte des méthodes conventionnelles.
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