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Abstract

Symmetries are fundamental to physical theories: they are used to classify, constrain
and simplify. In reality, however, symmetries tend to be broken; the study of sym-
metry breaking thus constitutes an important endeavour. This thesis presents work
pertaining to symmetry and symmetry breaking — in particular to their manifestations
in relativistic hydrodynamics and holography.

Pseudo-spontaneous breaking of U(1) symmetry and phase relaxation are studied
by extending the hydrodynamic analysis of superfluids. For sufficiently small explicit
breaking parameters a hydrodynamic regime may be approximated. The hydrody-
namic modes display the effects of pseudo-spontaneous symmetry breaking and phase
relaxation. It is furthermore shown that, in the probe limit and in the absence of charge
relaxation, the DC conductivity becomes finite but nevertheless the AC conductivity
does not present a Drude-peak.

A viscoelastic hydrodynamic framework for systems with spontaneously broken trans-
lational invariance is also presented. Strain pressure — an effect which appears when
such systems do not minimise the free energy — is discussed. It is shown that the tem-
perature derivative of the strain pressure need not vanish even when strain pressure
is absent. The hydrodynamic modes are found, for which the repercussions of strain
pressure and its temperature derivative are discussed for different scenarios.

The hydrodynamic frameworks are tested numerically against the dynamics of the
lowest quasi-normal modes of holographic models. The presence of strain pressure and
its temperature derivative is confirmed by comparison to the dynamics of a massive
gravity model. The hydrodynamic framework for pseudo-spontaneous U(1) symmetry
breaking is tested against two modifications of the standard holographic superfluid;
their dynamics are considered in the probe limit. The hydrodynamic frameworks match
the quasi-normal modes for both models. It is shown that phase relaxation may appear
due to the interplay of explicit and spontaneous symmetry breaking, in which case it
behaves in accordance with a proposed universal relation. The finite nature of the AC
and DC conductivity, in the relevant regime, is also confirmed.

Finally, motivated by its relevance for a holographic duality involving flat spacetimes,
two-dimensional BMS symmetry is considered. The highest-weight representation of
the bmss algebra is formulated in terms of the oscillator formalism. The tools inherent
to this construction are used to prove that bmss-blocks exponentiate in the semiclassical
limit. In the semiclassical context also two examples of vacuum bmss-blocks — the

perturbatively heavy, and heavy-light vacuum bmss-blocks — are calculated.






Zusammenfassung

Symmetrien sind grundlegend fiir physikalische Theorien: Sie werden zu deren Klas-
sifikation, Finschrankung und Vereinfachung verwendet. In der Realitat sind Symme-
trien aber meist gebrochen, wodurch das Studium der Symmetriebrechung wichtig wird.
Diese Dissertation befasst sich mit Symmetrien und deren Brechung — insbesondere mit
deren Manifestationen in der relativistischen Hydrodynamik und Holographie.

Durch eine Erweiterung der hydrodynamischen Analyse von Superfluiden werden die
pseudospontane Brechung einer U(1)-Symmetrie und die Phasenrelaxation untersucht.
Fiir geniigend kleine explizit symmetriebrechende Parameter kann ein hydrodynamis-
ches Regime approximiert werden. Die hydrodynamischen Moden zeigen die Effekte
pseudospontaner Symmetriebrechung und Phasenrelaxation.Weiterhin wird gezeigt,
dass, im Grenzfall eines verschwindenden Energie-Impulstensors und ohne Ladungsre-
laxation, die Gleichstromleitfahigkeit endlich wird, die Wechselstromleitfahigkeit aber
kein Drude-Maximum zeigt. Weiterhin wird ein viskoelastisch-hydrodynamischer Zu-
gang fiir Systeme mit spontan gebrochener Translationssymmetrie prasentiert. Der
Spannungsdruck — ein Effekt, der auch auftritt, wenn solche Systeme die freie Energie
nicht minimieren — wird diskutiert. Es wird gezeigt, dass die Ableitung des Spannungs-
druckes nach der Temperatur auch bei verschwindendem Spannungsdruck endlich sein
kann. Es werden die hydrodynamischen Moden und die Auswirkungen von Spannungs-
druck und dessen Temperaturableitung darauf in verschiedenen Szenarien diskutiert.

Die hydrodynamischen Zugange werden numerisch gegen die Dynamik der niedrig-
sten Quasinormalmoden von holographischen Modellen getestet. FEin Vergleich mit
einem massiven Modell der Gravitation zeigt die Existenz von Spannungsdruck und
dessen Temperaturableitung. Der hydrodynamische Zugang fiir pseudospontane Sym-
metriebrechung wird gegen zwei Modifikationen des iiblichen holographischen Super-
fluids getestet; deren Dynamik wird im Grenzfall ohne Riickreaktion betrachtet. Es
wird gezeigt, dass Phasenrelaxation aufgrund des Zusammenspiels von expliziter und
spontaner Symmetriebrechung auftreten kann. In diesem Fall verhélt sie sich geméaf3
einer vorgeschlagenen universellen Relation. Weiterhin wird die endliche Natur der
Gleich- und Wechselstromleitfahigkeit in dem relevanten Regime bestatigt.

Zu guter Letzt wird zweidimensionale BMS-Symmetrie aufgrund ihrer Relevanz fiir
eine holographische Dualitat mit flachen Raumzeiten betrachtet. Die Darstellung der
bmsz-Algebra mit dem hochsten Gewicht wird mittels der Oszillatorkonstruktion for-
muliert. Mittels dieser Konstruktion wird gezeigt, dass bmss-Blocke im semiklassis-
chen Grenzfall exponenzieren. Zudem werden im semiklassischen Kontext auch zwei
Beispiele von Vakuum-bmss-Blocken — die perturbativ schweren und die schwer-leichten

bmss-Blocke — berechnet.
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1 Introduction

Humans display a propensity toward symmetry; it appears in our art, architecture and
design. Moreover, many of the physical frameworks from which we have derived much
of our modern understanding of Nature are fundamentally reliant on the mathematical
formalisation of symmetry. For instance, according to Noether’s theorem — which
states that each continuous symmetry is associated to a conserved quantity — energy
and momentum conservation arises as a consequence of translational invariance in time
and space, respectively.

Of particular relevance for fundamental physics is the manifestation of symmetry
in quantum field theory, which finds applications in domains including high energy
and condensed matter physics [5-8]. The role of symmetry in quantum field theory is
aptly illustrated by the Standard Model of particle physics [9-12], wherein three out
of the four fundamental forces of Nature — the strong and weak nuclear forces and
the electromagnetic force — as well as all observed elementary particles are classified
by their properties under symmetry transformations. The fourth fundamental force,
gravity, has yet to realise a complete quantum description.

Beyond microscopic quantum field theories (such as the Standard Model of particle
physics) symmetry is also essential to the construction of effective field theories, for
which the main goal is to describe specific properties of a system without laying claim
to the exact mechanisms behind them [13]. One such effective theory is hydrodynamics
[14,15], which captures the late-time, small-momentum dynamics of massless degrees
of freedom in many-body systems at finite temperature. A hydrodynamic description
of a theory is fundamentally dependent on its conserved quantities and thus — invoking
Noether’s theorem — its symmetries. The nomenclature recalls the liquid state of matter
but, in fact, hydrodynamics is a universal framework and its applicability ranges from
the quark-gluon plasma produced in heavy-ion collisions [16-18] to the behaviour of
electrons in graphene [19,20]. Hydrodynamics will be a focal point of this thesis.

A physical phenomenon need not submit itself to one unique description; if two
distinct theories have the same number of degrees of freedom and yield equivalent
physical outcomes they are referred to as dual. Dualities appear in many contexts
but one common trait is that they are symmetry preserving. A duality which has

been the recipient of much attention over the past two decades is the holographic
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duality, a conjecture which equates a gravitational theory to a quantum field theory
with one spatial dimension lower. An intuitive interpretation of the holographic duality
is that the quantum field theory inhabits the boundary of the gravitational theory. The
most developed incarnation of the holographic duality is the AdS/CFT correspondence
[21-23], where the gravitational theory is a string theory [24-27] — a candidate theory for
quantum gravity — in asymptotically anti-de Sitter (AdS) spacetime, and the quantum
field theory is a conformal field theory (CFT) [28]. Anti-de Sitter spacetime has a
negative cosmological constant; its bulk has a constant negative curvature while its
boundary is flat, i.e. without a cosmological constant. The symmetry at the boundary
of anti-de Sitter spacetime is that of conformal (angle-preserving) transformations [29],
which in turn is inherited by the quantum field theory.

The AdS/CFT correspondence may in principle be utilised in two directions: to study
string theory — and hence quantum gravity — via quantum field theory, or vice versa.
In a certain regime the AdS/CFT duality relates a strongly interacting quantum field
theory to a weakly interacting gravitational theory. Understanding the dynamics of
strongly interacting systems is a persistent frustration in physics in general; however,
the AdS/CFT correspondence promises to make such analyses more manageable by
allowing insights to originate from a weakly interacting theory [30-34].

Hydrodynamics has a formal realisation in AdS/CFT via the so-called fluid/gravity
correspondence [35]. In this setting the properties of a black hole in the gravitational
theory are imposed on the boundary quantum field theory, and the Einstein equations
are equivalent to the hydrodynamic conservation equations. Fluctuations of the black
hole give rise to dynamics in the quantum field theory, which under certain circum-
stances may be captured by hydrodynamics. For example, this paradigm has unveiled a
universal lower bound for the ratio of shear viscosity over entropy in a fluid [36], as well
as found novel hydrodynamic phenomena [37-40] which have since been experimentally
verified [41].

Regardless of their mathematical utility and prevalence in theoretical frameworks, Na-
ture tends to break symmetries in reality. Occasionally a symmetry is broken in a
way which may be systematically avoided in a first approximation; often, though, the
symmetry breaking must be incorporated into the relevant analysis in order for the
properties of the system displaying symmetry breaking to be fully understood. Two
symmetry breaking mechanisms will be of particular interest in this thesis: spontaneous
symmetry breaking and explicit symmetry breaking.

Spontaneous symmetry breaking arises when the ground state of a theory no longer

obeys the symmetry, or symmetries, of its defining equations [42]. The conserved



quantity associated to a symmetry is not affected if the symmetry is spontaneously
broken. If the spontaneous breaking is of a continuous symmetry a new massless
degree of freedom — the Goldstone boson — must be accounted for in the dynamics of
the system [43-45]. Spontaneous symmetry breaking emerges in many areas of physics;
for example, it is the effects of spontaneous symmetry breaking which generate the
masses of the massive elementary particles in the Standard Model of particle physics
[46-48]. Spontaneous symmetry breaking may also be used as an indicator for phase
transitions [49]. The study of spontaneous symmetry breaking has a long history and

is still ongoing, see for instance [50-56].

Explicit symmetry breaking occurs at the level of the equations which define a theory.
When a symmetry is explicitly broken it is no longer possible to associate it to a
conserved quantity. A straightforward example: Defects in the structure of a crystal
explicitly break spatial translational invariance; as a result momentum is no longer

conserved.

Spontaneous symmetry breaking may coincide with an explicit breaking of the same
symmetry — if the explicit breaking is slight compared to the spontaneous breaking
the combined breaking is called pseudo-spontaneous [57]. In the pseudo-spontaneous
regime the Goldstone bosons associated to the spontaneous breaking gain a mass
(which increases with the amount of explicit breaking) and are referred to as pseudo-
Goldstone bosons. Pions — the lightest composite particles — may be described as

pseudo-Goldstone bosons [58].

In addition to explicit symmetry breaking, Goldstone bosons may fall victim to a
dampening effect called phase relaxation [59,60]. Phase relaxation can be viewed as
a breaking of the internal symmetries of the Goldstone boson [61-64] but may arise
independently of other explicit symmetry breaking and does not affect the conserved
quantities.

The gentle touch with which spontaneous symmetry breaking treats the conserved
quantities of a theory, and the massless nature of the Goldstone bosons, implies that
investigations of its effects, in an appropriate regime, fall within the scope of hydro-
dynamics. A superfluid, such as liquid Helium, may be modelled as a two-component
fluid where the superfluid component is due to a spontaneously broken phase symme-
try [65-70]. Moreover, elasticity may be described as an effect of spontaneous breaking
of translational invariance and may also be integrated into a hydrodynamic descrip-
tion [60,71-73].

The destructive effects of explicit symmetry breaking, however, make its presence
difficult to reconcile with hydrodynamics — a priori. Nevertheless, if the explicit break-
ing is sufficiently small one may approximate a regime where the conserved quantities

are sufficiently intact and long-lived for the application of hydrodynamics; in the case of
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pseudo-spontaneous breaking this also results in a small mass for the pseudo-Goldstone.
Such an approach is called generalised hydrodynamics or quasi-hydrodynamics [74].
Even an infinitesimal explicit breaking plays a role in the hydrodynamic theory.
Symmetry breaking may also be included in holographic models [75]. This is mainly
achieved by constructing a gravity theory whose boundary behaviour breaks the desired
symmetry in the dual quantum field theory. In such scenarios the significance is placed
on the dynamics of the quantum field theory. Different gravitational theories may give

rise to the same symmetry breaking.

When the AdS/CFT duality is employed to study quantum field theories via gravita-
tional theories the results are generically valid for flat spacetimes, which is standard,
albeit with the addition of conformal symmetry. The inverse implementation gives
insight into quantum gravity in spacetimes with a negative cosmological constant. At
large, intergalactic length scales our Universe displays a very small but positive cosmo-
logical constant [76,77]; however, at astrophysical scales, for instance for black holes,
the influence of the cosmological constant is negligible. Thus, although conceptually
useful, the knowledge gained about quantum gravity from AdS/CFT is at odds with
reality. It is therefore imperative for the holographic approach to quantum gravity that
there exists a duality where the spacetime of the gravitational theory is something other
than anti-de Sitter. Let us turn to flatspace holography [78-81].

An example of a flatspace holographic duality is not yet known. The foundations
of such a duality may however be motivated from symmetry considerations, assuming
the principles which hold for AdS/CFT are transferable.

The boundary symmetries of flat space are enhanced from those in the bulk of the
spacetime, which consist of boost, translational and rotational invariance: Translations
may be angle dependent while rotations become generalised — this is known as Bondi-
Meltzer-Sachs (BMS) symmetry [82,83]. It thus seems plausible that information about
quantum gravity in flat spacetimes may be extracted from BMS-invariant quantum field
theories.

BMS symmetry may be cast in two forms: a version which applies to non-relativistic
systems (where the speeds are small compared to the speed of light) and an ultra-
relativistic version (where the speeds approach the speed of light); the symmetry is the
same but the mathematical properties differ between the two [84,85]. In the context of
flatspace holography the differences between the implementations of BMS symmetry

would also be reflected in the gravitational dual.

X ok ok



The work in this thesis aims to contribute to the stories told above.

The second chapter lays the foundations for the AdS/CFT correspondence and in-
troduces features which will be taken advantage of further along in the thesis. The
dynamic equivalence between string theory in anti-de Sitter spacetime and conformal
field theory is discussed, as well as simplifying circumstances which make the duality
more tractable. The holographic dictionary between fields in the gravity theory and
objects in the conformal field theory is derived for the simplest case and presented for
some other quantities of interest. Also, finite temperature quantum field theory and
linear response theory is presented from a holographic perspective.

Chapter 3 begins with a review of hydrodynamics, where key concepts — such as
the constitutive relations and transport properties — are presented. Certain features
of linear response theory are also shown from the hydrodynamic perspective. Subse-
quently, symmetry breaking in hydrodynamics is considered. A review of superfluidity
is followed by novel results due to the addition of explicit symmetry breaking and phase
relaxation [3]. Furthermore, spontaneous translational symmetry breaking is consid-
ered in the context of hydrodynamics, and the appearance of a new effect caused by
thermodynamic instability — called the strain pressure — is discussed [2,73].

Hydrodynamics and holography are combined in chapter 4. Three classes of holo-
graphic models which give rise to the symmetry breakings of interest are presented:
one for translational symmetry breaking [86-89] and two which are dual to a superfluid
with explicit symmetry breaking [90-92]. Numerical analysis is utilised to validate the
hydrodynamic frameworks of chapter three by comparing the relevant, holographically
dual quantities [1-3].

Chapter 5 takes a more formal approach than the earlier chapters; it considers as-
pects of BMS symmetry motivated by a putative flatspace holographic duality. A
non-relativistic representation of BMS symmetry is found in the so-called oscillator
construction [4]. The validity and utility of this representation is argued by calculating
BMS field theory quantities using methods intrinsic to the oscillator construction.

Lastly, the thesis concludes with a discussion and outlook in chapter 6.






2 Holography

In physics two theories are said to be dual when they describe the same physical
properties from two different perspectives. The holographic principle [93-96] states
that all information of a spacetime volume may be contained in its spatial boundary.
An example of a holographic duality is the equivalence between superstring theory or
M-theory on AdSy.1 x C' — where C' is a compact space such that the total dimension
adds up to ten or eleven — and a d-dimensional (super)conformal field theory located
on the flat conformal boundary of the spacetime; this is known as the AdS/CFT
correspondence [21]. The AdS/CFT correspondence may be approached in two ways:
the so-called top-down and bottom-up approaches. In the top-down approach the
full theories are known on both sides of the duality but must be truncated in order
to be tractable. The bottom-up approach is used to model specific properties of a
boundary conformal field theory by the means of a gravity theory in the bulk. In this
chapter the foundations for future considerations involving the AdS/CFT duality will
be presented mainly from the bottom-up perspective. The effects of supersymmetry,
which in principle enter via superstring theory, will not be considered since they will
not appear in the applications of later chapters — the reason for this is mentioned below
equation (2.27). Moreover, the compact space C is irrelevant in the following discussion
since Kaluza-Klein reduction makes the fields of the theory dependent only on the
asymptotically AdS spacetime. Much of the material covered in this chapter is standard

to the topic and may be sourced from a range of literature; see for instance [30,97-102].

2.1 Duality of Partition Functions

The strong form of the AdS/CFT duality states that the partition function of a su-
perstring theory in an asymptotically (d + 1)-dimensional anti-de Sitter spacetime is
equivalent to the partition function of a d-dimensional conformal field theory living
on the flat conformal boundary of the AdS spacetime [22,23]; it may schematically be
expressed as

(2.1)

Zerr = ZString |conformal boundary ’

where Z denotes the partition function. The implication of the evaluation at the

conformal boundary will become clear in section 2.2.1. The two partition functions
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may advantageously be considered separately.

The CF'T partition function is given by
Zovr [ LA}, (011)] = - Worn b 4220021 22)

with Wepr being the generating functional of connected correlation functions. Wepr

may be taken to be
Worr [ {AN} {62}

In <exp [ [ @tV (5T @rplo) + ) 410 + Oula)ol! <x>)] > ,
(2.3)

where O, are composite scalar operators; J4 are conserved symmetry currents; 7"
is the boundary energy-momentum tensor; and the respective sources are the scalar
sources ¢M; gauge fields Aﬁ’ ; and metric 7, with determinant . The vacuum expec-
tation values of the operators follow from the variation of the logarithm of the partition

function with respect to the sources, i.e.

IWepr

Oum(x S (@)= > 2.4a
< M( )>CFT 5¢é‘4(x) Xbﬁga:;:g ( )

@herr = = Tl (2.00)

’Yu]\t; (w)—mw
Ay (2)=0
¢3! (2)=0

2 OWerr
V=7 Y ()

<Tuy<x)>CFT =

'YW (@)=nu ’ (24C)
(:1:)—0

¢M (z)=0

where 7, = diag(—1,1,...,1) is the Minkowski metric. By extension a connected

n-point correlation function of scalar operators is given by

O"Wepr

(O1(21)Os(22) -+ - Op(¥0)) cpp = — 361 (21)02 () - - 007 (x) |

’Y;u/(x):nuu ) (25>
(x):()
¢>ﬁ”(w)=0

and similarly for correlators involving also symmetry currents (including the energy-
momentum tensor). In the above expression the operators, and hence the sources, may

be identical.

The treatment of the string theory partition function is more challenging; the main

obstacle which needs to be overcome is the fact that the full partition function Zging
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2.2 Field-operator Maps

is not explicitly known nor is there a way to compute it.! Fortunately, our ignorance
may be circumvented by weakening the duality by a sequence of two limits — first the
semiclassical limit of string theory (ignoring loop corrections) followed by the point-
particle limit — after which the theory takes the form of semiclassical supergravity. In

this regime the string partition function may be given by a saddle point approximation,

ie.

ZString ~ eisg‘fg‘raa (26)
where Sg5,, is the Euclidean on-shell action of the supergravity theory in the bulk
spacetime.

Recalling the correspondence as given in equation (2.1) it may — given the above

discussion — be expressed in the weaker form

0.S.

ZCFT — e_SSugra

conformal boundary (2.7)
The semi-classical limit of the bulk string theory results in a weak string coupling;
consequently, if the boundary conformal field theory is a gauge theory the rank of
its gauge group must be large. Moreover, the point-particle limit in the bulk theory
enforces a large coupling in the boundary field theory. The relation (2.7) thus equates a
weakly coupled semiclassical theory of gravity to a strongly coupled quantum conformal

field theory without gravity.

2.2 Field-operator Maps

The AdS/CFT duality relies on the matching of degrees of freedom of asymptotically
(d+1)-dimensional anti-de Sitter spacetime to those of a d-dimensional conformal field
theory. A guiding principle may be found in the asymptotic symmetries of the bulk
spacetime and their relation to the symmetries of the dual field theory. In particular
the mappings between fields of the gravitational theory and operators of the confor-
mal field theory must respect the representations under which the objects transform.
Scalar fields of the gravitational theory map to scalar operators in the field theory;
similarly gauge fields in AdS map to conserved currents of the CFT, and so on. To
make these principles clear it is helpful to consider the simplest example for which
the duality is applicable: the massive scalar sector of supergravity in asymptotically
(d + 1)-dimensional AdS spacetime. Backreaction onto the metric due to the scalar
field will be neglected.

!This topic has seen recent progress [103].
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2 Holography

2.2.1 Scalar Field

Considering the full bulk supergravity action for a scalar field is beyond the scope of
this thesis; however a simplified toy model — which is sufficiently enlightening — is given
by
1
‘SSugra = _5 /ddx du V=g (gabaa(b ab¢ + m2¢2> ) (28)
where ¢(u, x) is a scalar field with mass m; u is the radial coordinate; and g,,, is the

metric with determinant g.

The geometry of the bulk anti-de Sitter spacetime is determined by the line element,

which in Poincaré coordinates reads
62
ds? = Gap Az dz? = = (du2 + 1y dat dx”) , (2.9)

where the radial coordinate is excluded from the coordinates with greek indices, and ¢

is the radius of curvature of AdS. The conformal boundary of AdS is located at u = 0.

The equation of motion for the scalar field is the Klein-Gordon equation in AdS,
1
Nar

Plugging in all relevant quantities, the above equation takes the form

By <\/—_ggab8b¢> —m%6 =0, (2.10)

w?02¢ — (d — Nud,g + (v*0, — m*(*)¢ = 0, (2.11)

where [, is the d’Alembert operator with Minkowski metric.

For the current purpose it is sufficient to solve equation (2.11) at the conformal

boundary. To this end, an ansatz which is well-behaved near the boundary is

d(u,z) = up(x) + ..., (2.12)

where the ellipsis signify sub-leading terms for u — 0 and « is a constant to be
determined. Plugging the above ansatz into equation (2.11) and keeping only leading

terms when u — 0 results in a quadratic equation for «, with roots

2
ay = gj:\/dz—i—m?ﬂ? (2.13)

The solutions a are real if m?¢? > —d?/4, which means that the scalar fields in anti-de
Sitter spacetime may have a negative mass while remaining well-behaved — this is the

Breitenlohner-Freedman bound [104,105]. Assuming that oy and a_ are not related

12



2.2 Field-operator Maps

by an integer,? the near boundary solution takes the form of an expansion with two

independent coefficients
d(u, v) = ¢_(x)u™ 4+ ..+ dy(x)u™t + ..., (2.14)

where d — ay = «a_ and the ellipsis denote subleading terms for each a4 whose co-
efficients are determined from the respective ¢..> The leading term of the expansion
(2.14) is referred to as non-normalisable while the sub-leading term is called normal-
isable; this jargon stems from the behaviour of the on-shell action when using these

solutions.

The discussion so far has taken place in the bulk side of the correspondence, however
the relationship to the boundary conformal field theory is of equal interest. Consider
thus an unspecified d-dimensional conformal field theory action with an additional

source term, i.e.

Sboundary = SCFT - /ddx O<x>¢s(x)7 (215)

where O(z) is a scalar operator with scaling dimension A and ¢4(z) is its source. In a

following step, consider a constant rescaling of the boundary coordinates of the form
T T = A, (2.16)

for which the transformation behaviour of the scalar operator is fixed by conformal
invariance, while the transformation of the source may be determined by invariance of

the action; the fields thus transform as

O(x) = O(F) = A720(x), (@) = 65(F) = A2 0, (). (2.17)

The bulk gravitational theory should be invariant under isometries, which includes
rescalings. Invariance of the line element (2.9) under the transformation of the bound-

ary variables (2.16) requires the radial coordinate to behave as
U U= Au. (2.18)

Furthermore, also the scalar fields in the gravity theory should be invariant under

isometries and hence, as a consequence of the above transformation of the radial coor-

2If the two solutions oy and a_ are related by an integer the near boundary expansion may contain
additional logarithmic terms.

3The coefficients ¢ and ¢_ are only independent at the conformal boundary; regularity of the scalar
field in the bulk imposes non-trivial relations between the two coeflicients.
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2 Holography

dinate, the coefficients of the expansion (2.14) must transform as

0+(2) = 04(T) = ANy (2),  d-(2) = 9-(T) = X6 (2). (2.19)

By comparing the above transformation properties to the transformations of the CFT
fields (2.17) an intriguing picture appears. By identifying A = a the transformation

properties of the two sets of fields suggest the equivalences

¢-(z) ~ @s(x),  dy(x) ~ (O))cpr (2.20)

i.e. that the mode ¢, () is dual to the vacuum expectation value (O(z)), while ¢_(z)

is dual to the source ¢4(z).4

Although the association (2.20) appears in a somewhat ad-hoc manner the map
between operators and fields may be derived in more stringent terms via the process
of holographic renormalisation. A full treatment of this procedure is beyond the scope
of this thesis but it may be summarised as follows: The weak form of the duality
formulated in terms of partition functions, as in equation (2.7), in essence equates
the CFT generating functional with the on-shell Euclidean action of supergravity;
divergent terms in the bulk theory must thus be taken care of in order for the CFT
quantities which arise from the generating functional to be free of divergences associated
with the near-boundary behaviour of the supergravity fields — this requires holographic

renormalisation. In the present context one then finds the precise relationships

(O(2)) gpp = L7 (2A — d)py (z), os(x) = o (2), (2.21)

at the conformal boundary. The second of the above identifications fixes a value for
the leading contribution to the scalar field and hence imposes (generalised) Dirichlet
boundary conditions at the conformal boundary. See for instance [106,107] for more

involved treatments of holographic renormalisation.

With the prescription (2.21) at hand the evaluation at the boundary written in (2.1)
and (2.7) can be made more transparent by expressing the AdS/CFT duality for a

scalar field as
Zowr [$s(w)] = e Simlble) (2.22)

1%¢(u,m)uA*d:¢s (z) ’

where 8§

ara 18 the renormalised Euclidean on-shell bulk action [106], and the evaluation

4The identification A = oy assumes ‘standard quantisation’ and (generalised) Dirichlet boundary
conditions for the bulk scalar field. If the scaling dimension of the scalar operator lies within
the range d/2 — 1 < A < d/2 it is instead possible to impose ‘alternate quantisation’ with the
identifications ¢4 () ~ ¢s(z) and ¢_(x) ~ (O(x))cpp, which leads to (generalised) Neumann
boundary conditions [75].
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2.2 Field-operator Maps

u?~? and equates it to

at the conformal boundary extracts ¢_(z) = lim, o ¢(u, )
the scalar source ¢¢(z) in the boundary conformal field theory. The expression for a
connected n-point correlation function of identical scalar operators in the boundary

CFT then follows straightforwardly from (2.5), i.e.

L 0SG [9(@ )]
0¢s(21)0¢5 () - - - 005(n) | im ¢(wu)ud =g, (@)
¢s(2)=0

(O(z1)O(z2) - - - O(xn)>CFT =

(2.23)
The above result can be generalised to non-identical scalars by including further source

terms, as well as interaction terms, in the bulk action.

2.2.2 Energy-momentum Tensor and Current

The analysis carried out in the previous section becomes substantially more technically
involved when applying it to other quantities of interest, such as the boundary energy-
momentum tensor (T*) or conserved charge current (J*); nevertheless, the principles
are similar. By matching transformation properties, and performing holographic renor-
malisation, the desired operator dualities may be derived.

The energy-momentum tensor of the conformal field theory is dual to the boundary

components of the fluctuating bulk metric g, (u, z) via

. (2.24)

" NS d—1 (
{(T") gpr = lim 1z \ L — K — ==+ 5 G

where G is the (d+1)-dimensional gravitational constant; K, is the extrinsic curvature
tensor projected on the conformal boundary and K is its trace; G, is the Einstein
tensor for the induced boundary metric v,,; and ¢; = 1 for d > 2, ¢, = 1 for d > 3 and
zero otherwise [106,108]. Moreover, the CFT energy-momentum tensor is sourced by
the leading contribution to the near-boundary expansion of the full AdS metric g,,,.

Finally, fluctuations of gauge fields A% (u,z) in the bulk geometry are dual to con-
served symmetry currents JA of the boundary conformal field theory in accordance
with

1
<J]l\l/>CFT = }}l)]% Ud_l ’Y‘u auAégv7 (225)

where J4 is sourced by the leading term of the near-boundary expansion of A%; [109,
110].5
At first glance the right-hand sides of (2.24) and (2.25) appear divergent as u — 0;

however, one finds that the terms proportional to inverse powers of u cancel with

5Note that N acts as a label and hence its placement is of no concern.
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2 Holography

contributions from the other quantities in the equation.

2.3 Beyond the Vacuum

When establishing the AdS/CFT duality — as has been done in the previous sections
— it is natural to present it in its simplest form: pure anti-de Sitter gravity in the bulk
being dual to a vacuum conformal field theory on the conformal boundary. However,
the applications which will be presented in this thesis require a boundary field theory at
finite temperature; the realisation of this property and the subsequent implementation
of linear response theory — within the context of holography — will be covered in this

section.

2.3.1 Finite Temperature and Black Brane Thermodynamics
Finite Temperature in QFT

At finite temperature T' a quantum field theory experiences thermal fluctuations — in
addition to quantum fluctuations — which affect the macroscopic state of the system.

The thermal partition function is given by
Z(B) = trye P = /d@ (ele~?10), (2.26)

where the trace runs over the Hilbert space H with basis |©), H is the Hamiltonian,
and f = 1/T. Wick-rotating the time-direction 7 = it allows the integrand in (2.26)
to be interpreted as a transition amplitude between an initial state at imaginary time
7 and final state at 7 4+ (3; this may in turn be evaluated via the path integral of the

Euclidean action. Evaluating the standard integration with respect to © the result is

: (2.27)
O(r)=£6/(r+)

Z(B) = /D@ e 5B

where © is a fundamental field and anti-periodic boundary condition only apply to
fermionic fields — periodic boundary conditions otherwise. The distinction between
fermions and bosons in terms of the boundary conditions results in spontaneous break-
ing of any supersymmetry.

In equation (2.27) an important property of finite temperature in QFT becomes evi-

dent, namely that it can be captured by Euclidean QFT with a compactified dimension
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2.3 Beyond the Vacuum

with periodicity®
T~T+ 0. (2.28)

With the introduction of a temperature ones gains access to thermodynamics. For

now it is sufficient to introduce the free energy

F=-ThZ({). (2.29)

Black Brane in AdS/CFT

By the principles of the holographic duality the introduction of a temperature for the
boundary theory necessitates a dual property in the bulk. In semiclassical gravity the
simplest thermodynamic object is a black brane. Consider thus the (d+ 1)-dimensional
Euclidean geometry of a black brane in asymptotically anti-de Sitter spacetime — it is

given by the line element

- (f(u) dr? + ;(—lg + dx2> , (2.30)

where x denotes the vector of spatial boundary coordinates; the emblackening factor
f(u) defines the horizon located at wuy, via f(uy) = 0 while f'(up) # 0; and f(0) = 1
such that AdS spacetime is recovered at the conformal boundary. Taylor expanding

the emblackening factor near the horizon, i.e.

fu) = flup) + (uw—up)f(up) + ..., (2.31)

and defining the new coordinates

U — up T o
p= 4—7 =3 f Up)|, (232

the line element takes the approximate form
ds® =~ dp* + p* dp® + dx>. (2.33)

The line element (2.33) defines a plane in polar coordinates (p, ) if the conical sin-
gularity at p = 0 is avoided — this requires that the angular coordinate is periodic,
@ ~ o+ 27, which in terms of 7 gives

47

6 Another perspective is that the circumference /3 of the compactified dimension is infinite at vanishing
temperature.
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2 Holography

The above identification is a generic feature of black branes in Euclidean space.

Invoking the AdS/CFT correspondence the non-radial coordinates naturally map
from the bulk to the boundary; the periodicity (2.34) may thus be compared to the
thermal QFT expression (2.28) and thus concluding that the bulk/boundary-system

has the temperature

T _|f£17‘r")‘ , (2.35)

which agrees with the temperature of black hole radiation first derived by Hawking
[111].

In addition to temperature the black brane provides a useful notion of entropy given
by the Bekenstein-Hawking entropy [112,113]

(2.36)

where A is the area of the black brane horizon

A= /dd_lx, [ Ga-1ly—, - (2.37)

Since black brane horizons are non-compact the above integral is proportional to the
infinite volume of R%!: it is hence advantageous to work with densities within the

context of holography — in this case entropy density is

1 A

Although the above analysis has been done in Euclidean signature the properties

carry over to Lorentzian signature.

Finite charge

In chapter 4 the holographic duality is applied to study boundary systems with finite
temperature and U(1) charge which is carried by the symmetry current. As mentioned
in section 2.2.2 the symmetry currents of the boundary CFT are dual to gauge fields
in the bulk. Introducing gauge fields to the bulk theory will in principle affect the
Einstein equations and hence, at finite temperature, also the black brane. The analysis
required in such a situation is beyond the scope of this thesis; in fact, the upcoming
considerations of holographic theories with finite charge will be done in the probe limit,

meaning that the metric and hence the black brane are unaffected.
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2.3 Beyond the Vacuum

2.3.2 Linear Response Theory

The presence of a black brane places the holographic system at finite temperature while
also establishing a notion of thermodynamic equilibrium. Future applications in this
thesis concern non-equilibrium dynamics of thermal systems. Far-from equilibrium
dynamics of thermal systems is a highly non-trivial subject; however, the the near-
equilibrium regime is more tractable and lies within the domain of linear response
theory. In this section the framework of linear response will be presented for a scalar
operator but it generalises to arbitrary fields.” In order to discuss time-dependent

dynamics the analysis must be done in Lorentzian spacetime.

In Quantum Field Theory

Linear response arises from a deformation of a time-independent background Hamilto-

nian H by a term of the form
0H = — / Az §¢,(2)O(x), (2.39)

where ¢ is a infinitesimal fluctuation of the source of the scalar operator O. The
above deformation of the Hamiltonian in turn shifts the expectation value of the scalar
operator (O(x)) by

5(0(x)) = — / da! GBo(x — 2')50u(2') + O(567), (2.40)
where the retarded Green’s function for bosonic operators defined as
Gay(w —a') = =if(t — ') (la(z),b(2")]) , (2.41)

where 6 is the Heaviside function and a(x), b(z) represent generic bosonic operators.®
The retarded Green’s function is non-zero only if ¢ < ¢; this introduces causality since
only sources in the past may influence the expectation value 6 (O(z)).

Using the Fourier transform of the Green’s function (2.41) at «’ = 0,
GE(w, k) = / dIx dt etk GR (4 %)) (2.42)

where w is the frequency and k the spatial momentum vector, the integral in (2.40)

"Linear response does in general not require finite temperature, however it is particularly relevant
for systems at finite temperature.

8The same expression but with the commutator replaced by an anti-commutator defines the retarded
Green’s function for fermionic opeators.
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2 Holography
may be evaluated — this results in the linear order expression
5 (O(w,k)) = Gop(w, k)dps(w, k) + O(5¢?). (2.43)

Hence, in linear response the Fourier-space retarded Green’s function of scalar operators

can be calculated using the formula

0 (Ow, k))

So(w, k) = 5bs). 2.44
G00<w7 ) 5¢5(W, k) + O( ¢ ) ( )
More generally the linear retarded Green’s function between two non-specific operators
is given by
d (a(w, k)) ,
GE(w, k)= ——F—""+0 2.45
ab(wa ) (5jb(w,k) + (]b)v ( )

where 07, denotes the fluctuation of the source of some operator b(w, k).

In AdS/CFT

The concepts of linear response theory may be applied within the holographic context;
this will be done via the means of a scalar field fluctuation d¢(u,x) in an asymptoti-
cally AdS black brane spacetime and its dual CFT. Using the Lorentzian analogue of
the metric (2.30) in the formula (2.10) the Fourier transformed (with respect to the

boundary coordinates) equation of motion for the scalar fluctuation is

w0, [u T f (u)0,0p(u, k‘)] + (%cf - u2k2> Sop(u, k) —m**5¢p(u, k) = 0, (2.46)

where k = (w,k) is the d-dimensional momentum vector and the derivatives with
respect to boundary coordinates have been evaluated.

The spacetime remains asymptotically anti-de Sitter and hence the result of the
analysis made for the scalar field in section 2.2.1 may be applied identically to d¢; the
identification with the CFT quantities is thus

0 <O(w7 k)>CFT = gd_1<2A - d)5¢+<wa k)? 5¢s(w7 k) = 5¢— (wv k)v (247)

where the subscripts are the same as in section 2.2.1.

The asymptotic analysis does not account for the causal structure which is important
when calculating the retarded Green’s functions; getting a handle on this requires a
venture into the bulk to solve the equations of motion near the black brane horizon.’

Assuming homogeneity for simplicity, a suitable ansatz which is well-behaved near the

9A near-horizon analysis must also be done for the scalar field background. However, for the back-
ground the horizon conditions are chosen to ensure regularity.
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horizon at wuy, is

dp(u, k) = (up, — u)*w(k) + ..., (2.48)

where the ellipsis denotes subleading terms. Using the above ansatz together with the

Taylor expansion (2.31) the leading terms of (2.46) as u — uy, are

2

K2 (up) + —— =0, 2.49
£ f'(ur) ( )
which has the roots ,
w
=+— 2.50
h=E (2.50)

where the temperature enters via (2.35). The two roots above correspond to different
behaviours of the fluctuation — this can be seen by restoring the time-dependencys;

schematically it reads
(5(25(71,, SL’) ~ e—iw[tq:ﬁln(l—u)]eik-x’ (2.51>

where uy, has been set to one for clarity. Keeping the expression in brackets constant as
t increases means that u must increase when the relative sign is plus, which is the minus
solution of (2.50) — since u = 0 corresponds to the conformal boundary this means that
this fluctuation is approaching the black brane and hence this solution is referred to
as infalling. The opposite is true for the plus solution of (2.50), which is referred to
as the outgoing solution. Due to the presence of the black brane horizon the infalling
solution can only be affected by sources in past, and similarly the outgoing solutions
are only affected by sources in the future. Thus the choice of boundary condition at
the horizon has causal implications.

The discussion above drives one to the conclusion that — using the identifications
(2.47) — the boundary retarded Green’s function (2.44) can be calculated in terms of

bulk quantities as

5¢+ (wv k)

Gool(w, k) = (7124 —d)= .

: (2.52)

—~

w, ) infalling

where the fluctuations satisfy infalling boundary conditions at the horizon. Similar
expressions hold for other operators.

In later chapters it will become evident that in addition to the retarded Green’s
functions themselves also their poles are of interest. These poles lie in the lower-
half complex frequency plane and correspond to the quasi-normal modes of the bulk
spacetime. The quasi-normal modes are probed by imposing homogeneous Dirichlet
boundary conditions at the conformal boundary, i.e. setting the sources of the fluctu-
ations (but not necessarily the background) to zero. Calculating the Green’s functions

requires inhomogenous Dirichlet boundary conditions.

21






3 Hydrodynamics

Hydrodynamics is a universal framework which captures the long-wavelength, late-time
dynamics of massless degrees of freedom in many-body system at finite temperature.
Long-wavelength qualifies as distance scales much greater than the characteristic length
scale of the system — usually the mean free path — while late-time means that sufficient
time should have passed such that the system is perturbatively near thermodynamic
equilibrium.

Hydrodynamics has been fruitfully applied to several physical phenomena, for in-
stance in neutron stars [114], quark-gluon plasma [16-18], and graphene [19,20]. The
manifestation of the framework in relativistic quantum field theory — which is rele-
vant for the examples mentioned in the previous breath — is referred to as relativistic
hydrodynamics; here the adjective signifies the inclusion of Lorentz invariance rather
than the speed at which the particles travel. The contents of this chapter treat var-
ious aspects of relativistic hydrodynamics in two spatial dimensions. Applications to

holographic systems will guide some discussions throughout the chapter.

3.1 Foundations

This first section reviews some fundamental notions of a parity preserving normal
fluid which will be of importance further along this thesis, following [15]. For more

exhaustive treatments of the topic see for instance [14, 15].

3.1.1 Thermodynamics

Given the requirement that the system must be at finite temperature makes thermo-
dynamics a natural starting point. The thermodynamic incarnation of energy conser-
vation is captured by the first law of thermodynamics, which states that the change in
total energy of a system is given by the energy supplied by heat and charge flux, minus

the work done by the system. In differential form the first law may be expressed as

dU = TdS + pdN — pdV, (3.1)
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where U is the total energy; T is the temperature and S the entropy; u, N are the
chemical potential and particle number respectively; and p is the pressure while V' is
the volume. From the above expression one may deduce the functional dependence of

the thermodynamic potential U = U(S, V, N) and thermodynamic relations

oU oU oU
T‘(ﬁ)w’ “‘(a—w)v,s’ ‘p—(W)S,N’ (3:2)

where the subscripts below the parenthesis denote quantities which are kept fixed.
Thermodynamic quantities related through derivatives, such as those in equation (3.2),
are said to be conjugate to each other. Homogeneity imposes that the thermodynamic
potential (3.1) must behave as U(AS,A\V,AN) = AU(S,V, N) under rescalings of ex-

tensive parameters — this means that (3.1) may be integrated to obtain

U=TS+uN —pV. (3.3)

As noted in section 2.3.1 it is more natural to work with densities rather than total
quantities in the context of holography; for the quantities presented so far it follows

that

S U N
_ . 4
5 v’ c VvV’ p Vv’ (3-4)

for entropy density, energy density, and particle density, respectively. Acting with a
differential on the energy density and simplifying leads to the relation

de =Tds+ pdp, (3.5)
and thus € = £(s, p). The above expression can be compared to

e=sT4 pp—p, (3.6)

which follows from e = U/V/; this result defines the enthaply density
h=e+p=Ts+ pp. (3.7)
From the expression for the energy density (3.6) the free energy density is defined as
fe=¢e—sT, (3.8)

which is equal to f. = up—p. Taking the differential of the definition of the free energy
density results in

df. = pdp — sdT, (3.9)
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hence the free energy has the functional dependence f. = f.(T', p).
In relativistic quantum field theory particle number, and by extension particle den-
sity, is not conserved; it is hence convenient to define the grand canonical potential

(density)
Q= f. — pp, (3.10)

In differential form equation (3.10) reads
dQ = —sdT — pdpu, (3.11)

and thus Q = Q(7, ). The definition (3.10) gives 2 = —p, which means p = p(T, p);

this leads to the equation of state
dp = sdT + pdy, (3.12)

which uniquely fixes the quantities p(T, i), s(T, u), p(T, p) and € = sT + up — p.

3.1.2 Near Equilibrium Dynamics

In this section the analysis moves beyond thermodynamics and into the realm of hy-
drodynamics. In the process of doing so a three-dimensional fluid velocity vector-field
ut(t, z), which is normalised such that u*u, = —1, is introduced. Moreover, the tem-
perature and chemical potential are promoted to scalar fields T'(¢,z) and pu(t,z). In
order to satisfy near-equilibrium requirement of hydrodynamics the newly defined fields
are taken to be slowly varying, meaning that their spacetime derivatives may be used
as perturbative parameters.

The next step is to consider the hydrodynamic equations — these are merely the con-
servation equations of the system. A generic quantum field theory demands Poincaré
invariance; hence, as a consequence of Noether’s theorem, the hydrodynamic regime of

a quantum field theory should in principle obey energy-momentum conservation!
d, (T™) =0, (3.13a)

where the symmetric energy-momentum tensor (7#") is the conserved current for space-
time translational invariance.? Moreover, if one allows for the presence of an internal

U(1)-symmetry the corresponding equation of charge conservation appears,

9, (J") =0, (3.13)

! As will become clear in the following there exists hydrodynamic systems where energy and momen-
tum conservation may be neglected.
2Invariance under rotations and boosts follows from a symmetric T+,
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with (J*) being the U(1)-current.

3.1.3 Constitutive relations

The slowly varying nature of the hydrodynamic regime allows the conserved currents
to be expressed as gradient expansions in terms of the hydrodynamic variables u# (¢, x),
T'(t,z) and u(t, ) since each additional derivative of a term decreases its contribution.
The derivative expansions of the conserved currents are referred to as the constitutive

relations.

Zeroth-order

The first terms of the constitutive relations — at zeroth-order in derivatives —is found by
acting with a Lorentz transformation on the static equilibrium energy-momentum ten-
sor and charge current, given by (T") = diag(e, p,p) and (J*) = (p,0,0) respectively;

the resulting expressions are

(TH) = eutu” + pAH, (3.14a)
(J*) = pu”, (3.14b)

where the projector is given by
AP =g + ufu”, (3.15)

with n*” being the Minkowski metric.
At zeroth-order hydrodynamics describes an ideal fluid, meaning a fluid on which
any perturbation propagates indefinitely. Ideal fluids are not necessarily realistic, the

more realistic description is captured at first-order in derivatives.

First-order

Subtleties arise when considering hydrodynamics at first-order in derivatives. Al-
though the fields u*(t, x), T'(t,x) and p(t, x) are well-defined at equilibrium their out-
of-equilibrium definitions may differ by derivative corrections which vanish as their
gradients go to zero — this is referred to as the freedom to choose a fluid frame. This
freedom has the consequence that the form of the first-order constitutive relations is
only fixed up to artefacts which depend on the frame choice. The physical observ-
ables, however, are not affected by the frame; thus, the choice of frame is a matter of
convenience.

The full procedure of finding the constitutive relations is beyond the present scope.
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In short, one first writes down all possible terms which satisfy the tensor structure of the
current, after which one restricts the allowed terms based on fluid-specific symmetry
considerations and frame choice. In this thesis the frame of choice is the Landau
frame [14], which is defined by (T*) u, = —eu* and (J*)u, = —p; in this frame the

constitutive relations take the form

(T") = eutu” + pA — 9ot — (A" u* + O(9?), (3.16a)

(JMy = put — oo TAM0, (%) + 0(9%), (3.16Db)
with the shear tensor defined as
o = AMAP (Dyug + Ogua — Naglu’) . (3.17)

The coefficients arising at first order in the constitutive relations are called transport
coefficients; by the second law of thermodynamics they must be non-negative, and
they are functions of the temperature and chemical potential. oo(7, ) is the charge
conductivity; (T, u) and (;(T, ) are the shear and bulk viscosities, respectively, and
they determine the fluids response to shear and bulk strain. Formulae for the transport

coefficients are discussed in section 3.1.5.

3.1.4 Hydrodynamic Modes

The next step in the hydrodynamic process is studying the behaviour of small fluc-
tuations of the hydrodynamic fields. The dynamics of the system is constrained by
the conservation equations (3.13). The constitutive relations (3.16) are expressed in
terms of fluctuations of the hydrodynamic quantities around thermodynamic equilib-
rium and terms up to linear order in fluctuations are considered. The equilibrium state

is characterised by

u* = (1,0,0), T = constant = T, [ = constant = ji, (3.18)

where the bar denotes constant equilibrium quantities. Including the fluctuations is
straightforward — the fields read

ut(t, z) = (1, 6u'(t, x)), T(t,z) =T + 0T (t,z), p(t,z) = p+ou(t,z), (3.19)

where the local fluctuations are taken to be much smaller than the constant values.

Although the analysis so far has been expressed in terms of the fluid velocity u*,

temperature T and chemical potential y, the remaining analysis will mainly be done
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in their conjugate variables; in terms of the components of the conserved currents they
are

7't x) = T"(t, z), e(t,z) =T"(t, ), p(t,z) = J'(t,x), (3.20)

i.e. from left to right: the momentum density, energy density, and charge density,
respectively. In this context the old variables (3.18) are referred to as sources. In
terms of the variables (3.20) the conservation equations (3.13) linearise and decompose
to take the form

Oi0e(t, ) + ;67 (t, ) = 0, (3.21a)
0,07 (t,x) + 0;0T" (t, ) = 0, (3.21b)
Oi6p(t, x) + 0;6J'(t,x) =0 (3.21c)

The linearised constitutive relations for the energy-momentum tensor and charge cur-
rent are still expressed in terms of the velocity, temperature and chemical potential;

using (3.19) the conserved currents take the form
0,67 = §iop — (ajaiauf' + 89,0060 — 8i8k5uk> — 000U, (3.22a)
0i8.J" = pdou’ — oy (aiai(su - %w&w) , (3.22D)
where the pressure has been linearised, and derivatives of equilibrium quantities vanish.

The bars on equilibrium quantities have been dropped. The above expressions may be

written in terms of the energy density, momentum density and charge density by using

_ (Op op
dp = (65>p56 + (ap>5 dp, (3.23a)
o ol
_(%n on 2
o (85)p6€+(8p)55l)’ (3.23b)
oT oT
0T = (%)p& + (3_p)55p’ (3.23¢)
o7
bul = =, (3.23d)

with the enthalpy h as defined in equation (3.7). Note that the opposite transformation

— expressing the variables in terms of the sources — is facilitated by the susceptibility
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matrix Y,
og T<8_;>H/T 0 (8_Z>T oT/T
ot | = 0 h 0 ou’ (3.24)

Using the transformations (3.23) the currents (3.22) now become

0,07 = (%) 'oe + (gip’) diop— % (ajai(w + 89,0067 — a@wﬁ) - %aiakawk,
P e

(3.25a)
0] = %ai(w‘ — 001000 — 5 asd,0'6p, (3.25h)

ol w (0T ol w (0T
=) - (= — (=) -2 (= 2
o= (%), -1 (%), =-(3)-#(5). e

The derivatives in the constitutive relations may be evaluated by Fourier transforming

with

the fluctuations while also, without loss of generality, choosing the momentum to be

in the z-direction; the Fourier transform takes the form

1 . .
9(t,) = 5~ / duwdk e 5 (0 ), (3.27)
™
where (¢, z) is some unspecified function representing the hydrodynamic variables
and k is the momentum in the z-direction. Although the momentum has been chosen
to flow in the z-direction the momentum density may still fluctuate in both spatial

directions.

When choosing the momentum in the z-direction the conservation equations simply
decompose into two sectors — one set parallel to and one set transverse to the momentum

flow. After evaluating the derivatives the set of longitudinal equations becomes

0 = —iwde + ikom”, (3.28a)
0
0= (—iw+ 1902 ) 5pm in () sevir (2 s, (3.28h)
h Oe ) op) .
0= (—iw + ocank?) 6p + oo k*0e + ik%dﬂz, (3.28c¢)

while the transverse sector only contains the equation of momentum conservation

(—w + %lﬁ) ¥ = 0. (3.29)
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Solving the conservation equations for w results in the hydrodynamic modes. Equation

(3.29) is solved to find a diffusive mode with dispersion relation

w(k) = —iDk?, D= (3.30)

>3

The longitudinal equations are somewhat trickier — to minimise the clutter the presence
of charge will be ignored for now. The system of equations with (3.28a) and (3.28b)

can be cast into the form of a matrix equation

—iw vk e\ (O (3.31)
k2 —iw+ 192 ) \ore ) o)’ '

The above equation has non-trivial solutions only if the coefficient matrix is non-
invertible, i.e. if its determinant is zero — the modes are thus found by taking the
determinant, setting it to zero and solving the resulting equation for w pertubatively

in k; this results in a pair of damped propagating sound modes with dispersion relation
w(k) = £uv,k — %FSkQ T (3.32)

where the ellipsis signify higher order terms in k. The speed of sound v, and attenuation

constant I'y are given by

dp n+G
2
v; ((%)p , and s h (3.33)

3.1.5 Retarded Green’s functions and Kubo Formulae

Clearly the transport coefficients play a large part in the behaviour of the hydrody-
namic modes in addition to being properties of the fluid themselves. Formulae for
the transport coefficients may be found in terms of retarded Green’s functions of the

system, as defined in section 2.3.2 of chapter 2.

In hydrodynamics the matrix of all retarded Green’s functions is calculated from the

linearised constitutive relations using the equation [15,115]
GMw, k) = — (L +iwK ") x, (3.34)

where k is the spatial momentum vector, K is the coefficient matrix of the hydrody-
namic equations — as in equation (3.31) — and x is the susceptibility matrix. Since K !
is proportional to 1/det K some basic manipulation of the formula (3.34) shows that

the hydrodynamic modes correspond to the poles of the retarded Green’s functions.
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Note also the limiting behaviour
Gh(0,K) = —Xap- (3.35)
Setting the momentum in the x-direction and using the linearised equations (3.28)

together with the susceptibility matrix (3.24) a set of particularly relevant Green’s

functions whose expansions in momentum read

K[ (0 0 |
GR, . (w, k) = " h (8_];) + (a—i) p—iwn+Q)| +..., (3.36a)
i p e
g2 [ 2
Ghfw k) = =5 |5 —iwoy |+, (3.36b)

and from the transverse momentum conservation equation (3.29) one finds

(w,k)::-—¢2:¢-+.... (3.36¢)

(;R

Tymy

To arrive at the above equations the thermodynamic relations
I = aix13 + 233, (3.37a)

_ (Op dp
= (&), 0+ (3) A

have been used. From the retarded Green’s functions (3.36) the so-called Kubo formu-

lae for the transport coefficients may be deduced, yielding

: o1 [ R
n=— }gr(l)w ]lﬁl_r% =) Im _Gwyﬂy (w, k)] ) (3.38a)
: 1 [ R
o9 = — UIJIL%W Ilgl_r)% o Im _Gpp(w, k)} , (3.38b)
. 1 [ R
n+¢=-— Ul}g})w ’lglgl’(l) = Im _Gﬂw (w, k)] . (3.38¢)

The Green’s functions of the hydrodynamic variables may be expressed in terms of the

currents by using the conservation equations and the definition (2.41).

Hydrodynamics is not equipped with the means of determining the values of Green’s
functions or transport coefficients for specific phenomena. Nevertheless, in holography
the definition of the retarded Green’s function (2.45) allows for the calculations of nu-
merical values of transport coefficients from bulk data — this also gives access to the
hydrodynamic modes via the poles of the retarded Green’s functions [116]. Hydrody-

namics in the context of holography will be returned to in chapter 4.
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3.2 Symmetry Breaking in Hydrodynamics

The hydrodynamic discussion above relies heavily on symmetries and their conserved
currents. In reality, however, very few systems satisfy exact symmetries — hydrody-
namics is nevertheless not a lost cause. This section will be devoted to the application
of hydrodynamics to systems with broken symmetries; the focus will be set on sys-
tems which display two forms of symmetry breaking: spontaneous as well as explicit

symmetry breaking.

Spontaneous symmetry breaking occurs when the ground state of a system no longer
satisfies the symmetry of its theory; the symmetry currents, however, are still con-
served. Once a continuous symmetry is spontaneously broken the system gains a new
massless degree of freedom — a Goldstone boson — for each broken symmetry [43-45].
Spontaneous symmetry breaking appears in a vast amount of physical systems, rang-
ing from high energy physics to condensed matter, and underlies several hydrody-
namic phenomena [117]. Two fluids with properties due to spontaneous symmetry
breaking will be considered in this section. Namely, superfluidity can be described by
a hydrodynamic theory with a spontaneously broken global U(1) symmetry [67-70],
while spontaneously broken translational symmetry gives rise to elastic properties in a
fluid [60,71-73].

A symmetry is explicitly broken when it occurs at the level of the equations which
define a theory; in turn the conservation of the current corresponding to the broken
symmetry is rendered void. If a small explicit breaking occurs in a background with a
spontaneous breaking of the same symmetry the associated Goldstone bosons become
massive — they are then referred to as pseudo-Goldstone bosons and the breaking is
called pseudo-spontaneous [57]. Pseudo-spontaneous breaking of U(1) symmetry will

be considered in the context of a superfluid [3].

3.2.1 Review of Relativistic Superfluid

A relativistic superfluid is taken to consist of two components, a normal fluid com-
ponent and a superfluid component [65,66]. The superfluid component arises due to
a spontaneously broken U(1) symmetry; the corresponding Goldstone boson ¢(t, ) is
identified with the phase of the scalar condensate and must be accounted for in the

hydrodynamic analysis [118]. Much of the review below follows [69, 70].
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Constitutive Relations

The Goldstone is shifted ¢(z) — ¢(z) + A\j(x) under local U(1) transformations [69];

hence it is necessary to work with the gauge invariant quantity

Eu(@) = Oup(a) — AL (2), (3.39)

with external gauge field A which couples to the U(1)-current and transforms as
A () = AT (1) 40, Mg (). In the following the gauge will be fixed such that A5 = 0.
The dynamics of ¢ are governed by the Josephson relation, which results from the
fact that the Goldstone boson is canonically conjugate to the conserved charge of the

spontaneously broken symmetry [67]; for superfluids it reads
utE, = —p. (3.40)

The chemical potential p is zeroth-order in derivatives and hence §, = 0,¢ is to be
considered zeroth-order in derivatives also.

The Josephson relation may be expanded in a gradient expansion in the same way
as the energy-momentum tensor and charge current. Moreover, superfluid-effects will
make their presence known in the constitutive relations of the energy-momentum tensor
as well as the charge current. The constitutive relations and the expansion of the

Josephson relation read [70]

(TH) = eulu” 4+ pAP + 2pgun'fu”) + puntn®

(3.41a)
— ot — Nyt — AP O — (AP, (psn”) + O(07),
(J") = prut + psnt' — o TAM O, (%) + 0(9%), (3.41Db)
ut, (Aupgp) =Af [_ap:u + (30,0, (psnu)] +0(9%), (3.41c)

where p; is the superfluid charge density; the total charge density is p; = p, + ps, with
prn the charge density of the normal fluid component; 7, is the superfluid viscosity; (o
and (3 are bulk viscosities of the superfluid component; and n* is the relative superfluid
velocity,® which is related to the U(1) Goldstone boson through

unt = AP, (3.42)

In accordance with (3.42) the hydrodynamic variable is taken to be the spatial compo-

nents of §,. The superfluid shear tensor o#” takes the form of equation (3.17) with the

3The relative superfluid velocity is defined in the frame where the normal fluid velocity vanishes.
The relative superfluid velocity is taken to be small, n* < 1.
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normal fluid velocity replaced by the superfluid velocity. Note that equation (3.41c)
is the spatial derivative of the Josephson relation, such that the equation may be

expressed in terms the hydrodynamic variable &;.

For applications to holography and for compactness of the expressions conformal
invariance will be assumed in the following — tracelessness of the energy-momentum
tensor then requires that ¢; and (5 must vanish. The superfluid viscosity is set to zero,
ns = 0. In addition to &; the hydrodynamic variables are taken to be the temperature
T; the momentum density 7%; and the chemical potential y. The momentum is taken
to flow along the z-direction and hence the superfluid dynamics contribute only in the

longitudinal sector.

Linear Dynamics

The derivative expansions (3.41) may now be linearised in fluctuations and the hydro-
dynamic dispersion relations calculated. The Goldstone is linearised as ¢ — @ + d¢
but since it contributes to the constitutive relations with a derivative it appears as
§i = 0&;.

In the chosen variables the linearised longitudinal conservation equations take the

form
. ds 0py , 0s 0py ,
0=—iw T(—) —l—,u(—) 0T — iw T(—) +u(— op + ikom®,
or), or), o) ¢ o ) ¢
(3.43a)
0= (—iw + %) o +isk 0T + ipik o — ps%kj(%w, (3.43b)
. (0 . (0 Pny e o PsST
0= [—zw (a—gf)# — ao%kQ 0T 4+ | —iw (%)T + ook? | op + @%k&r + 1pu—hk5§ ,
(3.43¢)
and the Josephson relation to first order in fluctuations reads
(—z’w + psC_zka) 8" +ikép — %kzawx =0, (3.43d)
i

where the total enthalpy density w = h+ ups = €+ p acts as the superfluid momentum
susceptibility [69].

A unique property of a superfluid is that the superfluid component alone can carry
hydrodynamic modes without the presence of the energy-momentum tensor, in addition

to the temperature and normal fluid velocity being held fixed; this regime will be refered
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to as the probe-limit. The relevant linearised equations are then

0= |—iw (%) 4 ook? | o+ 7L pser, (3.44a)
o ) ¢ ph
0= (—iw + pf—;wk:?) 66" + ikdp. (3.44b)

Conformal invariance allows the pressure to be expressed in the scaling form

p=T0(p/T) (3.45)

where o(p/T) is an arbitrary dimensionless function. Using the above form of the
pressure it follows from the equation of state (3.12) that the total charge density p;

and entropy s can be expressed as

p = (g_g) = T2 (u/T), (3.46)
. (§—§> — 3T2(3/T) — Tug (u/T). (3.47)

In a further step the entropy per particle,
o =$/p, (3.48)

may be introduced [70]. The thermodynamic derivatives (0p;/9T),,, (Op:/Op)r, (0s/0T),,
(0s/Ou)r are then expressed in terms of (0o /9T),; they read

Ope\ _ &p _ (0s\ _p do

(8_T)” B 8Ta,u B alu T a w 25 ptT oT . ) (349&)
apt . Pt 9 oo

((M)T_w =rel\ar) | (3.49D)
0s\ _ 25T —ppy) | 1 pi T2 (Do

(3T)M - T2 + T2 w 2p; + W \ot) . (3.49¢)

Hydrodynamic Modes

Following the procedure outlined in section 3.1.4 the four equations (3.43) yield four
hydrodynamic modes: two pairs of propagating modes, respectively called first and

second sound, with dispersion relations

w(k) = vk — %Fj K, j=1,2 (3.50)
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The speed and attenuation of first sound are

2 _
Ul_

n
= r=-+ 3.51
9 ) 1 w ) ( )
where the speed of sound is constrained by conformality. For second sound the same

coeflicients are

2
2 Pso pw HPs PsW

= Iy, = — . 3.52

vz (00 /0T),w’ 2790 (00/0T),T?p? T T G wh (3:52)

The reduced conservation equations (3.44) give rise to a pair of propagating sound

modes, called fourth sound, with speed and attenuation of sound given by

2 Ps 0o Ps
- P o= P 3.53
U e T o) (3.53)

Kubo Formulae and AC Conductivity

Kubo formulae are required for the new transport coefficients. In order to implement
the canonical approach as in equation (3.34) it is more convenient to work with energy
density € and charge density p; as variables, instead of the temperature T" and chemical

potential . The susceptibility matrix is then given by [119]

og T(g_;>u/:r 0 <g_;>T 0 oT/T
0T, _ 0 w 0 1 Uy (3.54)
5, o . pedn,

In these variables the linearised conservation equations and Josephson relation read

0 = —iwde + ikdn”, (3.55)
0 = —iwon® + ikB10c + ikBadp; + %/&W _ %pskz‘égx, (3.56)
: o Pne w  PsST K
0= —iwdp; + m%an n zkpuh 5" + K7 (nde + asdpr) (3.57)
S h S
0 = —iwd€® + ikyde + ikyadpy + k:QC?’T'OcW e Z“p CapsdE?, (3.58)
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where «, ay are given by (3.26) with the substitution p — p; and

_ (o _ (o
p1= (g) . P2 = (apt>€7 (3.59)

_(on _(9n
. <6e)m’ o — (ap)s. (3.60)

Implementing the canonical Green’s function computation (3.34) results in the new

Kubo formula

o . . 1 R 1 . R
(3=— olJli%(,u ]lglg(l) yE Im [nggm (w, k)] = olJli%(,u ]lglg(l) Im [Gw(a}, k‘)] : (3.61)
where the second equality follows from the Fourier-space relation 0§, = ikdp together
with the definition of the retarded Green’s function (2.41). The other transport coef-
ficients are given by (3.38).

Finally, the retarded Green’s functions allow for the definition of the frequency de-

pendent AC conductivity o(w) as [15]

o (w) = Tim ~ [G?}w (w, k) — G%, . (0, k)} . (3.62)

k—0 w
For superfluids as presented in this sections G%, ;. (0, k) = 0; thus

2
Pu . Ps

et (3.63)

{
o(w) =0+ "

The imaginary part of the above AC conductivity has a 1/w-pole at w = 0; according
to the Kramer-Kronig relation the real part of the AC conductivity must therefore
also contain a delta-distribution valued term — which is implicit in hydrodynamics
— representing an infinite DC conductivity [71,120]. This discussion also holds for
normal fluids, i.e. when p; = 0; there the infinite DC conductivity is a consequence
of translational invariance (momentum conservation) and may be relaxed by breaking
this symmetry explicitly [60,60,121,122] — this does not hold for superfluids.

3.2.2 Broken Superfluid

In this section the well-known relativistic superfluid of the previous section will be
presented in a novel setting, namely by considering the effects of an additional explicit
breaking of U(1) symmetry [3]. The main way in which an explicitly broken symmetry
affects a hydrodynamic setup is by turning the conservation equation of the affected
symmetry current into a non-conservation equation. In accordance with the discussion

at the beginning of this section — and using the intuition gained from similar consid-
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erations for translational symmetry [60,122] — upon the addition of explicit symmetry

breaking the non-conservation equation for the U(1)-current reads
0 (%) = T, (J*) +me, (3.64)

where I' is the charge relaxation rate and m is related to the mass of the pseudo-
Goldstone, which is still denoted as ¢ [3]. The term proportional to the charge relax-
ation contributes at equilibrium; this subtlety may be addressed by either assuming
that the relaxation time is so long that such contributions may be ignored, or by only
considering this term for fluctuations of the charge current.* In order for the fluctua-
tions of the charge current to be long-lived I' and m are assumed to be sufficiently small.
When introducing an explicit breaking all the hydrodynamic fields become dependent
on the breaking parameter, in addition to 7" and pu.

When explicitly breaking the U(1)-symmetry the traceless nature of the energy-
momentum tensor is violated unless the explicit breaking is done by a marginal de-
formation. For simplicity and compactness of the expressions this scenario will be
assumed.

In addition to the non-conservation equation (3.64) the Josephson relation may be

altered to take the form

i+ Q4 P2 e i — Pk — 0, (3.65)
wh h

where €2 is the phase relaxation [59,60,122]. Solving the relaxed Josephson relation

(without the spatial derivative) for ¢ yields an exponential damping due to €. In

principle phase relaxation may appear independently of explicit symmetry breaking.

Dispersion Relations

The equations (3.64) and (3.65) may be used to calculate the dispersion relations in
complete analogy to the previous section — considering the charge relaxation only for
fluctuations allows the terms on the right-hand side of (3.64) to be linearised simply.

The analysis results in a pair of propagating sound modes with dispersion relation
wo(k) = Lok — %Fokz, (3.66)

where

1
=5  To= % (3.67)

4The second option may be realised by considering a driven system.
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which is remarkably similar to the normal fluid results (3.33) with conformal speed of
sound (0p/0e), = 1/2 and ¢; = 0. Moreover, the spectrum contains a pair of gapped

modes with dispersion relation

w(k) = ay —iDik?, (3.68)
where the gap takes the form
i msp (' - Q)2
=——T+Q) =+ — . 3.69
ar=—5+9Y \/ (90 /0T, T2 4 (369)

The expressions for the constants D, are too unwieldy to display in full here; for the

purpose of illustration, setting [I' = 2 = 0 gives

pw

psw 1 s**VTp,
(o)) 5 2 +
2(00 /0T, T?p;

2uh ™ 2 hpe\ /(90 JOT)

where the imaginary term will contribute a k%-term to the real part of the dispersion

D. =

+ (3 (3.70)

relation. The limit of zero explicit breaking and phase relaxation must be taken at
the level of the conservation equations and Josephson relation, respectively, before

calculating the dispersion relations.

The results (3.67) and (3.70) lend themselves to an interesting observation, namely

that the sum of the coefficients of the k2-terms of the dispersion relations is the same

in the broken paradigm as in the non-broken state, i.e.’

Dy+D_+Ty=TI1+Ts. (3.71)

The above sum rule also holds when the charge and phase relaxation are non-zero.

The broken superfluid can still support a mode in the probe limit. When the U(1)-

symmetry is pseudo-spontaneously broken this mode has the dispersion relation

w(k) = of, —iDYK?, (3.72)

where
o)+ m___ (T 3.73
R el o7 R &1

SThere is a slight artefact of convention here. Propagating modes exclude a factor 1/2 in the
definition of I';. More strictly. the sum involves the full k?-coefficients for each of the pair of
propagating modes, which is equivalent to summing the attenuation constants as they have been
defined previously. With this in mind, the speeds of sound sum to zero in both the non-broken
and broken case.
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and

p 1 o0 ¢ &) " i G3ps(0py/Op)(I' — Q) + 2ps — oop(I” — Q)

D= 2 ((8pt/8u) o Iz 2 pun/4m(0p/Ou) — (Op/Ou)?(T — Q)2

(3.74)

The sum of the k2-coefficients still agree in both the broken and unbroken case,
DY +D? =Ty (3.75)

The superscript p will be dropped in section 4.2.

Probe-limit Green’s Functions

The attention will now be directed towards the retarded Green’s functions, which may
be computed using the canonical approach (3.34). For simplicity only the probe limit
dynamics will be considered, and the charge relaxation rate I" will be set to zero.b

Using the same set of variables as in section 3.2.1 the susceptibility matrix is given by

0
=" 7, (3.76)
0 Xee

where x,, = 0p:/0p and Yg¢ is the susceptibility of the pseudo-Goldstone boson. Due to
the explicit symmetry breaking, a general k*-dependent parameterisation Yee = xee f (k)
will be allowed, where x¢¢ is a positive constant. The form of Y is determined by

considering the retarded Green’s functions’

R _ X ppw

G@Jt (w, k) — p(w7 k) ’ (377&)
R B iw(m,u + k2p5>X55prf(k)

Ghi(w, k) = oo b : (3.77b)

where p(w, k) denotes the polynomial
p(w, k) = mp— pix ppw(w+1Q) + k> (ps — iCspsxppw + poo(Q — iw)) +k*(3pso0. (3.78)

The symmetry requirement Gﬁ Ji(w, k) = GY, (p(w, k) fixes f(k) such that the pseudo-
Goldstone susceptibility is given by

k?Xee

et (3.79)

Xee =

8This limit is suitable for the holographic model in section 4.2.1.
"The subscripts of the retarded Green’s functions will use .J* = p; for notational clarity.
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which constitutes a Gell-Mann-Oakes-Renner relation [58,123] with m? being the mass

of the pseudo-Golstone boson given by

1
mt=Xeem,  Xee = o (3.80)

The zero-frequency Green’s function may be deduced from the limiting behaviour
(3.35), i.e.

X
Gop(0, k) = W&mQ (3.81)

Proceeding, the retarded Green’s functions at k = 0 are given by

GRt t 5 0) = T Xpp y 3.82
7:(,0) My — pxppw (w +i92) (3.820)
GRyu(w,0) = Xt (3.82b)

mp — px ppw(w +i82) 7
and also

~ XppW (ps + NUO<Q - Zw))

1
lim —G%, . (w, k) = , 3.82
{7 G (. K) My — X ppw(w + i) (3.820)
1 D s Q
lim —GR,_(w, k) = L2 HIOW T PaXpp /m (3.82d)
L ML= (X pp (W +1€2)
Furthermore, the spatial current-current correlator yields
GR _ Ps .
T e (w,0) = e iogw, (3.83a)
mps
G e (0, k) = —————, 3.83b
e 0) = e (3.83b)
from which the low-frequency AC conductivity follows,
o [ AR R _
o(w) =lim — |GJaje(w, k) — Gy (0, k)] = 0y. (3.84)
k—0 w

Neither the phase relaxation €2 or the parameter m contribute to the above AC conduc-
tivity; nevertheless, this result differs from the AC conductivity of a superfluid (3.63)
— there is no longer a pole at w = 0 in the imaginary part, hence the DC conductivity
is finite. The way the DC conductivity is rendered finite in (3.84) differs from that

of [59], where phase relaxation appears without explicit symmetry breaking.
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Expanding some of the retarded Green’s functions (3.82) in w yields

W
Gyt (w,0) = =Xpp — X,%pQ + O(w?), (3.85a)
; 2
1w w
G (@,0) = —Xpp = 53,0 + O(w?); (3.85b)

from which the following Kubo formula may be extracted

Q= lim — Im [Gm( 0)}, (3.86)

w—0 prp

or similarly using G%},.(w,0). The result (3.83a) provides the Kubo formula for oy as

— fim 1Im G (w,0)] (3.87)

w—0 W

Finally, using the transport coefficients above, the superfluid bulk viscosity (3 may be

determined from

2 2

1.9 X
lim — lim > m [GF}W (w, k)} = =22 2 (Gmp, = puS) = puoro®?) (3.88)

The formula for (3 above is not the same as the simple superfluid Kubo formula (3.61),

which no longer holds.

3.2.3 Viscoelasticity

Spontaneous symmetry breaking of translational invariance gives rise to elastic be-
haviour; in hydrodynamics, paired with viscosity, such a system is called viscoelastic.
This section will be concerned with charge-neutral viscoelastic hydrodynamics. The
general principles of spontaneous symmetry breaking in hydrodynamics carry over from
the superfluid example in section 3.2.1 and will hence not be repeated in detail.

The spontaneous symmetry breaking is accompanied by one Goldstone boson ®(¢, )
for each direction in which the translations are broken. Of interest here is a theory
where the translations are spontaneously broken in both spatial directions.® The Gold-
stone boson of broken translations is referred to as the phonon — in the current analysis
the two phonons have the equilibrium value ®° = az’, where a(T) can be viewed as a

parameter controlling the symmetry breaking [2,73].

A distinct aspect of the viscoelastic hydrodynamics discussed in this section is the

8Goldstone bosons associated to the spontaneous breaking of rotations may be gapped out of the
hydrodynamic spectrum when translational invariance is spontaneously broken in at least one
direction.
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3.2 Symmetry Breaking in Hydrodynamics

presence of the so-called strain pressure P(7T, «), which is defined by
P ={(T"") — p, (3.89)

and is hence a measure of the difference between the mechanical pressure (7%%) and
thermodynamic pressure p. A non-zero strain pressure signifies that a system does not
minimise the free energy, i.e. that it is an excited state which is being sustained by
an external strain. The hydrodynamic formalisation of strain pressure and its effects
on the constitutive relations were presented in [73]. Further insights for configurations

with vanishing strain pressure at equilibrium were discussed in [2].

Constitutive Relations

The first point to consider is the constitutive relations; for detailed derivations of
the quantities involved the reader is referred to [73]. The main building block is the

spacetime derivative of the phonons,
e, = 9,9, i=1,2 (3.90)

which is to be considered as zeroth-order in the derivative expansions. From the above

quantity one may define the metric-like object
h = el e, (3.91)

which acts as e;, = h;jleﬂ and hy, = hi_jleie]y'. The strain tensor is defined in terms of
the metric (3.91) as

1 o
Uy = 3 (hi_jl - 6ij/052> €6, (3.92)

The constitutive relation of the energy-momentum tensor reads

(TH) = eutu” + pAH + (P + TP/) u’\/\AW + PhH* — not” — (G A*O,u”

, N ) (3.93)
—2Gu” — (B — G)u™ W + O(07),

where B and G are the bulk and shear elastic moduli respectively, and x.r = e+p+P
is the momentum susceptibility. Prime denotes partial derivative with respect to the
temperature 7T for fixed «; this means that there is a point to be made regarding the
role of P’: If the equilibrium configuration for some «., (7)) is such that P(T, ) = 0

then the total derivative should vanish,

ap (ap) da 0P|, (394

ar ~\ar) Tar aa

A=0lx
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3 Hydrodynamics

which means that P’ = (9P/9T), may be non-zero [2]. Hence P’ should in principle
be considered even for systems which are unstrained at equilibrium — in fact P’ may be
accounted for as a thermodynamic susceptibility related to thermal expansion [2,124].

Similarly to the superfluid, the dynamics of the Goldstones are constrained by a

Josephson relation. For the two phonons the Josephson relations read
Bt h H A p pv 2
e, = -0, (Pej — (B - Gy — 2Gu eju) + O, (3.95)

where v is a dissipative coefficient which is characteristic of spontaneously broken

translations.

Linear components

With the energy-momentum tensor and Josephson relation at hand the dispersion
relations may be calculated upon linearisation of the constitutive relations. The hy-
drodynamic variables are the temperature T, spatial fluid velocity u?, and the spatial
derivative of the phonon fluctuations. The relevant object containing the phonons up

to linear order in fluctuations is
e, = 0,9 = ad}, + 0,09"; (3.96)

for simplicity a will be set to one. Using the above expression, together with the
fluctuating forms of 7" and w’ in (3.19), the components of the energy-momentum

tensor (3.93) up to linear order in fluctuations read

§ST" = &'6T + (TP — P)0;09, (3.97a)
. . TP — . T L . )
OT" = Xpnt' — SPIP = P) yigr 4 5TP 2G;00®Y) — (P — B+ G) 0'9;097 |,
YXnr YXnr
(3.97h)
0T = (p/ + P') 676T — ol — 690”4+ (P — B+ G) 690,607 — 2GO'50.
(3.97¢)

Moreover, the Josephson relation reads

8,00 = ul — M@i(nﬂ i sT

Y Xrm Y Xrr

[2Gaja<i<1>f> —(P-B+G) aiajw] . (3.98)

With the information above the hydrodynamic modes may be found by following the
procedure in section 3.1.4; the components (3.97) are readily plugged into the energy-
momentum conservation equations, while a spatial derivative must be applied to the

Josephson relation (3.98) in order to express it in terms of the spatial derivative of the
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3.2 Symmetry Breaking in Hydrodynamics

phonon fluctuation.

Hydrodynamic Modes and Kubo Formulae

The equations again split into sets transverse and longitudinal to the momentum with
the two phonons contributing to their respective sector. The bulk elastic modulus

allows for a propagating mode in the transverse sector with dispersion relation

wik) = +v. k — %FLkQ, (3.99)

where o O 2T
= —, 1 =4I (3.100)

XTHT Xﬂ'ﬂ' f}/ Xﬂ"ﬂ’

The longitudinal sector contains one propagating and one diffusive mode with dis-

persion relations
wlk) = ok = STk?, and w(k) = —iDjk?, (3.101)

where the coefficients are given by

(s+P)Y B+G-P
_l’_

- 3.102
U VR (3.102a)
22,2 N 2
=1t L(1-2tP)) (3.102D)
X O X Ts’v”
2B+G -
py= BTGP (3.102¢)

/ 2
S Xmm¥)

For applications to holography conformal invariance enforces a traceless energy-

momentum tensor; this leads to the constraints
e=2(p+P), TP =3P — 2B, (1 =0. (3.103)

Moreover, in the conformal setting the speeds of sound of the transverse and longitu-

dinal sectors are related by

vif = 1/2 401, (3.104)

The scale invariance also affects the attenuation and diffusion constants in the longi-
tudinal sector, which become
n s2T2G? s*T(B+ G —P)

Ty =—1 4 . D= , 3.105
1= T g T P 7 20) (3:105)
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3 Hydrodynamics

where it is evident that strain pressure only contributes to the diffusion constant of the
diffusive mode.

Expressions for the modes in configurations where the strain pressure vanishes at
equilibrium follow directly from the expressions (3.102) and (3.105) by setting P — but
not P’ — to zero [2], and using x.» = € + p. Furthermore, a non-zero value of P’ also
allows for a non-zero bulk modulus in scale invariant theories [2], which follows from
the second equation in (3.103).

Finally, some relevant Kubo formulae are

1
Vi 2 T R
G = lim ]1612% 12 Re Gy, (3.1064a)
2
(e+p) _ lim 1im co Tm G- ., (3.106b)
YXrr w0 k=
1
Xrr¥f = lim w” lim —Re GE, ., (3.106¢)

w—0 k—0

where (3.106¢) can be used to indirectly obtain the bulk modulus B.
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4 Symmetry Breaking and
Hydrodynamics in Holography

Testing theoretical understandings of systems and phenomena requires the engineer-
ing of models which posses the properties that one wishes to probe. In the context
of applied holography this is commonly achieved by the means of bottom-up model
building; in this approach a gravitational theory is constructed with the purpose of
generating some desired properties of the assumed dual conformal field theory, which
is then studied via the holographic dictionary.

Within the scope of this thesis a major motivation for bottom-up holography lies in
confirming the hydrodynamic analysis of chapter 3. In particular, the circumstances
where strain pressure appears, and the independent nature of its temperature deriva-
tive, cannot be confirmed by the hydrodynamic analysis itself. Moreover, the validity
of — or the regime of applicability for — hydrodynamics with explicit symmetry break-
ing is not self-evident. A holographic perspective is also advantageous when exploring
universal properties. Furthermore, successful bottom-up holography provides practical

evidence in favour of the AdS/CFT duality, which is ultimately still a conjecture.
In this chapter the two settings introduced in chapter 3 will be reproduced by holo-

graphic models: one model which gives rise to spontaneous breaking of translational
invariance in the dual conformal field theory, and two models where the boundary the-
ory displays pseudo-spontaneously broken U(1) symmetry. The former is referred to
as a massive gravity model [86-88], while the two latter models are modifications of
a holographic superfluid [90].! The numerical investigation of the hydrodynamic be-
haviour and other aspects of the respective dual conformal field theories is done using
pseudo-spectral methods [130,131].

Note that the analysis which takes place in this chapter does not constitute a
fluid /gravity approach [35]. Simply put, the fluid/gravity correspondence is used to
find the constitutive relations through a gradient expansion of dual quantities, which

are constrained by the Einstein equations.

!Translational symmetry breaking has also been implemented holographically using other models,
for example [125-128]. Pseudo-spontaneous breaking of U(1) symmetry was considered in another
holographic setting in [129].
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4 Symmetry Breaking and Hydrodynamics in Holography
4.1 Holographic Massive Gravity

Translations may be broken by considering a spatially modulated scalar field; if this
is done in a gravitational theory the metric fluctuations gain an effective mass [132].
In the holographic context an effective theory for this scenario is given by the (3 + 1)-
dimensional asymptotically anti-de Sitter massive gravity model defined by the bulk
action [86-88|

Suvg = m%/d?’:v du/—g {g + % - m*V(T")], (4.1)
where u is the radial coordinate; R is the Ricci scalar; mp is the Planck mass; ¢ is the
AdS-radius which will, without loss of generality, be set to one in the following; m is
a parameter related to the graviton mass; and the scalar fields ¢! with I = 1,2 enter

via the kinetic matrix
IV = g™ 0 0,07 (4.2)

Lowercase Latin indices run over the full set of spacetime coordinates. Moreover, 871Gy
has been set to one. For isotropic breaking of translational invariance the potential in
(4.1) may be chosen as V(Z!7) = V(X, Z), with

X = %tr [I”} and  Z = det [I“} : (4.3)

see for example [133]. Most emphasis in this section will be placed on models with
potentials depending on X.
The equations of motion for the scalar field resulting from (4.1) admit a radially

constant, time-independent solution of the form
¢! (x) = aa’, (4.4)

where x denotes the spatial boundary coordinates and « is a constant which is related
to m through field redefinitions. The scalar fields ¢! break the translational invariance
of the boundary theory; the nature of the breaking depends on the boundary conditions
as well as the form of the potential V' (X, Z) — these points will be returned to in more
detail below.

The black brane geometry satisfying the Einstein equations of the bulk spacetime is
captured by the line element in Eddington-Finkelstein coordinates,

1
ds? = — [~ f(u) dt* — 2dt du + da® + dy?] (4.5)

u2

where the radial coordinate spans u € [0,us]. The choice of coordinate system is
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4.1 Holographic Massive Gravity

motivated by the numerical methods which will be used in the following. The conformal
boundary is located at u = 0 while the black brane horizon is defined by f(u;) = 0,

where the emblackening factor takes the form

w3 U 2
fluy=1-—— — u3/ —V(a®?, a'h?) db, (4.6)
uy v D
with integration variable b.

As discussed in section 2.3.1 of chapter 2, the presence of a black brane gives rise
to a finite temperature in the bulk and boundary theories and hence thermodynamic
quantities may be defined. The ensamble of choice is the grand canonical ensamble. The
temperature 7' of the boundary conformal field theory is identified with the Hawking
temperature (2.35) of the bulk theory, while the entropy density s is proportional the
black brane horizon area as in (2.38). For the model (4.1) these quantites are given by

3 —m?V, 27
T:Wh", s= (4.7)
with the definition V;, = V(au?,a’u}). In accordance with (2.29) and (2.22) the
free energy density f. of the dual conformal field theory follows from the renormalised
Euclidean on-shell bulk action in the bulk; at zero charge the discussion below equation
(3.10) yields f. = —p and hence the thermodynamic pressure for models with potentials

(4.3) is given by

1 m2 (1
_ b o om il 4,
with the definition w,
U= [ V(a2 o', (4.9)
0

where b is an integration variable. The above integral is finite for potentials V (X, Z)

which fall off faster than v and the conformal boundary [2].?

The expectation value of the energy-momentum tensor is given by (2.24), which
yields the energy density formula

1 m?

(Tt = — — 1], 4.10
e = (1) = 5 =z Un (4.10)

Finally, a particularly notable bulk formula is that for the strain pressure (3.89)

which takes the form [2]
2

m= (1 3
P2 (jui-3u.). (@.11)

Uy,

It is evident from the above equation that strain pressure may be present in the models

2Cases where this does not hold will be returned to below.

49



4 Symmetry Breaking and Hydrodynamics in Holography

defined by the action (4.1) — such models will hence be referred to as strained. It is
however possible to find an o = «, as a solution to V}, = 3U},, resulting in unstrained
models with P = 0. Both strained as well as unstrained scenarios will be considered

below.

Beyond thermodynamic quantities, holographic formulae may also be constructed for
some of the transport coefficients of the viscoelastic hydrodynamics [2]. Using (3.103)

and (4.11) the expression for the conformal bulk elastic modulus reads

m2 uh(avh/auh)(mQVh — 3)

B=— |3V, —9U, + : 4.12
4U2 h " m2 (Vh — uh(ﬁVh/Ouh)) -3 ( )
Moreover, the dissipative coefficient for the Goldstone is given by
m2 8Vh
= —0— 4.13
7 202u3 Ouy, (4.13)

The shear elastic modulus GG and shear viscosity n must be calculated using the Kubo
formulae (3.106a) and (3.38a) respectively. For the purpose of holographic calculations
it is convenient to display the Kubo formulae in terms of quantities which are easily
accessible in the bulk; using momentum conservation and the definition (2.44) the

transport coefficients of interest are given by

N | R
n=-— }JIL% IICI_I>I(1) ;Im [Gszsz (w, k:)} , (4.14a)
_ 1 . R
G= }}ILI(I) ]1:12(1) Re [GTWM (w, k:)} (4.14b)

Holographically the retarded Green’s functions above are found using expressions akin
to formula (2.52), with the appropriate substitutions for the boundary energy-momentum

tensor components.

4.1.1 Strained Models

The first models to be considered are the strained massive gravity models with mono-
mial potentials of the form [89,134]

V(X,7Z)= XN, zM. (4.15)
The strain in these models stems from the equilibrium state ¢! = oz’ not being a

minimum of the free energy, which is discussed below equation (4.20).
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4.1 Holographic Massive Gravity

Symmetry Breaking Mechanism

Whether potentials of the form (4.15) result in spontaneous or explicit breaking of
translational invariance in the dual conformal field theory depends on the value of
the exponents N and M, as well as the quantisation scheme and associated boundary
conditions [89]. The breaking mechanism becomes evident from the the near-boundary
expansion of the Stiickelberg fields ¢!, which is given by [89,134]

o' (u, ) = gzﬁ{o)(x) +...+ gzﬁfl)(x)u“ + ..., (4.16)

where the ellipsis denote subleading terms. The solution for the scalar field (4.4) is

radially constant and may hence be identified as
qﬁ{o) (z) = ax’. (4.17)

The value of the exponent a in the expansion (4.16) depends on the potential and is
given by

5—2N if V(X,Z)=XN

a= (4.18)

5—4M if V(X,Z)=7M,
Assuming standard quantisation the reasoning in section 2.2.1 of chapter 2 may be
applied here: The leading term in the asymptotic expansion (4.16) is the source of a
dual operator in the bulk; the subleading term is dual to the vacuum expectation value
of said bulk operator.

The fall-off behaviour of (4.16) is determined by the exponents (4.18). For mono-
mial potentials with N < 5/2 or M < 5/4 the exponent a is positive and hence qﬁfo) is
leading as u — 0; the dual theory thus contains a source given by (4.17), which breaks
translational invariance explicitly. If N > 5/2 or M > 5/4 then qﬁ(fo) is subleading
and is hence dual to an expectation value, while the source term with coefficient ¢{1)
must vanish in order to preserve the radially constant profile of the scalar field; in
such a situation the ground-state vacuum expectation value breaks translational in-
variance without a corresponding source — this is spontaneous symmetry breaking of
translational invariance.

The scalar field enters with the term m and the constant « and hence their interplay
influences the amount of symmetry breaking. In the numerical calculations the defini-
tions will be fixed such that the breaking is controlled by m; however, in the boundary
conformal theory only dimensionless quantities should be considered — the only other
dimensionful equilibrium parameter is the temperature 7" and hence the dimensionless
breaking scale is chosen to be m/T. Other quantities will also be made dimensionless

by using factors of T
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Figure 4.1: Spectrum of quasi-normal modes for the massive gravity model (4.1) with
potential V(X,Z) = X®. Blue dots signify low values of the functional
dependence while red dots show high values. Left: The quasi-normal
mode spectrum for fixed m/T = 0.179 as a function of the dimension-
less momentum k/7" € [0.186,7.45]. Right: The quasi-normal mode spec-
trum for vanishing momentum as a function of the dimensionless parameter

m/T € [0,6.5].

Quasi-normal Modes

Employing pseudo-spectral methods it is possible to numerically calculate the retarded
Green’s functions using bulk degrees of freedom, in accordance with equation (2.52).
Results will be presented for the longitudinal sector of the system [1,2] — the transverse

sector of the present model was studied and matched to hydrodynamics in [89,134].

Imposing homogeneous Dirichlet boundary conditions sets the sources to zero at the
conformal boundary, which together with infalling boundary conditions at the horizon
yields the quasi-normal modes of the gravitational theory. The quasi-normal modes
are independent of the the retarded Green’s function used to calculate them. The
spectrum of some quasi-normal modes for V (X, Z) = XV with N = 3 are displayed in

figure 4.1.

As discussed in section 3.1.5 of chapter 3, hydrodynamic modes are poles of the
retarded Green’s functions and are hence dual to specific quasi-normal modes. In
figure 4.1 the hydrodynamic modes are the quasi-normal modes which are located at
the origin for k/T = 0. The hydrodynamic sector of the spectrum thus contains a pair
of propagating modes with real and imaginary parts, and a purely imaginary diffusive
mode. The speed and attenuation of sound, as well as diffusion constants, are extracted
by fitting the lowest quasi-normal modes with polynomials quadratic in the momentum
— this process is repeated for several values of the breaking parameter m /T, after which

the results are presented as data points in plots, such as the right panel in figure 4.2.
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4.1 Holographic Massive Gravity

Hydrodynamic Behaviour

The behaviour of the hydrodynamic modes extracted from the quasi-normal modes may
be compared to the theoretical predictions of the viscoelastic hydrodynamics presented
in section 3.2.3. It was shown in [1] that the viscoelastic hydrodynamic theories avail-
able the time — which did not contain strain pressure — could not accurately describe
the hydrodynamic diffusive mode which appears in the quasi-normal mode spectrum

of a massive gravity theory with spontaneously broken translational invariance.

The horizon formulae for the thermodynamic quantities and transport coefficients

require the evaluation of V}, and Uy, which results in

2N 2N CVQNU%N
Vh:a Uy, Uh: 3—2N (419)
The horizon formulae thus read
3~ m2V, 1 IN —1
T=——" = 1— Vi
drun, 0 T 2 ( oN -3 h)’
1 ) m2V, N  m?V, , 47 Nm?2V,
E = — = —_ — —
ul 2N -3 )’ 2N —3 uj ' u? 3+ (2N — 1)m?V},’
Nm? —m?2 Nm?2
pofNmhf_ 3 S=m PRI Yh. (4.20)
2u} 2N —3 3+ (2N — 1)m?V}, a?uy

The shear elastic modulus G and shear viscosity 1 are computed using the Kubo
formulae (4.14). Furthermore, from the viscoelastic hydrodynamic theory of section

3.2.3 the longitudinal attenuation of sound I'| and diffusion constant D) are given by

s?T?G? s’T(B+G—P
FH = 1 + T2 D” = ( ; ) . (4.21)
X7r7r 7X7r7rv|| 7(8 + P )(XWTI’ + 2G)
Using the relation f. = —p it is evident form the expression for the pressure in the

first line of (4.20) that the free energy receives positive contributions due to the scalar
field for all N ¢ [1/2,3/2]. This illustrates that the background solution ¢’ = ax! raises
the free energy within the regime of spontaneous breaking of translational invariance
— it acts as strain in the dual field theory. The would-be minimal solution with a =0
does not provide a well-defined vacuum due to the gravitational theory being strongly
coupled at this point [89].

The information needed to compare the quasi-normal mode dynamics to the pre-
dictions provided by viscoelastic hydrodynamics is now at hand. For simplicity, and

without loss of generality, the numerical data has been produced with oo = u;, = 1.

The speed of longitudinal sound is fixed by conformal invariance — the comparison
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Figure 4.2: Left: Speed of longitunidal sound for models with potentials V (X, Z) =
XN with N = 3,4,5,6,7,8 (from lighter to darker colour) as a function
of the dimensionless breaking parameter m/T. Right: Real part of the
dispersion relation of the propagating quasi-normal modes for N = 3 at
various m/T € {0,3.5,12.6}. The dashed black lines show the speed of
sound which is fixed by conformal invariance.
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Figure 4.3: Quasi normal mode data for the longitudinal sound attenuation and diffu-
sion constants, for models with V (X, Z) = X¥ and N = 3,4,5 (dots, from
top to bottom) as functions of the dimensionless parameter m /7', compared
to their hydrodynamic predictions I'j and D) from (4.21) (solid lines).

between the (conformal) hydrodynamic relation vﬁ = 1/2+v? and quasi-normal modes
is displayed in the right-hand panel of figure 4.2 (the speed of sound is given by the
slope of the graphs). The agreement is good.

Quasi-normal mode data — as a function of m/T and for several values of the ex-
ponent N — is compared to the hydrodynamic expressions for the longitudinal sound
attenuation constant I') and diffusion constant D), given by equation (4.21), in figure
4.3. The match is excellent, and in particular the diffusion constant illustrates the
importance of strain pressure in the hydrodynamic theory.

The analysis continues to models with potentials of the form V (X, Z) = ZM which
yvields V,, = a*uj, and Uj, = a*uj /(3—4M). The relevant horizon formulae are obtained
by substituting N — 2M in equation (4.20). For models with V(X,Z) = ZM the

shear elastic modulus G is zero. The speed of sound is again constrained by conformal
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Figure 4.4: Quasi normal mode data for the longitudinal sound attenuation and dif-
fusion constants for the model V(X,Z) = Z? (dots) as a function of the
dimensionless parameter m /T, compared to their hydrodynamic predictions
I’y and Dy from (4.21) (solid lines).

invariance and is trivially satisfied. The comparison between quasi-normal modes and
the hydrodynamic expressions (4.21) for the sound attenuation and diffusion constant

is presented in figure 4.4. The match is again very good.

4.1.2 Unstrained Models

Although they are theoretically and principally interesting, the strained models with
monomial potentials (4.15) do not have clear real-world applications or interpretations
due to their thermodynamic quirks. However, by implementing models with polynomial
potentials it is possible to find an a = «, such that the free energy is minimised. The
model which will be considered here has the potential [2,135]

V(X,Z) =X+ \X?, (4.22)

for some constant A. This model is plagued by its own unphysical behaviour, as will
become clear; it nevertheless serves a purpose as a toy model for illustrating some key

aspects of the hydrodynamic theory.

Symmetry Breaking

The asymptotic behaviour of polynomial potentials such as (4.22) is controlled by the
leading monomial. For the case at hand this means that the near-boundary expansion
(4.16) becomes

I 1 1

¢'(u, ) = o (x) + ... + () (w)u’ + .., (4.23)
which according to standard quantisation would mean that the translational symmetry
is explicitly broken by a non-vanishing source term. However, employing alternate

quantisation the role of the leading and subleading terms are switched [75] — hence if

one assumes alternate quantisation the symmetry breaking becomes spontaneous in the
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4 Symmetry Breaking and Hydrodynamics in Holography

same way as for the monomial models (4.15). Alternate quantisation in turn imposes

Neumann boundary conditions at the conformal boundary.

Hydrodynamic Behaviour

The potential (4.22) behaves as u? at the conformal boundary, meaning that the defi-

nition of U, must be changed in this instance [2]; it is now instead defined as
U = u} /OO b~V (a?h?, a*h?) db. (4.24)
up,
Evaluating the the integral in V},, and U}, as defined above, yields
Vi, = o +ui + Aatuj, Up = a* +u} — \a'up. (4.25)

Using these values in the formula (4.11) the strain pressure P is set to zero for an

equilibrium value a, by solving the constraint with a # 0 — this results in

1
= —. 4.2
“ 2\u? (4.26)
The hydrodynamic parameters then become
3 m? 2 1 m?
T = 1— = - R
Amuy, ( 4/\> ’ iy ui’ P 2u3 ( 4)\> ’
1 2 4 2 2 XN—m?/4 2
€=3 1- = g P/:_ﬂ-z m2 ’ B = m3 m2/ ’ 72&2
up 4\ 3uz A+ 5m2/12 2 up A +5m? /12 uy
(4.27)

In the above equations it is manifest that the temperature derivative of the strain
pressure, for fixed «, is non-zero; this in turn allows for a non-zero bulk modulus B as
a consequence of the scale invariance constraints in equation (3.103). In this regime
the longitudinal diffusion constant of the hydrodynamic theory takes the form

s?’T(B + Q)

Dy = (5 1 P xen + 2G) (4.28)

with y.r =€ + p.

Computing the values for G and 1 numerically the trasverse speed of sound v? =
G/Xxr and diffusion constant (4.28) may be compared to the quasi-normal mode data
of the holographic model; the results are shown in figure 4.5, as functions of m/T. The
speed of transverse sound is imaginary due to a negative shear elastic modulus G but

nevertheless the hydrodynamic predictions are valid. Most importantly, matching the
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Figure 4.5: Quantities of interest for V(X,Z) = X + X?/2 and P = 0; u, = 1 and
thus a, = 1. Left: Quasi-normal modes for transverse speed of sound
v? (circles) alongside the hydrodynamic predictions (solid lines). Right:
Quasi-normal mode data for D (circles) alongside the hydrodynamic pre-
diction (4.21) (solid lines).

diffusive constant D evidently relies on the presence of P’ 3

4.2 Holographic Broken Superfluid

The pseudo-spontaneous breaking of U(1) symmetry will be studied holographically
in this section [3]. The theories are formulated in the probe limit, meaning that the
backreaction of the matter fields onto the metric is ignored. The principles behind the
numerical computations are the same as in the previous section and hence their details

will be spared.

4.2.1 Holographic Superfluid

The basis of the holographic analysis is the model proposed in [90], which is given by
the U(1)-invariant bulk action

Sep = — / drduy/—g BF”‘"FM + Dpth(D™)* + M?ap* | | (4.29)
where u is the radial coordinate and v (u) is a radially dependent complex scalar field
with mass M; F = dA is the field strength tensor of the U(1) gauge field A; and the
covariant derivative is defined as D,, = 0,, — iqA,,, where ¢ is the charge of the scalar
operator dual to 1. The lowercase Latin indices span all bulk spacetime coordinates
while Greek indices do not include the radial direction. The AdS radius of curvature /¢
has been set to one.

The bulk geometry is that of a AdS, Schwarzschild black hole in Eddington-Finkelstein

3Signatures of an equivalent phenomena were also seen in [136].
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4 Symmetry Breaking and Hydrodynamics in Holography

coordinates and is given by the line element

1

ds? = — [—f(u) dt* — 2dt du + da? + dy?] with flu)=1—u*  (4.30)
u

where u € [0, 1]. The conformal boundary is located at u = 0 and the black hole horizon

is set at up, = 1. The probe limit is manifest from the simple form of the emblackening

factor f(u) which, from equation (2.35), gives rise to a constant temperature

T=—. 4.31
ym (4.31)
The equilibrium configuration of the theory defined by (4.29) may be determined by

making the radially dependent ansatze

A= Ay(u)dt, Y(u) = 1 (u) — ive(u), (4.32)

which ensure rotational invariance. The asymptotic expansions for the scalar fields 94 o

and gauge field component A; are given by

bu) =P 4P+ (1=1,2) (4.33a)
Au) =AY 4 APy 4 (4.33b)

where A is the scaling dimension of the complex scalar operator O dual to ; the
superscripts (1), (s) denote the leading and subleading term respectively; and the
ellipsis denotes terms at higher order in u. Standard quantisation is assumed. The
chemical potential ;i of the boundary theory is defined as the source of (J*) and is
hence identified as

=AY (4.34)

In order to model a superfluid the theory must exhibit spontaneous symmetry breaking,
where the charged operator O condenses below a critical temperature 7.. Choosing
the boundary condition w?’ = 0 removes the source for O. Moreover, the standard
value for the scalar field mass M? = —2 results in A = 2 and hence O is relevant in the
infrared. In the following sections the consequences of adding a small explicit breaking

of U(1) symmetry on top of the spontaneous breaking will be considered.

4.2.2 Holographic Superfluid with Sourced Charged Scalar

The first means by which an explicit breaking of U(1) symmetry is introduced is by
sourcing the scalar operator O of the boundary theory [3]. The source \ is taken to be

real, which in terms of the boundary expansion (4.33) corresponds to choosing A = zb%l)
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4.2 Holographic Broken Superfluid

with wgl) = (. Holographic renormalisation results in the expectation value

(0) = 204” + 20" + 2iquy) = 20", (4.35)

ﬁ”, which is specific

where the second equality follows from the constraint Qbés) = —quap
to Eddington-Finkelstein coordinates.

The source A controls the explicit breaking but must be presented in a dimensionless
form; one possibility is A/T. Increasing the value of A\/T" corresponds to more symmetry
breaking. In the following /7T will be chosen to be infinitesimal such that the breaking
may be treated as pseudo-spontaneous.

The non-conservation equation for the U(1) current of the boundary theory is given

by ‘
R R CORC (4.30

For real A the expectation value (O) is real at equilibrium, hence the right-hand side

of the above equation vanishes; away from equilibrium it instead reads
0, (J") = AgIm (O) , (4.37)

see also [123,129,137]. Comparing the non-conservation equation (4.37) to the one used
in the hydrodynamic calculations, equation (3.64), it is evident that this mechanism
for explicit breaking of U(1) symmetry does not result in charge relaxation, i.e. I' = 0.
Since ¢ in the hydrodynamic theory is the phase of the condensate an appropriate
identification is ¢ = Im (O) /(O),,,

where (O),, is the expectation value at equilibrium.*

from which the relationship m = Ag ((’))eq follows,

The behaviour of this setup lends itself to be studied using numerical techniques.

Without loss of generality ¢ = 1 will be fixed in the remainder of this chapter.

Scalar Condensate and Goldstone Correlation Function

Without the presence of explicit symmetry breaking the scalar condensate (O) acts
as the order parameter for the superfluid phase transition; it becomes non-zero at a
critical temperature T, indicating that the superfluid has formed. The behaviour of
(O) in the presence of explicit breaking is thus of interest — the numerical results for
the dimensionless condensate (O) /T are shown in the left panel of figure 4.6. As
the dimensionless breaking parameter A\/T" is increased the value of the dimensionless
condensate increases and the phase transition goes from sharp to continuous, making

is difficult to define a critical temperature 7.

4The subscript denoting equilibrium will be dropped in the following.
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Figure 4.6: Colours indicate different values of the dimensionless source A/T" — blue is
5 x 10719 purple is 1079, light brown is 107, green is 1079, dark brown
is 1075, magenta is 10™*, orange is 1072, and red is 1072, Left: numerical
results for the dimensionless scalar condensate, near the superfluid phase
transition, as a function of temperature and for different values of the di-
mensionless source \/T. Right: the pseudo-Goldstone correlator at zero
frequency and finite momentum with fixed 7'/ = 0.0575, for different val-
ues of the source A\/T. The dashed lines indicate the hydrodynamic result
presented in equation (4.38)

Moreover, in the right panel of figure 4.6 the zero-frequency Green’s function G, (0, k)

obtained from holography is compared to the hydrodynamic formula of section 3.2.2,

o Xe
GWP(Oa k) - ma (438>
for small amounts of explicit breaking. The agreement is excellent for a large range of

values of G,(0, k) and confirms the pseudo-Goldstone nature of .

Zero-momentum Excitations

The quasi-normal modes at zero momentum, for various values of the breaking param-
eter, are shown in figure 4.7. At zero explicit breaking the spectrum contains a pair
of sound modes as well as a non-hydrodynamic diffusive mode with imaginary gap.
As the explicit breaking increases the gapless modes acquire a complex gap while the
non-hydrodynamic mode moves away from the origin along the imaginary axis. For
large explicit breakings the mode with a purely imaginary gap is closer to the origin
than the modes with complex gaps; in this regime the hydrodynamic description must
fail [74].

Since it has been established that the scenario considered here does not display

charge relaxation the behaviour of the modes are in accordance with the dispersion
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4.2 Holographic Broken Superfluid

relation .
Q Q m
w=—iy +/wi — R wi = GINEE (4.39)
with a positive square root. The above dispersion relation stems from the hydrody-
namic expression (3.73), and wy denotes the pinning frequency. The superscript used
to denote probe-limit quantities in section 3.2.2 will be dropped.

The behaviour of the phase relaxation 2 and pinning frequency wy, as functions of
the explicit breaking, may be extracted directly from the zero-momentum quasi-normal
modes — the results are shown in figure 4.8. The pinning frequency, displayed in the left
panel, decreases linearly with the explicit breaking scale and vanishes at zero explicit
breaking; this is a realisation of the Gell-Mann-Oaks-Renner relation [58]. Similarly,
in the right panel the phase relaxation €2 is linearly dependent on the explicit breaking
scale and vanishes at zero explicit breaking; the second property illustrates that in this
model 2 arises due to the interplay of explicit and spontaneous symmetry breaking.

The phase relaxation €2 and pinning frequency wq are displayed as functions of the
dimensionless temperature T'/p in figure 4.9; the dots denote quasi-normal mode data
while the dashed lines indicate the Kubo formula for €, given in equation (3.86),
and the definitions of the pinning frequency in the dispersion relation (4.39). The
hydrodynamic results are in good agreement with the quasi-normal modes for small
values of A/T’; for larger values of the explicit breaking the agreement is good until
the mass of the pseudo-Goldstone is of the same order as the square root of the scalar

condensate.

Finite-momentum Excitations

If the hydrodynamic framework constructed in section 3.2.2 is valid, the finite momen-
tum quasi-normal modes of the current treatment of the model (4.29) should obey the

dispersion relations (3.72) with I' = 0 and

D

1 ( 90 ps) + i 2ps — <3ps<apt/a,u)ﬂ + UoMQ
( <3_

“ 2\ @O 1) T 2 0p,O) — OpuOnP (440

The real and imaginary parts of (4.40) are plotted alongside quasi-normal mode data
in the top panels of figure 4.10 — the agreement is good for several values of \/T.
In the bottom panel of figure 4.10 the absolute difference between the hydrodynamic
expression (4.40) and the quasi-normal modes increases with the breaking A\/7T" but
also decreases with the dimensionless temperature 7'/u. For smaller values of T'/u the
value of the scalar condensate is larger, as is evident from figure 4.6, meaning the effects
of the explicit breaking become relatively smaller and hence the pseudo-spontaneous

approximation holds stronger.
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Figure 4.7: The lowest modes in the quasi-normal mode spectrum, at zero momentum,
for values of the source A\/T in the range [1071%,0.1] at fixed T'//p = 0.0582.
The dashed arrows show the direction of movement towards the limit of
strong explicit breaking, A\/T" > 1. The inset displays the modes in the
limit of infinitesimal explicit breaking, A/T" < 1; a pair of sound modes
may be identified — which gain a complex gap once explicit breaking is
added — as well as a pseudo-diffusive mode which moves away from the
origin as the breaking increases.
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Figure 4.8: The dimensionless pinning frequency wg/T? (left) and the dimensionless
phase relaxation rate /T (right) as a function of the dimensionless source
A/T. The dashed green lines are a linear fit to the data, emphasising that
at small explicit breaking both quantities are linear in the explicit breaking
parameter. Colours indicate fixed T'/p — light brown is 0.0582 and black is

0.0434.
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Figure 4.9: The dimensionless phase relaxation (left) and the dimensionless pinning
frequency (right) as functions of the dimensionless temperature 7'/ for
different values of the explicit breaking parameter A /7. Quasi-normal mode
data is displayed by dots while the dashed lines in the left panel are values
of the Kubo formula in (3.86) and in the right panel they correspond to the
definition (4.39). The colours indicate different values of the dimensionless
source A\/T — blue is 5 x 1071°, purple is 1079, light brown is 1077, green is
1079, dark brown is 10~°, magenta is 10~%, orange is 1073, and red is 1072.

Universal Behaviour of Phase Relaxation

It has been observed in several works [134, 136, 138-148], in various contexts, that
phase relaxation €2 which arises due to the interplay between explicit and spontaneous

symmetry breaking obeys the relation
Q=m?D, (4.41)

where m is the mass of the pseudo-Goldstone and D, denotes the Goldstone diffusivity
which can be calculated from the decoupled Josephson relation in the purely sponta-
neous state. Using the superfluid quantities of section 3.2.2 the phase relaxation €2 for

pseudo-spontaneous breaking of U(1) symmetry reads

Q= W§<3pr7 (442)

where x,, = 0p;/Op is the charge susceptibility.

Numerical data for the dimensionless quotient wi(sx,,/2, for the model currently
under consideration, is plotted in figure 4.11. All quantities on the right-hand side
of (4.42) have been calculated from the state without explicit breaking. The quotient
tends to one for small explicit breakings, validating the formula (4.42) in the pseudo-
spontaneous regime. Analogously to figure 4.10, the agreement is better for smaller

values of T'/u. Since Q < wi(3x,, for all breakings the relation (4.42) may also be
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Figure 4.10: Top to panels display a comparison between the k2-coefficients of the low-
est quasi-normal modes (dots) versus the real and imaginary parts of the
hydrodynamic formula (4.40) (lines), as a function of the dimensionless
temperature 7'/u. The bottom panel plots the agreement between the
quasi-normal mode data and the hydrodynamic formula; it shows increas-
ing agreement by lowering the temperature, i.e. by making the sponta-
neous symmetry breaking order parameter larger compared to the explicit
breaking scale A\/T. The colours indicate different values of the dimen-
sionless source A\/T — blue is 5 x 107! purple is 1079, light brown is 1077,
green is 1079, dark brown is 10~°, magenta is 10~*, orange is 1072, and

red is 1072,
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Figure 4.11: The dimensionless ratio w3(3x,,/? as a function of the dimension-
less source A/T. At small explicit breaking the ratio tends to
one and thus validates the relation in equation (4.42).  Different
colours indicate different values of the dimensionless scale T/u =
{0.0582,0.0555,0.0519,0.0477,0.0434}, starting from blue. The inset
zooms into the range of larger values of the explicit breaking. The agree-
ment is better for larger chemical potentials (or lower temperatures) which
correspond to a larger spontaneous symmetry breaking scale and therefore
a better approximation for the pseudo-spontaneous approximation.

viewed as an upper bound on the phase relaxation.

Electrical Conductivity

The pseudo-spontaneous hydrodynamic analysis of section 3.2.2 concluded that the AC
conductivity in this regime does not display any influence from the phase relaxation €2
or the parameter m, nor a pole at zero frequency; as a consequence the DC conductivity
is finite.

The frequency dependent conductivity is plotted for different values of the dimen-
sionless source A/T in figure 4.12. The hydrodynamic prediction (3.84) is obeyed at

lowest order in the frequency, i.e.
o(w) =0y +O(W?) . (4.43)

The real part of the conductivity grows with a w? scaling which is beyond the present
scope. Introducing the breaking parameter decreases the value of the real part of o(w);
the expectation would be that as the explicit breaking increases a gap appears where
the conductivity is zero at low frequencies. The imaginary part is zero at w/T = 0.
The hydrodynamic results and the holographic results presented in figure 4.12 may
be compared to those of [59], where phase relaxation in a superfluid appears due to

vortices and hence without explicit symmetry breaking. The AC conductivity of such
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Figure 4.12: Real (left) and imaginary (right) parts of the AC conductivity as a
function of the dimensionless frequency w/T, for different values of the
dimensionless source A/T. The dimensionless temperature is fixed at
T/u = 0.0579. The colours indicate different values of the dimension-
less source A\/T — blue is 5 x 07! purple is 1079, light brown is 1077,
green is 1079, dark brown is 107°, magenta is 107, orange is 1072, and
red is 1072. The data from most cases are on top of each other.

systems receive contributions due to the phase relaxation in a way which produces a

Drude-peak as well as a finite DC conductivity.

4.2.3 Holographic Superfluid with Massive Gauge Field

Another method of implementing pseudo-spontaneous breaking of U(1) symmetry in
holography is by modifying the action (4.29) to be of the form [91,92,149-151]

M3

1
S:/dgxdu\/—g _Zanme_

(A — 00) (A™ — 0™0) — | Dy|* — MZIW] :
(4.44)

where M, is the mass of the bulk gauge field A,,. The appearance of a mass-term for
the gauge field breaks the local U(1) symmetry which transforms A,, — A,, + OnAg;
this symmetry has in turn been restored by introducing the Stiickelberg field § which
transforms as 6 — 6 — )\, under local U(1) transformations. The configuration is taken
to be static, with 9,60 = 0. The geometry of the spacetime is unchanged and still given
by (4.30).

The ansétze (4.32) are taken also for the model (4.44), however the boundary ex-
pansion of the gauge field (4.33b) is in this case modified to

1
Au) ~ Ay (14 )+ AP A1) with Ay = 5 (_1 +4/1 +4Mg> .
(4.45)
The expectation value of the boundary U(1) current, (J*), is related to Aff) — 9,0
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and its scaling dimension is [J#] = 24+ A 4. A4 is thus an anomalous scaling dimension
which grows with M4 and indicates that the symmetry is broken and the current no
longer conserved. One may again identify the a boundary quantity u = Agl) — however,
this should not be interpreted as the chemical potential but rather as a source (with
mass-dimension 1 — Ay4) in the boundary field theory.

The dynamics of the complex scalar field ¢ are unchanged from section 4.2.1. In
contrast to the approach of section 4.2.2 the leading term of the boundary expansion
(4.33a) can be made to vanish by imposing the boundary condition ¢§“ = (; when a so-
lution for the subleading term exists the scalar sector exhibits spontaneous breaking of
U(1) symmetry, which for small values of M4 results in a combined pseudo-spontaneous
breaking regime [3].

The form of the non-conservation equation for the boundary U(1) current (J*) may
be argued for when the dual field theory is four-dimensional [3,91,92]; an analogous
expression may on phenomenological grounds be taken also for a three-dimensional
field theory, i.e.

Oy (JHy = =T (J"), (4.46)

where I' is the charge relaxation rate [3]. Comparing the above expression to the
hydrodynamic relation (3.64) it is evident that the parameter m, and hence the pin-
ning frequency wy, vanishes in the model (4.44). It will also become clear that phase

relaxation €2 is not present in this model.

Phase Diagram

The first observable of interest for the model (4.44) is the dimensionless scalar conden-
sate — the numerical data are displayed as a function of the dimensionless temperature,
for several values of the breaking parameter M4, in figure 4.13. When a finite explicit
breaking is introduced the value of the dimensionless condensate increases but the
phase transition remains sharp. The clearly defined phase transition in this model may
be compared to that of the model in the previous section, where it was smeared; this
difference may be understood intuitively by remembering that in the previous model

the pseudo-Goldstone bosons relax and thus no clear definition of order exists.

Quasi-normal Modes and Hydrodynamics

The quasi-normal modes of the model (4.44) are plotted in figure 4.14. Comparing
the structure of the modes to the hydrodynamic result for the gap, equation (3.73),
the inevitable conclusion is that the phase relaxation {2 and the pinning frequency wyq
vanish. The charge relaxation rate obtained from the quasi-normal modes is plotted

for various breakings in figure 4.16 — they show remarkable agreement to the leading
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Figure 4.13: Plot of the dimensionless scalar condensate as a function of the dimension-
less temperature T'/p'/(7=24) " for different amounts of explicit breaking.
Colours indicate different values of the breaking parameter M3 — dark blue
is 1078, blue is 1075, purple is 1077, light brown is 10~*, and orange is
1073, The condensate and the critical temperature grow with the breaking
but the phase transition remains sharp.

order expression
M2
r=—4+4+.., (4.47)
Xpp
where the ellipsis indicate terms of higher order in M, and the susceptibility x,, is
calculated in the state without explicit symmetry breaking. Similar behaviour has been
observed in [86,88,91,92,152,153].

When 2 = wy = 0 the hydrodynamic predictions for the modes (3.72) reduce to

wk) = —iDyk*+...,  wk)=—il—iD_k+..., (4.48)
where
s L ps 1 ps
Dy=G2 4+ p =% - P (4.49)
M FMpr Xop F/”LXPP

In figure (4.16) the k?-coefficients (4.49) are compared to the quasi-normal mode data
for different amounts of breaking; the quantities entering D, except for I', have been
extracted from the state without explicit U(1) symmetry breaking. Moreover, also in
the right-hand panel of figure (4.14) the coefficients (4.49) are compared to the quasi-
normal modes as a function of the dimensionless momentum k/T — the agreement is

good for small k/T and small values of the breaking parameter.
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Figure 4.14: Low-lying quasi-normal modes as a function of the dimensionless momen-
tum k/T (dots). In the right panel the dashed line represent the hy-
drodynamic predictions (4.48) and (4.49), with transport coefficient and
susceptibility data extracted from the purely spontaneous phase. Colours
indicate different values of the breaking parameter M3 — blue is 1076, pur-
ple is 107°, and red is 5 x 107°. Values are shown for fixed dimensionless
temperature 7/p'/(1=54) = 0.0582.
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Figure 4.15: The dimensionless charge relaxation rate I'/T extracted from quasi-normal
modes (dots) compared to the formula (4.47)(dashed lines), as functions
of the dimensionless temperature 7'/u'/(1=24) " Colours indicate different
values of the breaking parameter M3 — dark blue is 1078, blue is 1079,
purple is 1075, light brown is 107, and orange is 1073. The agreement is
remarkable.
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Figure 4.16: Dots denote the dimensionless k?-coefficients entering the dispersion re-
lations of the two lowest quasi-normal modes, extracted for different
amounts of explicit breaking. Dashed lines are hydrodynamic predictions
(4.49) where transport coefficients and susceptibilities are computed in
the purely spontaneous background. Both quantities are computed for
the same dimensionless temperature 7'/u'/(1=24) " Colours indicate differ-
ent values of the breaking parameter M% — blue is 1075, purple is 1075,
light brown is 1074, and orange is 1073, Left: Diffusion constant of gapless
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5 BMS Symmetry and the Oscillator

Construction

The main goal across the past three chapters has been to understand aspects of sym-
metries in dynamic systems and within this context applying holographic techniques in
order to probe quantities of interest. The contents of this chapter will focus on aspects
of symmetry motivated by the holographic principle itself.

By virtue of the bottom-up approach to the AdS/CFT correspondence (which was
employed in chapters 2 and 4) a bulk gravitational theory has, in this thesis, mainly
been used to study the dynamics of the dual boundary conformal field theory; never-
theless, the correspondence may be used in reverse in order to gain insight into formal
aspects of the gravitational theory governing the bulk, which in the strong form of
the correspondence has the potential to reveal secrets to the nature of quantum grav-
ity. However, our Universe is not asymptotically anti-de Sitter and hence there exists
a non-trivial gap between reality and any understanding gained by studying quan-
tum gravity in the setting of the AdS/CFT correspondence. This raises the question
whether the holographic principle may be applied to a gravitational theories in more
realistic spacetimes, for example one which is asymptotically flat — such a holographic
duality is called flatspace holography.

There are currently no concrete examples of flatspace holographic models;' there
are however symmetry criteria which must be fulfilled by any candidate theory. In
the AdS/CFT correspondence the conformal invariance of the boundary field theory
is aligned with the asymptotic symmetry group of (d + 1)-dimensional anti-de Sitter
spacetime, namely SO(d, 2), which is isomorphic to the conformal group. For asymp-
totically flat spacetimes the asymptotic symmetry is not Poincaré symmetry but rather
Bondi-Metzner-Sachs (BMS) symmetry [82,83], where translational and rotational in-
variance is promoted to invariance under supertranslations and superrotations [183].
Assuming the generality of the holographic principle, and following the example of the
AdS/CFT correspondence, it is reasonable to conclude that a quantum field theory
dual to an asymptotically flat gravitational theory must obey BMS symmetry [79,85].

IThere is nevertheless progress being made in the field of flatspace holography, see for example
[85,154-182] for an incomplete list.

71



5 BMS Symmetry and the Oscillator Construction

The properties of the BMS group, and its algebra bms, depend on the spacetime
dimensions. Much like the conformal Virasoro group [28] the incarnation of the BMS
group in two spacetime dimensions is particularly constraining due to the infinite num-
ber of generators in the corresponding bmss algebra. There are two representation
theories of bmss and they are both related to two copies of the conformal Virasoro al-
gebra via separate Inonii-Wigner contractions: the highest-weight representation — also
called the Galilean conformal algebra geca, — is a result of non-relativistic contraction
while the induced representation is ultra-relativistic [84,85]. Each representation may
be suitable for quantum field theories dual to the appropriate limits of gravitational
theories in three spacetime dimensions, for instance Newton-Cartan gravity [184].

In this chapter the highest-weight representation of bmss will be considered; its so-
called oscillator construction will be derived and used to calculate bmss-blocks [4],
i.e. objects equivalent to conformal blocks for BMS-invariant theories. The oscillator

formalism has also been applied to the Virasoro algebra in [185-188].

5.1 The bms; Module

The first task is to formally introduce some important aspects of the highest-weight
representation of bmss, which will also be referred to as the bmss module [84].
In the context of asymptotically flat gravity the generators of bms;z are those of su-

perrotations L,, and supertranslations M, ; for m,n € Z they satisfy the commutation

relations
Ly L] = (m — 1) Ly + %m(mQ DT — (5.1a)
(L, M) = (m — 1) Moy + %m(nf — )6, (5.1b)
(M, My] =0, (5.1c)

where ¢;, and ¢, are (non-negative and real) central charges. Superrotations gener-
ate diffeomorphisms of S' at asymptotic null infinity and supertranslations are angle

dependent translations.

A primary state |A, ) is defined by the eigenvalue equations
LolA,§) = AJA§)  and  Mo|A, &) =¢[A,§), (5.2)

where A is the scaling dimension and £ is the rapidity. A primary state must also

satisfy
LolA &) =0 and  M,|A,&) =0, (5.3)
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5.1 The bmss Module

for n > 0. A bmss primary operator Oa¢(t, z) is defined from the primary state via

the operator-state correspondence
1A,€) = lim Oxe(t,2)[0), (5.4)

where ¢ and = are coordinates on the plane. The vacuum state |0) is a primary state
with A = & = 0 which is annihilated by L,, and M,, with n > —1. The bmss generators

act on Oag(t, x) as

(L, Oag(t,z)] = =L, Oaelt, x), (5.5a)
[MH,OA{(t,z)] = —./\/ln OAjg(t,$), (55b)

where the differential operators are given by [189]

L, =—t""0, — (n+ Dt"x0, — (n + 1)(t"A + nt"'xf), (5.6a)
M, = —t""19, — (n+ 1)t (5.6b)

The operators £, and M, satisfy the commutation relations (5.1) with vanishing

central charges.

The bmss module BX ™ is constructed by acting on the primary state |A,§) with
an ordered string of the operators L_, and M_,, with n > 0. The vector space of the

highest-weight representation of bmss is thus spanned by the basis vectors
|(ma,...,mg), (na, oo ym); D) = Loy -+ Loy My -+« My |AE), (5.7)

where m; > ... > my > 1 and ny > ... > n; > 1. Imposing the adjoint relations
Ll = L_, and M! = M_, uniquely defines the Hermitian product {(q|p) for states
Ip),lg) € BA M. The Hermitian product of two basis vectors defines an element of the

Gram matrix; the general formula is given by

/

()L () A€ mi) i, (1))cis A,€)

1 1 s l
_ <A, g‘ [T a0 TT £ 11 Lo, H1 M-,
i=s’ i= j=

j=t

(5.8)

A€),

with the compact notation (m;);_; = (mq,...,ms). The Hermitian product of the
highest-weight representation of bmsj is in general not positive semi-definite and hence

the corresponding representation will generically be non-unitary.
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5 BMS Symmetry and the Oscillator Construction

5.2 The Oscillator Construction

The oscillator formalism — or construction — gets its name by associating differential
operators to oscillator modes of a quantum field theory, consequently also expressing
the generators of the algebra in terms of said differential operators. The oscillator
construction of the Virasoro algebra may be found through a linear-dilaton theory [187].
As mentioned at the beginning of this chapter the highest-weight representation of bmss
is related to two copies of the Virasoro algebra via a non-relativistic contraction; its
oscillator construction will thus be derived by performing a non-relativistic contraction

of a generalised, two-dimensional linear-dilaton-like theory [4].

5.2.1 Unravelling the Module

The generalised linear-dilaton-like theory is defined by expressing the components of
the two-dimensional conformal stress-tensor 7' = T,, and T = T}z, where the bar
denotes quantities belonging to the anti-holomorphic sector of the two-dimensional

conformal algebra, as
_ virt _—m—+2 . piv __ . . -
T = E_ L)z , with L)' = 5 E_ 0t Fi(m+ 1)V,  (5.9a)
and

_ < I [ _
T= > Lyz™?2  with Ly =3 > pnln +i(m+ 1)V, (5.9b)

m=—0o0 n=—oo

where L L’ are generators of the Virasoro algebra and satisfy a commutation rela-
tion reminiscent of (5.1a); V, V are complex constants which do not relate by complex
conjugation; and the colons denote normal-ordering. There is no action principle as-
sociated to the kind of theory considered here — which is why it is referred to is as
‘dilaton-like’. The generators obey the conjugation (L;’,if)T = L"" and (Ef,"f)T = L°

and the oscillators «,,, &,, satisfy the canonical commutation relations

[Oém, an] - [@my dn] = mfsm-l—n,Oa [Oém, dn] = 0. (510)
Non-relativistic Contraction

The bms; generators will be found by taking the non-relativistic limit on the level

of the generators L° and LPF. The contraction is equivalent to taking the linear
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5.2 The Oscillator Construction

combinations [84,190]

anh%(L$+iﬁj, (5.11a)

€E—

Ahgzh%e(Lﬁﬂ—Z$>. (5.11b)
e—

The contractions (5.11) stem from the coordinate rescalings
t—t, T ex, (5.12)

which means that the velocities of the theory tend to zero in the limit € — 0, in units

where ¢ = 1 — thus the regime is non-relativistic.

For the case at hand the limiting parameter € is introduced into the generators (5.9)

by defining a new pair of oscillator modes as

B = % (= 100n) 5 Y = Ve (Q + 100, , (5.13)

together with the linear combinations

1
BN

The above oscillators satisfy the commutation relations

Ve

Wi, (V—iv), W =5 (V+iv). (5.14)

[5m> P)/n] = 2m5m+n,07 [5m7 Bn} = [71717 f}/n] = 07 (515)

which follow the commutation relations (5.10). Imposing the adjoint transformation
properties 31 = [B_,, and 7/ = 7_,, the Virasoro oscillators must transform like
al =a_,, and al = —a_,,, for m # 0. Preserving the adjoint property of the Virasoro
generators then requires V* = V and V* = —V, together with ag = ap + 2:V and
alb = —ap — 2iV.

Expressing the Virasoro generators L' and L° in terms of the oscillators (5.13) and

redefinitions (5.14), and taking the non-relativistic limits (5.11), results in

1 & .
L =7 > BuenTn + YmenBat Hi(m 4 1) (Wi + W) (5.16a)
1 & .

The generators above satisfy the bmss algebra (5.1) with the central charges ¢, =
2 + 48W, Wy, and ¢y = 24W2. The adjoints L!, = L_,, and M} = M_,, are enforced;
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5 BMS Symmetry and the Oscillator Construction

the transformation properties of all quantities follow from the above redefinitions.

The task of assigning differential operators to the oscillator modes is made simpler by
expressing the generators L,, and M, in terms of oscillators which satisfy commutation
relations akin to the canonical ones (5.10). To this end another set of oscillators are

introduced as . .
Qpy = 5 (B + Ym) , Gy = 5 (B — Ym) » (5.17)

which satisfy the commutation relations
[, Gn] = MOpino [, ] = —Mpn0, [, a,] =0. (5.18)

In terms of the oscillators (5.17) the bms; generators become

1 [o.¢]
Ly =3 D iy — iy Fi(m 4 1) [(Wy + W) @ + (Wi — WL )
(5.19a)
1 o L S .
M,, = 1 n;oo -Gy, — (Q—n G+ Q—n Q) + Gt Fi(m 4+ D)Wy (@ — ).
(5.19b)

The adjoint properties LI = L_,, and M = M_,, are satisfied if al, = a_,, and

al, = a_p, for m # 0, and
ab = ag + 2i(Wy +Wo),  ab = ag — 2i(Wy — WL). (5.20)

The oscillators a,, and a,, in general have complex eigenvalues — the real parts of their
eigenvalues are respectively parametrised by A; and Ay while the imaginary parts are
fixed by the adjoints (5.20). Defining p; = —(Wy +Wy)/V2 and g = (Wy — W) /V/2

the eigenvalues take the form
ayg = \/5)\1 =+ Z\/§/L1 , do = \/5)\2 + i\/§M2, (521)

where factors of v/2 are a normalisation choice.

Differential Operators and Generators

Differential operators may now be assigned to the oscillator modes (5.17) and thus

completing the oscillator formalism expressions for the bmss-generators. The following
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5.2 The Oscillator Construction

assignments are employed

?

Ay, = ——= (5 1 + 0 (2)) A_m = —im\/§ (U,(yp + Uﬁ?) ) (5'223)

2\/§ Um
dm 2\/_ (8 (1) — 81}7(3)) s = zmx/ﬁ (Ug}b) — Uﬁ?) s (5.22b)

‘Q>
3

where v and vg), with m € N, are complex variables which will be referred to as

oscillator variables [4,185-188].

Plugging the definitions (5.22) into the generators (5.19), accounting for the nor-
mal ordering and using (5.21) for the terms with n = 0, the oscillator construction

expressions for generators (which are denoted in lowercase) read

o=+ n (00,0 +vP0, )., (5.23a)
[e'e) k 1
I, = Z ( 1) L + 9 2 ) - = 28 10 @t A0, W+ B0, @, (5.23b)
+n +n
n=1
00 k—
I Z(k+n) ( (1) 8 +vk+n 2>) - 4Zn (1)vk —|—4kB vk +4kAkv
n=1
(5.23¢)
as well as,
mo =&+ Z nvg)av(z), (5.24a)
n=1
%) 1 k—1
me= 20, =52 O O + A, (5.240)
m_y = Z(k +n vk+n8 @ — QZn % RSN 4k A, v (5.24c¢)
n=1

with £ > 0. In (5.23a) and (5.24a) the scaling dimension A and rapidity ¢ have been
identified as

A= )\2 A5+ ui — s, (5.25a)

E=- [( — X))+ ( — M2)2] : (5.25b)

which have been used together with the values of the central charges ¢;, = 2424 ( ,uQ)
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5 BMS Symmetry and the Oscillator Construction

and ¢y = 12 (g — % to express the coefficients

— 2 24A —2
ﬁ/zg—@—k,/ B, =it - (5.262)

12 18,20 — 1 48/

7/ CM Cl\l - .CL_2_24A CL_2
Ap =Ly foe = g [ By = — iy . (5.26b
FEVE T TR s P R RE—m TasyEr (5.26b)

The above coefficients are related by complex conjugation, Ay, = Ay and By = By,
if & > ¢y/24 and for which case lIL =1_, and mIL = m_,. However, if £ < ¢,/24

the coefficients (5.26) are real and hence independent; preserving the desired adjoint

property requires an analytic continuation which will be discussed in section 5.3.2. It

is assumed that £ > ¢,;/24 unless otherwise stated.

States, Hermitian Product and Gram Matrix

In the oscillator formalism the role of a state is played by functions depending on
the full, infinite set of oscillator variables. KEquivalence between the bms; module
BCAL:gM, presented in section 5.1, and the oscillator construction of the highest-weight

representation of bmss follows from the definition

fo(v) = (vlp) (5.27a)

where |p) € By ™ and (v] = 5)" is a generalised coherent state of the bmss module [4],
where v denotes the infinite set of all oscillator variables v%"” and v, i.e. lv) =
lv™M, v} and the dropped indices indicate a full set. Formally the oscillator generators
act as [, f,(v) = (v|Ly|p), and similarly for m,,. There is also a dual function defined
by

T = Wla) = {alo) (5.27h)

with |g) € Bxy™. The overline operation maps o o) and acts as complex
conjugation. The dual functions are acted on by barred generators [_,, and m_,, which
are found by acting with an overline operation on the generators [_, and m_,. In

terms of states [_, f,(v) = {q|L,|v) and similarly for m_,,.

The non-constant terms of [y and my depend on derivatives with respect to the
oscillator variables, hence the requirements of the primary state |A, ) are satisfied by

a constant function which is chosen as

fagw) =(v|A§) = 1. (5.28)
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5.2 The Oscillator Construction

In the oscillator formalism the primary state properties (5.2) and (5.3) thus read

lo'].:A, m(]'].:g, (529&)
L-1=0, my-1=0, (5.29b)

for £ > 0. The basis vectors defined in equation (5.7) are thus polynomials given by
s l
|| - Hj:l m_p, - 1.

The Hermitian product of the oscillator construction is uniquely defined by the
adjoints II = [_,, and m! = m_,. The appropriate expression, in terms of functions

defined in equations (5.27), is found by inserting the completeness relation of the form

/;m%hﬁwmm:n (5.30)

into the Hermitian product (g|p) discussed below equation (5.7). The resulting Her-
mitian product for the oscillator construction of the highest-weight representation of

bmss thus reads

Fua) = [_[@0)a T0Ia(0) (5:31)

where the measure is given by

d®v)ae = 16n% exp | —4n (vW5@ + @) |1 @291 242 5.32
7£ n n n n n n
n=1
with 20y = dv{’ds{. The form of the measure [d2v] ¢ is argued for in appendix A

of [4].

The Hermitian product of oscillator monomials satisfies the orthogonality-like rela-

()" (o) (o) (1)) = ymgeradiie 5:3)

In the oscillator formalism the general Gram-matrix element (5.8) is given by

tion

<l,m/1 L g M L Ly L Ty ey 1) . (5.34)

Since the basis vectors are polynomials in %(11) and 117(12) the orthogonality relation (5.33)

may be applied to their constituent monomials. The entries of of the lowest-level bmss

Gram matrix read

(I_y- 1,0, -1) = 2A, (le-1,m_y - 1) = 2€,

(5.35)
(m—l'lal—1'1>:2€7 (m_l']-am—l'l):o‘
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5 BMS Symmetry and the Oscillator Construction

The above matrix components match the results of [191].
The non-unitarity of the highest-weight representation of bmss is manifest from the
Gram matrix given by the entries in (5.35); if £ # 0 it has one positive and one negative

eigenvalue, resulting in an indefinite Hermitian product.?

5.2.2 Correlation Functions and bmss;-blocks

One of the main features of the oscillator formalism is that is provides a unique way

of determining correlation functions and, by extension, bmss-blocks.

Two- and Three-point Correlation Functions

The oscillator formalism expressions for a two-point correlation function of primary
operators is found by inserting the completeness relation (5.30) into its definition,

which gives

(010, & (t1, 71)On, g, (t2, 22)|0) :/ [A*0]ae Xareae(tr, 015 0) A, 0.0 (ta, 23 0);
(5.36)

and similarly a three-point correlation function takes the form

<0|OA1,§1 (tlv $1)0A2,§2 (tQ’ x2)0A37§3 (t?n I3>|0>

:/ [P0] A X086 (B2, T1,2; D) Vag g0 6(t3, 2330),  (5.37a)

:/ [A*0] a6 Xareiae (b 21 0)0ag 5 6506 (t23, T2350). (5.37D)

The right-hand sides of the above equations define the wave functions of the oscillator

construction; the level-one wave functions are given by

¢A2,f2;A7€(t27x2;v) - <U|OA27§2 (t27x2)|0>’ (5388‘)
XA17§1;A,E(t17x1;6) = <O|OA1151 (t1>x1)|@>7 (538b)

and the level-two wave functions are

¢A2,37§2,3;A,§(t2’ T, 13, T3; U) - <U|OA27E2 (t27 x2)0A3,§3 (t3’ $3) |0> ) (5'39a)
XA1,27§1,2§A,§(t1a Ty, ta, Xo; @) = <0|0A2,§2 (t27 x2)0A17$1 (tlﬁ 1’1) |@> : (539b)

2An exception arises for the case cyy = 0 and ¢ = 0; then the bmss representation considered
here reduces to a Virasoro highest-weight representation with central charge c; and conformal
dimension h = A, provided that one takes a quotient with respect to the null states M_,,|A,0)
with n € N [84].
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5.2 The Oscillator Construction

VYA, ;&8¢ Will be referred to as the wave function and ya A as the dual wave

i,5:8,55

function. The subscripts A; and &; label the scaling dimension and rapidity of the

external operators, while A and £ label the bms; module 322:1\4_

Using that L, |[0) = M,|0) = 0 for n > —1 it follows that (v|Oa,¢,Ln|0) =
(V|Opy.e,M,|0) = 0; expressing the product inside the braket in terms of a commuta-
tor and using the definitions of the differential operators (5.5) two sets of differential

equations for the wave function ©a, ¢,.a ¢(t2, 2; v) appear,

(lglAﬁ) + ,C;A%&)) ¢A2,§2;A,E(t27 To; U) = O’ (540&)
(mglA,g) n M;m,&)) Uy erine(ta, T2 v) =0, (5.40b)

for n > —1. By similar arguments the dual wave function xa,¢.a¢(t1,21;0) must

satisfy the following set of differential equations,

<l_7(1A’§) — £(,An1’§1)> XA17§1;A7§(t1, x1, @) = 0, (5.41&)
(mg&s) _ M(_A,;’&)) Xayesac(ty, z130) =0, (5.41b)

for n > —1. The wave functions connect oscillator variables and coordinates of the
complex plane and hence the superscripts emphasise the domains of action of the
generators. Solving both sets of differential equations for n € {—1,0,1,2} fixes the
wave functions also for all n > 2; this is related to the fact that two-point functions
are completely determined by the globally well-defined generators L, and M, with
n € {—1,0,1}, while satisfying the n = 2 differential equations guarantees a solution

for all n.

The differential equations (5.40) and (5.41) have non-trivial solutions only if Ay = A,
& =& and Ay = A & = & To keep the notation compact degenerate subscripts of

the wave functions will be dropped. The level-one bms; wave functions read [4]

U g(ta, To;v) = exp |44, Z (t?vf) +nay tgflvg)) + 4B, Z tgu(})] : (5.42a)
n=1 n=1
Xae(ty, x1;0) = 724 Sy exp |44, Z (tl_”@ff) — N tl_"_lﬁﬁll)) + 4B, Z tl_”@,(ll)] :
n=1 n=1
(5.42b)

where the coefficients A;, By and 1211, B, are given by equations (5.26a) and (5.26b)

for £ = 1. From the solutions (5.42) the relationship between the wave functions can
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5 BMS Symmetry and the Oscillator Construction

be determined to be

Xagltn,a1:0) = (722 e 0 pa ¢ (77, —ait%0), (5.43)
which also may be motivated by the operator-state correspondence for bra-states
(A.¢] = lim 128 %7 (0| Opg(t, z) . (5.44)
—00

The bms; two-point correlation function is found by plugging the wave functions (5.42)
into (5.36), power expanding, and using the orthogonality relation (5.33) on the result-

ing monomials; if Ay = Ay = A and & = & = £ the expression reads

26(z1—xg)

<O| OA17E1 (tbml)oAz,éz (tQ’ 1132) |0> - (tl - t2)_2A6_ (t1=f2) (545)

and zero otherwise. The above result is in agreement with [189].

The reasoning that lead to the differential equations for the level-one wave functions
may be analogously applied to the second-level wave functions. The level-two wave

function is thus constrained by the equations

<ZSLA7£) + E;A1,§1) + ‘ngA%&)) ¢A1,27§1,2;A,§ (tla x1,to, Ta; U) = 07 (546&)
<m5LA’§) + M,&Ahgl) + M%A%&)) wﬁl,z,&,z;A,E (tl, T, ts, X9, ’U) = O, (546b)

and similarly its dual wave function must obey

@M) — L5 — ﬁ(—Aaf’&)) X2s.0.6.0:06(E3, T3, ta, Ta30) = 0, (5.47a)
(9 = MG = MG o, saeta 2, b, 243 0) = O, (5.47b)

for n > —1. As a consequence of the transformation between bra and ket-states (5.44)

the level-two wave functions are related by

XAs 463,408 <t37 T3, b4, Ty; 1_]) (5 48)

Lz

=275 —26373 oA, —2& —1 —2 -1 -2,
=13 e s 1y e . wA3,47€3,4;A7€(t3 X3tz by, — T4ty ,U).

No closed-form solutions for the level-two wave functions have been found. However,
it is possible to employ the semiclassical limit in order to find approximate solutions

for the second-level wave functions; this point is returned to in section 5.3.
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5.3 Semiclassical bmss-blocks

bmss-blocks

Four-point correlation functions allow for the definition of a bmss-block Ba,., ¢..:0.¢(t, )
by

BAtOtvétotQAzg(t7 x) = <O’OA47§4 (t47 x4)0A3,£3 (t37 x3>’PA7£OA17£1 (th xl)oAz,fz <t27 x2> ’0>>
(5.49)

where Px ¢ is the projector onto the bmsz module BY ™, which acts as the unit operator

when restricted to the module; and Agy = {A1, Ao, Ag, Ay} and & = {1, &2, &3, Ea}-
Inserting a completeness relation allows the bmss-block to be expressed in terms
of second-level wave functions; without loss of generality the point configuration is

restricted to
{<ti’xi)} = {(t>$)’(0? 0)?(170)7<OO>0)}7 (5'50)

such that the bmss-block Ba,,, ¢.0.:0.(t, ) is given by

BAtot Kot A6 (tJ I)

. Ay 26454 _
= t}g{; t?l 4o €4 Ty / [d2v]A,€ XA3,47§3,4;A,§(17 07 g, Ty; v)wA1,2,£1,2;A7€ (ta xz, 07 O; U) )
x4—0 e

(5.51)

where the prefactor appears due to (5.44). Furthermore, the point configuration (5.50)
simplifies the relationship between the second-level wave function and its dual; it takes

the form

—2¢,%4

XA3,47§3,4;A,§(17 07 t47 Ty; 7_)) = t22A4 € t wA3,4,§3,4;A,§(1> 07 til: —3341522; U)' (552)

Plugging in the above relation into equation (5.51) and implementing the limits results

in the compact formula

BAtm,aot;A,f(M):/ [d*0] A Vagagsaine(1,0,0,0;0) Va4 ¢ 0iae(t, 2,0,0;0). (5.53)

9]

5.3 Semiclassical bms;-blocks

The remainder of this chapter will be dedicated to bmss-blocks. From the field theory
perspective bms-blocks are of relevance in the bootstrap approach; while in the flatspace
holography context the so called heavy-light bmss-blocks contain information about
probe fields in dual, non-trivial asymptotically flat spacetimes.

Calculating bmss-blocks in full generality is a difficult task; hence some simplifying
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5 BMS Symmetry and the Oscillator Construction

conditions must be implemented. One of the simplifications is the limit given by
e — 00, with Afey, Aj/en; €/ cu, &/en, and ¢ /ey kept fixed; where A ¢ € BCALgM
are the scaling dimension and rapidity of the internal primary operator of each block,
while A;, & with ¢ = 1, .., 4 denote the scaling dimensions and rapidities of the external
operators. In the context of flatspace holography the central charge ¢, is dual to the
inverse of Newton’s constant [192]; hence the limit considered here corresponds to a
semiclassical limit of an infinitesimal Newton constant. The semiclassical limit will be

implemented by introducing the auxiliary parameter p as follows,
Cn = :u’26M 9 CL = /~L26L ) A = /’L2A7 Az = N2Al ) 5 = :u2£7 gz = /“L2§l ; (554>

hence the the semiclassical limit corresponds to u — oo while keeping the tilde-
quantities fixed. Due to its relation to Newton’s constant c¢,; is dimensionful; when
appropriate the dimensionality will be assigned to the tilde-quantities while p is di-
mensionless. Dimensionful quantities will always appear in dimensionless products in

physical objects.

5.3.1 Wave Functions and Exponentiation in semiclassical Limit

Determining the bmss-blocks requires information about the wave functions; however,
as mentioned below equation (5.48) no closed form solutions have been found for them.
Nevertheless, in the point configuration (5.50) the set of equations (5.46) with n = 0

fixes the wave function to be of the form
wA1,27§1,2;A7§(t7 z, 0, 0; U) = tA_Al_A2 e%(ﬁ—&—éz) F(n’ I/), (555)
where F(n,v) is an unknown functionw which depend on the combination variables

N = t"o, Vp = nt" ool 4 73 (5.56)

where n € N.
As part of the semiclassical limit a saddle-point approximation may be implemented
to evaluate the integral in (5.53). To this end the exponential function in the measure

(5.32) motivates the re-scaling of the oscillator variables
v = o, o) = o, (5.57)
and as a consequence of this new variables o, and k,, are defined by

Ny = Oy, Up = UKy, (5.58)
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5.3 Semiclassical bmss-blocks

Also, an exponential ansatz for the undetermined function in the wave function (5.55)
may be made as

F(o,k) = exp [*S(0, k)] . (5.59)

Differential Equations

The function S(o, ) is uniquely® determined by the differential equations (5.46) with
n > 1.* Using the expressions for [}, given in (5.23b), my, given in (5.24b), and £, and
M. given in (5.6), the leading terms of the differential equations in the limit g — oo

read

[M]¢

1 (0n (DS = 80, 8) + Fin (O S = O, 5))

n=1

k—1 (5.60a)
- i 0,800 S+ Ay, S + By S — (A A, - Az) ,
n=1
o0 1 k—1 ~ ~ _ ~
0= 100 (Oni S = 00,8) = £ 3 0ni 50,5 + 40,5 — (E+ kG - &),
n=1 n=1
(5.60b)

with the definitions

i [ - . [an) -

¢ — 24A ¢ .
By=p| i k2| =4 B (5.61b)

48,/26 — B 48, /%

for k > 1.

Proof of Exponentiation

Plugging the ansatz (5.59) into the n = 0 solution of the wave function (5.55), and
using relation (5.48), results in exponential wave functions. Expressing the variables

in terms ¢, z and v,(f), 3% the expression for the bmss-block given in (5.53) reads

BAtot75t0t§A7§ (t’ I)

o A As (61 ) / (5.62)

]

(H 1602 d%ﬁl”d%ﬁf)) exp [uQI(t,:B; v,@)} ,
n=1

3See appendix B in [4] for the proof of uniqueness for the functions appearing in the ansatz (5.59).
4The n = —1 equation may be used to reinstate the dependence on the second set of variables.
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5 BMS Symmetry and the Oscillator Construction

with the definitions

Z(t,z;v,0) =—4 Z n (vfll)@,(f) + Uﬁf)@(})) + S(t,x;v) + S(v) . (5.63)
n=1

That the overall factor of ;2 in the exponential function appears as a consequence of
the rescaling (5.57).

The semiclassical limit is implemented by taking g — oco; in this regime the expo-
nent of the exponential function in (5.62) is large and the integral is dominated by the
stationary points of Z(t,x;v,v) — it is then possible to use the saddle-point approxi-
mation in order to evaluate the integral. The stationary points (w,w) are found by

extremising Z(t, x; v, v), they satisfy®

1 a8 1 a8
R 7 W) = — 2 , (5.64a)
m c%m (1) = (%) m avm () =D
1 08 1 08
o= L 98 | a® = L 95 (5.64b)
4m (9’01(73) () =w(® 4m 8’07(71) v(0) = (%)

Plugging the stationary points (5.64) into the integrand of equation (5.62) results in
the saddle-point approximation of a bmss-block

B going(t, x) & 2721722 exp % (€ =& — &)+ It vyw, ) | (5.65)

where the overall factor 16n?u* in (5.62) cancels with the determinant of the Hessian
evaluated at the stationary point. The factor t*~21722 may be expressed as an expo-
nential of a logarithm and thus the bmss-block takes a unique exponential form in the

semiclassical limit [4].

5.3.2 Perturbatively Heavy Vacuum bms;-block

Two examples of bmss-blocks belonging to the vacuum module Bgs™ will be computed
in the following, using the oscillator construction presented in this chapter and the
saddle-point approximation outlined in section 5.3.1. The perturbatively heavy vacuum
bmss-block will be the first example; here A = ¢ = 0 and the external parameters A;
and &; are infinitesimal and of the same order e. For simplicity the external operators
are pairwise identified such that A; = Ay, & = & and Ag = Ay, & = &. The scaling

dimension and rapidity are set to zero by choosing A = é = 0 before taking p — oo.

STt is for simplicity assumed that there exists only a single stationary point (w,w).
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5.3 Semiclassical bmss-blocks
Analytic Behaviour

When ¢ = A = 0 the coefficients defined in equations (5.26) become purely real due

to negative expressions under the square root; choosing the branch /—1 = 4+ the

resulting coefficients read
Cm

Ak:— —(k‘—l)EA;:, Bk:

e (k—1)= B}, (5.66a)

CL
2/48¢cy
p Cm _ A CL _
Ap=—/—=k+1)=A B,=————(k+1) = B,. 5.66b

The absence of imaginary terms in the above expressions renders them immune to
the complex conjugation defined with the overline operation; consequently the bmss
generators [, and m,, and by extension the differential equations (5.60), become in-
dependent of their barred counterparts.® This motivates a new notation for the bmss
generators, namely [, = I}, m, = m} and [, = [, m,, = m,,, where the superscripts
correspond to the superscripts of the coefficients (5.66) which appear in their respective

expressions.

The ineffectiveness of the overline operation means that the relation between the
second-level wave functions, given in equation (5.48), is invalidated — there are instead
two independent wave functions which are defined with respect to the notation in

equation (5.53) as

Ya, e00(t,2,0,0;0) = ¢X1,gl;o,o(t’ 7,0,0;v), (5.67a)
U e00(1,0,0,0:0) = U3, .0(1,0,0, 05 ), (5.67b)

where the superscripts of the wave functions are the same as the superscripts of the
generators which appear in their differential equations. Subsequently, the n = 0 equa-
tions are independent of the coefficients (5.66) which means that the partial solution

(5.55) may be used to immediately deduce the forms of the wave functions

VR, oot ,0,0;0) = 724 e 2% Fr(n,v), (5.68a)
Yy e500(1:0,0,0;0) = F~ (1, 7). (5.68b)

Following the reasoning of section 5.3.1 exponential ansatze for the wave functions are

given as

F*(o,k) = exp [1>S™ (0, )], F~(5,k) =exp [p*S~(5,R)] . (5.69)

6This situation was alluded to below equations (5.26).
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5 BMS Symmetry and the Oscillator Construction

The two functions S* and S~ must be determined separately.

Solving the Differential Equations

The differential equations (5.60) are general enough that their expressions may serve
as equations for the wave functions (5.67) given the appropriate substitutions. For
¢Zl’§1;070(t, x,0,0;v) they read

0= i 1 (00 (Do S = 05, 5%) + bin (9, S = 0,,51) )

”Zi - ~ ) ) (5.70a)
~ 120057 0 ST AL, ST+ B0, 5T — Ak — 1),
[e's) " 1 k—1 ~ ~
0= nzlnan (B ST — 0, ST) — < ; Ox,_ St 0., ST+ At ST — & (k—1);
(5.70D)
and for ¢£3,§3;A,£(17 0,0,0;0) they read
0= i 1 (70 (B = 05,57) + Fon (9, S = 05,57) )
”Zi - ~ ) ) (5.71a)
~1 05,5 Or,_, S~ + A 055 + B, 05,5 — Ag(k—1),
[e's) " 1 k—1 ~ ~
0= ;non (51 S™ = 05,87) — 5 nzl On S 0s, S + Ay 05, 5™ — &4k — 1),
(5.71D)

where the tilde denotes quantities which are kept fixed in the limit u — oc.

The infinitesimal nature of the external scaling dimensions and rapidities allows the
equations (5.70) and (5.71) to be simplified. ST and S~ may be treaded as expansions
in the infinitesimal parameters Ay, & and Aj, &, respectively, with leading order
e.” The leading order of equations (5.70) and (5.71) is ¢, hence terms quadratic in
derivatives of S* are of sub-leading order €2 and may be dropped. Moreover, the saddle
point coordinates (5.64) — using the expansions of S* — have the leading order ¢; this
means that products of oscillator variables with S* are sub-leading when evaluated

at the saddle point — for the current purposes such terms may be dropped, too. The

"The leading terms of S* (o, k) and S~ (&, &) may be constant functions of order one. Such constant
functions only contribute to the bmss-block as inconsequential multiplicative factors and may thus
be dropped.
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5.3 Semiclassical bmss-blocks

equations (5.70) thus reduce to the linear differential equations

0=A;0,8"+ B0, — Ai(k — 1) + O(&?), (5.72a)
0=A4;0,5"—&(k—1)+0(), (5.72b)

while (5.71) become

- A—aa,ks— + By 05 ST — Ag(k — 1) + O(é), (5.73a)
AL 05,87 = &3(k — 1) + O(€%), (5.73b)

where the omitted terms are indicated by their order at the stationary point. Plug-
ging the necessary quantities into the differential equations (5.72b) and (5.73b), and

integrating, results in

\/7512/%# )+ O(e), (5.74a)
s<a—,fa)=—\/;ggz”1mn+g( )+ O(), (5.74D)

with constants of integration f(o) and ¢g(g). The functions f(o) and g(o) are deter-
mined by integrating the equations (5.72a) and (5.73a) after the insertion of the above
results; this yields

flo) =— :—8 (A1 —& 265L > Zan + O(€%), (5.75a)
M M n=1

9(a) = - ;1—8 <A3 - & 26; ) > Z — 1% +0(e), (5.75b)
M M/ n=1

where the integration constants have been set to zero. Using the variable transforma-
tions (5.56) and the rescalings (5.57) the leading order solutions for S* read

18 [ >0 o=
ST(t,2,0,0;v) & —4/ — ( ) t”vél)—i— (ntn_laﬁvﬁll)—i—t”vﬁbz)) ’
( ) | 61 » ; 51;
(5.76a)
57(1,0,0,0;7) ~ — ﬁ_ As — & 2 i - éi @<2 (5.76b)
s Uy Uy Uy éM 3 3201\/{ n+1 n £ n . .

The above solutions for ST and S~ are of order €2 when evaluated at the saddle point.
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5 BMS Symmetry and the Oscillator Construction

Saddle-point Approximation

The oscillator construction formula for the saddle-point approximation of a bmss-block
at the stationary point (w,w) is given by equation (5.65) — it is therefore necessary to

determine
Z(t,z;w,w) ——42 ( D52 1 @ >+S+(txw)+5 (w). (5.77)

The coordinates of the stationary point may be found by substituting the solutions
(5.76) into the formulae (5.64), this yields

a1 98 1 [48m—1;

a 4ma = 0 cMm—i—l&’ (5.78a)
1 - 1 4 -1
@ 05— 1 [48m—1 (3 Ay — , (5.78b)
4m a{)(l) cum+1
1 98t
(1) — m
) = 30(2) / 5115 (5.78¢)
1 08+t C
=2 _ L - - = = .78d
Wm 4dm avg) 4m Cumt < 51 + flm > <5 ° )

It is sensible to consider the terms of (5.77) separately. Plugging the expressions

(5.78) into the sum of oscillator variables results in

_42 ( SRR (1))

3 (5.79)
o~ ~ o~ ~ ~ CL ~ ~
=z (A3§1 + A& — 53516—) F(t) + £3£1xat-/r(t)] ;
which follows from the definition
i ol Pop (2,2:4;1) = 1]—"(1&) (5.80)
nin+1) 62 17T T T VD ‘

n=2

with the hypergeometric function , F (2,2;4;t). Moreover, F(t) satisfies the identity

F(t) =6 (TQ In(1 —t) — 2) : (5.81)

Evaluating S*(¢,z;v) and S~ (v) at the stationary point (w,w) yields the same result
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5.3 Semiclassical bmss-blocks

for both functions,

St a3w) = S~ () = —

Cm M

(A35~1 + A6 — g3§~1§—L> F(t) + g3gl$atf(t)] - (5.82)

The expression for the perturbatively heavy vacuum bmss-block is found by using
(5.79) and (5.82) in (5.77) and plugging the expression into (5.65); the result reads

77777

M

~ 722 exp —251% + ci ((Asfl + A& — &6 CC—L) F(t) + 535156315]:(15)) ;
(5.83)

where factors of u have been absorbed by the non-tilde quantities.

5.3.3 Heavy-light Vacuum bmss-block

The second example is the heavy-light vacuum bmss-block, which has two heavy and
two light external operators. It it still appropriate to pairwise identify A; = Ao,
& =& and Az = Ay, & = &4, and the vacuum block means that A = ¢ = 0. The light
operators have infinitesimal scaling dimensions and rapidities of order €, as in section
5.3.2, while those of the heavy operators are of order one. Ay, & are assigned to the
light operators and As, &3 to the heavy operators; the quantities which are kept fixed

in the semiclassical limit share the order of these quantities.

Differential Equations

The heavy-light vacuum bmss-block will be determined in a similar fashion as in section
5.3.2. The analysis of equations containing the infinitesimal A, and 51 is unchanged
from that of section 5.3.2; hence the solution for S¥ is still given by (5.76a). However,
the finite nature of Ag and ég means that the discussion which leads to the linear
differential equations (5.71) no longer holds; the differential equations and solution for
S~ must thus be re-considered.

An appropriate ansatz for S~ (7, &) will be motivated by its behaviour at the saddle-
point, and may be found by identifying the lowest order contributions to Z(¢, x; w, w)

given by equation (5.77). The stationary-point coordinates ¥ are given by (5.78c¢)

and (5.78d) and are of infinitesimal order €, while the coordinates w? will be of order
one; hence the sum of oscillator-variable products in Z (¢, x; w, w) is of order €. Similarly,
from the solution (5.76a) one concludes that S*(¢,z; w) is of order e. Therefore S~ (w)

may only contribute with terms which are at most order € since higher orders are sub-
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5 BMS Symmetry and the Oscillator Construction

leading in the saddle-point approximation. The variables &,, and &,, are of order ¢ when
evaluated at the stationary point and hence S™ (&, /) should at most be linear in its

variables — a suitable ansatz thus reads®
F) =Y CuGn+ Y DyFn, (5.84)
n=1 n=1

where the coefficients C,, and D,, depend on ég, As. Plugging the above ansatz into
the differential equations (5.70) yields

oo 1 —
(G0 (Chin — Cn) + Fn (Djyn — Dy)) — =Y CoDi_y
Z; et ) (Dt ) 4; . (5.850)
+ A Cy + By Dy, — Ag(k — 1),
00 k 1
0="> 16 (Din—Dn) — 2 ZDk wDn + A Dy — E(k — 1). (5.85h)
n=1 n=1

The above equations have the leading order one and the variables &,, k, give rise
to sub-leading terms of order € at the stationary point — thus terms containing these
variables may be dropped. The remaining set of equations takes the form of recurrence

relations, i.e.

k—1 = ~
1 Cnt _
0——1;CnDkn—(k+1),/4—80k (k+1)2m — Ay(k=1)+0O(e),
(5.86a)
:—‘ZDk WDy — (k+1) Z“éDk—gg( —1)+0(e), (5.86b)

where the omitted terms are indicated by their order at the stationary point (w,w) and
A; and B, are given by (5.66b). Note that for k = 1 the above recurrence relations
fix the initial values C; = D; = 0.

The method of generating functions may be used to turn the recurrence relations

(5.86) into differential equations. To this end, the appropriate ansétze are

o0 o0

C(r) = Z C,m™ and D(r) = Z D,m". (5.87)

n=1 n=1

As a consequence of the above anséitze C(0) = D(0) =
D; = 0 become the boundary conditions C’(0) = D’(0) =

80ne may again ignore constant terms in the ansatz for S~ since those contribute as insignificant
multiplicative factors to the bmss-block.
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5.3 Semiclassical bmss-blocks

The following steps are needed to express the recurrence relation (5.86b) as a differ-
ential equation. First, (5.86b) is multiplied across by > -, 7%, which is allowed since

the equation must hold for all values of k; this gives,

oo k— = 00 o)
1 k Cm k
—gZZ Din Dot —\[ 2> (b +1)Dx7* =) (k= 1)&7" =0, (5.88)
k=1 n=1 k=1 k=1
The powers of 7 may be split in the first term, hence
1 oo k—1 1 oo k—1
— Y DDt = =2y <Dk_n7'k_n> (D). (5.89)
k=1 n=1 k=1 n=1

-y 3. (5.90)

such that the first term in (5.88) becomes
1
- = DT Dy_,m" " = —ZD(7)2. 5.91

Taking out a factor of 7 in term proportional to k in the second term of (5.88) it

becomes the derivative of D(7), i.e.

\/7 Z kD Z Dyt | = \/z (70,D(1) + D(1)). (5.92)

Finally, the last term of (5.88) can be rewritten in terms of the geometric series

2

532 — 1)t —fgszk by i7)2' (5.93)
k=1

Combining the above re-expressions one arrives at

0. (T . D(T)) = —é %—8 (D(T))2 — \/g(lgi:'y + O(é%). (5.94a)
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5 BMS Symmetry and the Oscillator Construction

Applying the same reasoning to (5.86a) results in a second differential equation

o0 (-0 = [ Zetne) - [EET g v pim) 1 ofe)
(5.94D)

The solution procedure of the differential equations (5.94) is detailed in appendix D

of [4]; to leading order in infinitesimal quantities the solutions read

(1 — 7)1 (24A3 Y (pE - 1))
C(r) = — - 5 In(1—17)
V3 (1 —7)% —1)

12747 (1—7)%+1 (5.95)
V3eufs \ (1 —1) (1 —7)% —1)

& 7__2_1(1—7')634—1
2¢/3¢y (T — 1) Bs((1—71)s—1) )’

D(r) ~ — %Mli7<2—r+537<1—ﬁ>>, (5.95D)

with
By = /1 — & (5.96)
The ansatz (5.84) is expressed in terms of the coefficients C,, and D,,, which can be

extracted from the solutions for C'(7) and D(7) above; however, such an analysis is not

necessary to perform the saddle point and to determine the bmss-block.

Implementing the Saddle-point Approximation

In terms of the rescaled oscillator variables (5.57) the solution for ST in equation (5.76a)

and ansatz for S~ given by (5.84) read

18 >
ST(t,,0,0;0) = =/ — ( ) t” )+ (nt"’lxvg) —l—t”vﬁf)) ,
( ) -y Z 51;
(5.97a)
S7(1,0,0,0:7) Z( 3‘?), (5.97h)
n=2

where C; = D; = 0 has been used such that the sum in S~ starts at n = 2.

The next step in determining the saddle-point approximation of the bmss-block is
to evaluate Z(t, x;w, w). Using (5.97) the coordinates of the stationary point take the
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5.3 Semiclassical bmss-blocks

form
w) = iDm w? = iC’m (5.98a)
m 4m ’ m dm ’
1 1 48
—(1) _ 7 — [ 2ym . 5.98b
wm 4m 51 ’ wm 4m 6M ( 5 ) ( )

Inserting the above values into the definition (5.77) yields

The terms containing coefficients C,, and D,,, defined in equation (5.87), may be
expressed as the following integrals

1 - C(r
ZE /OdT

D). (5.100)

and Z Dtm—/d —

hence
Z(t, z;w,w) = 1\/; (51 /t O(TT) + A, /OthDi ") _612CM /OthDiT) +51§D(t)) :
(5.101)

4

Evaluating integrals in (5.100) using the solutions (5.95) gives

/tdr@ - \/% (2 1n<1 —(1- t)53> (s —1)In(1—t) - 21n(t)) . (5.102)

T
0

and
t C(r) & S 24 B
/dT - = EM <111<1 — (1 — t)ﬁ ) — 1H(t>> —+ \/?Tﬂg (Ag — a&;)
1 2405 + (85 — 1) + (1 — )™ <24A3 +a (B — (1 + 253))
+ = In(1 —¢).
2v/3¢ufs 1-— (1 — t)53
(5.103)

Using the above expressions in (5.101) and in turn plugging that into (5.65) the heavy-
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light vacuum bmss-block takes the form

HHLL - (1—t)»t " (L= )% (1+85) + B — 1
Bavagiaoolh7) ((1 (- t>ﬁ3>2> o [‘&x T 00— (1-0%)

12¢ cr 1+ (1—t)Ps
X exp CMﬁz (&,a — A3) (W) In(1 —1t)],

(5.104)

where factors of y are absorbed by the non-tilde quantities. This result generalises the
heavy-light vacuum bmss-block presented in [193]. Moreover, (5.104) may be consis-
tently (modulo constant prefactors) transformed into the perturbatively heavy vacuum
bmss-block (5.83) by choosing Ag, &3 to be infinitesimal; expanding (3 to first order in

&35 and keeping terms up to second order in infinitesimal quantities.
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6 Discussion and Outlook

The work presented in this thesis has considered aspects of symmetries and symmetry
breaking in several contexts: in hydrodynamics, in bottom-up holography, and within
the scope of flatspace holography.

Spontaneous breaking of translational invariance was considered from the perspec-
tive of hydrodynamics. It is well-known that spontaneous breaking of translational
invariance gives rise to phonons and elastic properties; the main focus of this thesis
was novel effects associated to the so-called strain pressure. Strain pressure appears
in systems that spontaneously break translational invariance but which do not min-
imise the free energy — due to external strain which may, for instance, be imposed by
boundary conditions. The main contribution to the topic by the work presented in this
thesis pertains to the temperature derivative of the strain pressure, which was shown
to be generically non-zero even for thermodynamically stable systems that minimise
the free energy [2]. Strain pressure and its temperature derivative directly contribute
to the hydrodynamic dispersion relations in the longitudinal sector of the dynamics,
while implicitly contributing to thermodynamic quantities such as the momentum sus-
ceptibility. In the conformal limit, which is relevant for applications to holography, the
effects of strain pressure only explicitly contribute to the diffusive mode of the longitu-
dinal sector of the hydrodynamics. The temperature derivative of the strain pressure
also allows for a bulk elastic modulus in thermodynamically stable, conformally invari-
ant systems.

A superfluid may be described by including the effects of spontaneous U (1) symmetry
breaking into a hydrodynamic analysis. This well-established phenomenon was consid-
ered in a novel setting by the addition of a small explicit breaking of U(1) symmetry [3].
Such a pseudo-spontaneous regime was achieved via a modification of the conservation
equation for the U(1) symmetry current, rendering the current non-conserved. The
modification consisted of a term corresponding to a mass for the U(1) Goldstone boson,
as well as a term responsible for charge relaxation. Moreover, phase relaxation — which
acts as a dampening for the Goldstone boson and which may appear independently of
the other explicit breaking effects — was included via the Josephson relation, i.e. the
equation which governs the dynamics of the Goldstone. The dynamics of the system

were for simplicity, and later applicability, presented for a conformally invariant system.
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It was found that the Goldstone mass, charge relaxation and phase relaxation all con-
tribute to the dynamics of the system. Without explicit breaking a superfluid supports
several propagating sound modes: first and second sound, and a mode — called fourth
sound — which appears when the dynamics of the energy-momentum tensor are decou-
pled (the probe limit). It was shown that — in the presence of explicit U(1) symmetry
breaking and phase relaxation — the mode which would constitute first sound turned
into a sound mode of a normal conformal fluid, while second and fourth sound gained
a complex gap and became quadratically, rather than linearly, dependent on the mo-
mentum. The sum of attenuation constants in the purely spontaneous state was found
to be equal to the sum of the analogous coefficients in the pseudo-spontaneous phase.
Moreover, a Gell-Mann-Oaks-Renner relation for the mass of the pseudo-Goldstone
was found (in the probe limit) by allowing for a momentum-dependent susceptibility
and imposing symmetry of the off-diagonal retarded Green’s functions. In contrast
to previous work considering phase relaxation in superfluids, the phase relaxation did
not appear in the probe-limit AC conductivity when the U(1) was explicitly broken
(without charge relaxation); nevertheless the usual pole at zero frequency was absent

— but without a Drude-peak — and the DC conductivity was finite.

The hydrodynamic framework with spontaneously broken translational invariance
was examined using a holographic massive gravity model — a bottom-up model which
gives rise to spontaneous breaking of translational invariance in the dual field the-
ory [1,2]. The massive gravity model was considered in two configurations which were
called strained and unstrained; the unstrained set-up was constructed such that its
free energy was minimised, whereas the strained models did not minimise their free
energy. The unstrained configurations had not previously been considered in this con-
text. Holographic formulae for several thermodynamic and hydrodynamic quantities,
including the strain pressure and its temperature derivative, were presented. Numerical
techniques were utilised to successfully compare the dynamics of specific quasi-normal
modes to hydrodynamic dispersion relations, the implications of which were twofold: a
discrepancy between holography and previous hydrodynamic frameworks was resolved;
and the presence and importance of the temperature derivative of the strain pressure

for unstrained configurations was confirmed.

The hydrodynamic framework for pseudo-spontaneous U(1) symmetry breaking was
tested against the probe-limit dynamics of two distinctly modified versions of the stan-
dard holographic superfluid model [3]. The first modification was realised by intro-
ducing a source for the charged operator which is responsible for the superfluid phase
transition in the dual field theory; for small values of the source this results in pseudo-
spontaneous breaking of U(1) symmetry in the dual field theory. As a consequence of

this breaking method the superfluid phase transition became smeared, i.e. no longer
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sharp at a critical temperature — an effect which grew with the amount of explicit break-
ing. Moreover, this model displayed a massive pseudo-Goldstone boson and a phase
relaxation induced by explicit symmetry breaking, but no charge relaxation. The hy-
drodynamic derivation for the mass of the pseudo-Goldstone was shown to hold. The
appearance of an effective phase relaxation was observed when the U(1) symmetry was
explicitly broken; for small amounts of explicit breaking the induced phase relaxation
was shown to obey a relation between the pseudo-Goldstone mass and Goldstone diffu-
sivity, adding evidence for a proposed universal. Moreover, the dispersion relations of
the lowest quasi-normal modes were successfully matched to hydrodynamic formulae
for a range of small explicit breakings. The finite nature of the probe-limit AC and
DC conductivities was also confirmed.

The second modification of the holographic superfluid model was made by introduc-
ing a mass for the bulk gauge field; for small masses the dual field theory displays
pseudo-spontaneous U(1) symmetry breaking, but with substantially different proper-
ties compared to the first modification. The phase transition remained sharp, as in a
normal superfluid, but the critical temperature and value of the condensate increased
with the explicit breaking. This model displayed charge relaxation which (for small
breakings) obeyed a first-order formula depending on the mass of the bulk gauge field,
but the Goldstone remained massless and phase relaxation was absent. The behaviour
of the lowest quasi-normal modes was consistent with the hydrodynamic dispersion
relations mentioned previously, for small breakings.

Formal aspects of Bondi-Meltzer-Sachs (BMS) symmetry have also been considered,
motivated by its relevance to a potential holographic duality involving flat spacetimes.
A novel representation, in terms of the oscillator formalism, was found for the highest
weight representation of the two-dimensional bmss algebra [4] — this was achieved by
taking a non-relativistic contraction of a linear-dilaton-like theory. As a test of the
representation the Gram matrix was calculated, which was in agreement with previ-
ous results using other methods. Some BMS field theory quantities — namely the two
point correlation function and two bmssz-blocks — were calculated by implementing the
tool-set which accompanies the oscillator construction. The bmss-blocks were consid-
ered in the semiclassical limit, which allowed them to be calculated by a saddle-point
approximation — as a consequence the exponentiation of bmss-blocks in the semiclassi-
cal limit was proven. Two examples of semiclassical bmss-blocks were computed: the
pertubatively heavy, and heavy-light vacuum bmss-blocks. The two-point correlation
function was in agreement with existing literature while the heavy-light vacuum bmss-
block generalised previous results; the pertubatively heavy vacuum bmss-block was

consistent with the heavy-light vacuum bmss-block.

*
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6 Discussion and Outlook

There are several avenues worth exploring further.

Future hydrodynamic work may be approached from both theoretical and practi-
cal directions. It would be of great interest to understand the limits of incorporating
explicit symmetry breaking into a hydrodynamic framework, with or without spon-
taneous symmetry breaking. Considering a first-principles approach to this topic —
rather than bending the hydrodynamic rules as in this thesis — may be a worthwhile
endeavour that could yield a framework with a larger range of applicability than what
is currently available. Nevertheless, extending the methodology considered in this the-
sis to more involved, perhaps more realistic scenarios may prove to be useful for initial
explorations. Along such practical lines it would be of interest to search for signatures
of a universal phase relaxation in physical systems exhibiting pseudo-spontaneous sym-
metry breaking. Similarly, understanding the relevance, and detecting the presence,
of strain pressure in condensed matter or solid state systems constitutes another com-
pelling continuation of the work presented in this thesis.

The applied holography perspective considered in this thesis will likely continue to
provide useful guidance for research into the principles of hydrodynamics, as well as
being effective at testing new findings. The investigations of this thesis may be directly
extended upon by including backreaction into the analysis of section 4.2, or by finding
a thermodynamically stable holographic model for spontaneous translational symme-
try breaking which does not exhibit unphysical behaviour of the hydrodynamic modes.
Moreover, building a holographic model which displays phase relaxation without ex-
plicit symmetry breaking would be of interest. Constructing bottom-up holographic
models which capture the full dynamics of realistic systems will however continue to
be a difficult task.

It would be interesting to apply the oscillator construction of bmssz to compute bms;-
blocks — semiclassical or otherwise — beyond the vacuum module, as well as blocks
containing more than four external operators. Another possibility is to consider bmss-
blocks for backgrounds other than the plane — for instance on the torus or on the
cylinder. Furthermore, including supersymmetry could yield additional constraining
powers. Similar considerations would also be of interest for the oscillator construction
of the Virasoro algebra. For applications to unitary and ultra-relativistic theories it
would be important to find an oscillator construction for the induced representation
of bmss; this is perhaps the representation which is the most relevant for flatspace
holography. Finally, it would be valuable to adapt the oscillator formalism for higher-
dimensional incarnations of BMS or conformal symmetry.

Clearly the study of symmetry and symmetry breaking continues to present possi-
bilities to gain many further insights; hopefully the examples discussed above will be

returned to in future work.
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