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Abstract

In this thesis, we explore the role of symmetries in hydrodynamics by studying certain
properties of relativistic and non-relativistic fluids. In the first part of the thesis, we
examine the theory of relativistic magnetohydrodynamics (Maxwell electromagnetism
coupled to hydrodynamics) and its low temperature incarnation, force-free electro-
dynamics, reformulated in the language of higher-form symmetries and discuss the
advantages of such a scheme. Using this framework, we analyse the regime of validity
of force-free electrodynamics by evaluating the lifetime of the non-conserved electric
field operator via a holographic model sharing the same global symmetries as that of a
plasma. We are able to explicitly calculate the lifetime of the electric field, both parallel
and perpendicular to the magnetic field, and find that there are indeed no long-lived
modes that interfere with a hydrodynamic description of force-free electrodynamics. In
the second part of the thesis, we study the thermodynamic properties of non-relativistic
Lifshitz fluids with an arbitrary dynamic exponent z (encoding the anisotropy in the
scaling of time and space coordinates). We study energy transport in such fluids far from
equilibrium after performing a local quench between two semi-infinite fluid reservoirs.
We find that the late time energy flow is universal and accommodated via a steady
state occupying an expanding central region between outgoing shock and rarefaction
waves (a non-equilibrium steady state), as seen previously for relativistic scale invariant
fluids. Armed with an equation of state for a perfect Lifshitz fluid with an arbitrary z
and moving with a velocity v, we proceed to study its holographic dual using the well-
established Einstein-Maxwell-Dilaton model. We find that the fluid velocity appears
as the chemical potential, conjugate to the dual momentum density and the solutions
represent a physically distinct class of black branes possessing a linear momentum,

different from boosting a static brane.






Utdrattur

Ritgerdin fjallar um badi afstedilega og sigilda vokvaaflfraedi frd sjonarhdli samhverfu.
Byrjad er 4 ad kanna afstedilega segulstraumfraedi (e. magnetohydrodynamics), sem
lysir vixverkun rafhladins straumefnis vid rafsegulsvid Maxwells, og skodad tilfellid
pegar efnispéttleiki og hitastig eru ndgu lag til ad kerfid sé segulmidad (e. force free
electrodynamics). P4 er prystingur vegna segulsvidsins rddandi midad vid prystinginn
fra straumefninu. 1 pessu markgildi m4 setja kenninguna fram 4 nystarlegan hitt,
par sem svonefnd formsamhverfa (e. higher form symmetry) er i adallhlutverki, og
bera saman vid eldri freedi. Med pvi ad stydjast vid pyngdarfraedilega heilmyndun (e.
holographic duality) ma reikna Gt dempun rafsvids { straumefninu, bedi samsida og pvert
4 segulsvidid, og stadfesta ad engar langlifar 6rvanir séu til stadar { segulmidudu kerfi og
pvi 6hett ad treysta nidurstodum vokvaaflfreedinnar. Sidari hluti ritgerdarinnar fjallar um
varmafradi og vokvaaflfredi fyrir sterkt vixlverkandi skammtakerfi med Lifshitzskolun.
Kannadur er orkuflutningur utan varmajafnveegis i slikum kerfum 1 kjolfar pess ad
varmageymar vid mismunandi hitastig eru leiddir saman. Kerfid leitar { d4stand med
stodugu orkustreymi { gegnum rymi sem umlykur samskeytin milli varmageymanna.
Petta rymi vex med timanum og er afmarkad af tveimur bylgjum 4 ttleid, sin { hvora
att fra samskeytunum. Nidurstadan er { gédu samremi vid eldri utreikninga fyrir
afstedilega vokvaaflfredi. Pyngdarfredileg heilmyndun gefur einnig innsyn { ymsa
varmafradilega eiginleika skammtakerfa med Lifshitzsk6lun og { ritgerdinni er studst
vid dtreikninga { dkvednu pyngdarfraedilikani, sem gefist hefur vel { fyrri rannséknum 4

pessu svidi
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1 Introduction

Hydrodynamics [Landau and Lifshitz, 1987] is one of the oldest and well established
theories describing the long wavelength, low frequency behaviour of interacting systems
at finite temperature. Essentially, the hydrodynamic theory is a description of locally
conserved currents and the manifestation of the corresponding symmetries in a system
in thermal equilibrium. In both its relativistic and non-relativistic forms, we encounter
hydrodynamics in a variety of real-world, observable phenomena where a fluid descrip-
tion is warranted. Even beyond this, it has been a source of ever increasing interest
to theorists for several reasons. For instance, interpreting hydrodynamic fluctuations
as the gravitational fluctuations of black holes opens up a wide world of possibilities
[Policastro et al., 2002a,b] such as computation of transport coefficients in strongly
coupled quantum systems from black hole physics, studies into various applications
of relativistic hydrodynamics, charge transport in high temperature superconductors
and graphene [Lucas et al., 2016a], manifestation of chiral anomalies in hydrodynamic
equations [Son and Suréwka, 2009], as well as a deeper understanding of thermalisation
and hydrodynamisation of the quark-gluon plasma. In recent years, several strides
have been made in the construction of an effective classical theory for hydrodynamics
using the Schwinger-Keldysh formalism for thermal field theories [Haehl et al., 2016,
Crossley et al., 2017, Jensen et al., 2018], that provides a systematic treatment of
statistical and quantum hydrodynamical fluctuations at the nonlinear level via a path
integral formulation for dissipative fluids. Theories with widely varying microscopics
can have the same macroscopic hydrodynamic description. Such a universal description
is possible because of the existence of various conserved currents.

It is clear that the significance of symmetries and symmetry principles in physics
cannot be overstated. The goal of a physicist is to be able to explain various natural
phenomena that occur around us. The simplest yet most powerful way of doing so is
to reduce the physical system in question down to smaller constituents, analyse the
patterns or connections between them, use these to eliminate redundant degrees of

freedom and understand the original more complex system. While symmetries of course



1 Introduction

play an important role in the classification of various physical systems (whether they are
crystals with specific lattice structures or quantum critical systems that scale a certain
way), they also place constraints on physical theories by requiring them to be invariant
under certain transformation groups (for instance diffeomorphism invariance of any
theory of gravity). In this way, symmetries play a powerful part in unifying theories
that follow a common set of transformation rules. One of the most ubiquitous capacities
in which we come across symmetries, is their connection with conservation laws via
Noether’s theorem which states that for every continuous global symmetry, there exists
an associated conserved current. It is this aspect and its manifestation in hydrodynamics
that we explored in the work on which this thesis is based. While we studied the
thermodynamics of out of equilibrium non-relativistic fluids with no boost symmetry
(invariant under Lifshitz scaling) in [Ferndndez et al., 2019], the problem studied in
[Poovuttikul and Rajagopal, 2021] pertained to that of relativistic fluids whose U (1)
symmetries can be formulated in the language of generalised global symmetries.

An appropriate hydrodynamic model for a system, incorporating the dissipative
effects of thermal media (essential for a fluid to equilibriate after being perturbed away
from equilibrium), consists of a gradient expansion of hydrodynamic fields up to any
given order. At a given order, the conservation equations determine the expansion up to
a finite number of undetermined coefficients. These coefficients may then be obtained
either from physical measurements or from microscopic computations. For a strongly
coupled quantum system, this becomes increasingly hard. Here is where the advantage of
the AdS/CFT correspondence comes into play. The anti-de Sitter/conformal field theory
(AdS/CFT) correspondence, as proposed in Maldacena’s seminal paper [Maldacena,
1999] (further strengthening the belief that the universe follows a holographic principle
as posited by 't Hooft [t Hooft, 1993] and Susskind [Susskind, 1995]), has been one
of the greatest achievements in string theory in the past century, providing as it does, a
tool to investigate the behaviour of strongly coupled quantum field theories, otherwise
notoriously hard to describe. It does so by means of a holographic reformulation of
(strongly coupled) field theory dynamics in terms of (weakly coupled) classical gravity
in one higher dimension by claiming that the former can be analysed by studying
the corresponding AdS spacetime (maximally symmetric solution to Einstein’s field
equations with a constant negative curvature) on whose boundary it lives. In fact the
isometry group of AdS,.; which is SO(d,2) coincides with that of the conformal group
for a d-dimensional field theory. It has been shown that Einstein’s field equations with a

negative cosmological constant, supplemented with appropriate regularity restrictions



and boundary conditions, reduce to the nonlinear equations of fluid dynamics in an
appropriate parameter range, and a systematic framework to construct this universal
nonlinear fluid dynamics, order by order in a boundary derivative expansion has been
carried out in [Bhattacharyya et al., 2008, Baier et al., 2008]. While the pioneering
work into the investigation of linearised fluid dynamics from the linearised Einstein
field equations was carried out by [Policastro et al., 2001], there has been tremendous
progress in this area over the years [Herzog and Son, 2003, Kovtun et al., 2003, 2005,
Policastro et al., 2002a,b, Buchel, 2005]. Some comprehensive reviews on the fluid
gravity correspondence and holographic methods used in condensed matter theory are
[Hubeny et al., 2011, Hartnoll, 2009].

Since in standard AdS holography the dual field theories are relativistic, most
of these developments have been focused on the dual gravitational formulation of
relativistic hydrodynamics. However, most of the strongly correlated systems in nature
are inherently non-relativistic. This seems to warrant a further investigation into bulk
theories with asymptotic geometries that are not AdS [Kachru et al., 2008, Son, 2008,
Balasubramanian and McGreevy, 2008]. The successes achieved by standard AdS/CFT
correspondence have motivated a study into the application of holography to a wider
setting, with the hopes of yielding a greater depth of understanding into real-world
condensed matter systems, certain semi-conductors and heavy fermion compounds.
While there has been an accelerating growth in research in this field [Taylor, 2008, Mann
and McNees, 2011, Hoyos et al., 2013, Ross, 2011, Chemissany and Papadimitriou,
2015, Hartong et al., 2015b, Christensen et al., 2014b], there are still several aspects
that have yet to be answered, and gaps in our knowledge that need to be filled. Keeping
this in mind, we studied the holographic dual of non-relativistic Lifshitz fluids with an
arbitrary scaling exponent z with no boost symmetry and analysed its equation of state
in [Rajagopal and Thorlacius, 2021].

The outline of the rest of this thesis is as follows:

In 2, I will provide a brief introduction to the work carried out in [Poovuttikul and
Rajagopal, 2021] and the results we obtained, along with an explanation of some of the
concepts we used. This includes what higher-form symmetries are and how the usual
equations of Maxwell electromagnetism may be reformulated in this language 2.1, the
importance of operator lifetime in determining the regime of validity of hydrodynamics
2.2, the equations of ideal magnetohydrodynamics and force-free electrodynamics 2.3,
and how we used holography to obtain our results 2.4.

In 3, I will discuss the importance of studying non-relativistic fluids, giving a brief
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introduction to the work carried out in [Ferndndez et al., 2019] and [Rajagopal and
Thorlacius, 2021], and the results obtained therein. For reference, I will include the
relativistic and non-relativistic symmetry algebras in 3.1, for the interested reader. In
3.2, I will describe the thermodynamic properties of the ideal, Lifshitz fluid that will
be studying in the next few sections, and the form of the energy-momentum tensor. In
sections 3.3, 3.4 and 3.5, I will describe briefly the meaning of a non-equilibrium steady
state that develops following a thermal quench, the setup involving a pair of quantum
critical heat baths brought into contact at time = 0, and a quick review of the theory of
shock and rarefaction waves (and associated stability conditions) respectively. In 3.6, I
shall discuss the importance of studying non-relativistic holography while in 3.7, I will
describe the gravitational model we use to study the thermodynamics of Lifshitz black
brane with linear momentum in [Rajagopal and Thorlacius, 2021]. Finally, in 4 I will
conclude the thesis with a discussion on the results obtained in the various problems

studied above and some open questions.



2 Part |l : Generalised global symmetries

The purpose of this section is to provide a broad understanding of the concepts used in
[Poovuttikul and Rajagopal, 2021], where using the framework of higher-form global
symmetries, we examined the regime of validity of force-free electrodynamics (FFE)
by means of evaluation of the lifetime of the electric field operator which is non-
conserved due to screening effect of the charges present in a plasma. We focused on
the holographic model which has the same global symmetry as that of the plasma to
calculate the life time of (non-conserved) electric flux in a strong magnetic field regime
and finite temperature. To the best of our knowledge, there has not been a genuine
computation of this quantity directly from quantum electrodynamics or first principles
(in the sense of [Arnold et al., 2000]) when both temperature 7 and magnetic field B
are turned on. Our quest for testing the feasibility of hydrodynamic description at low
temperatures and strong magnetic field using the language of higher form symmetries
led us to discover an inverse correlation between the strength of the magnetic field and
the lifetime of electric flux operator. This implies that in a strong enough magnetic
field, the electric field decays fast enough, so as to not interfere with the hydrodynamic
modes, increasing the regime of validity of FFE, and laying the groundwork for further

holographic studies into the model.

2.1 Higher-Form Symmetries

Inspired by the framework of generalised global symmetries introduced in [Gaiotto
et al., 2015], the authors of [Grozdanov et al., 2017] developed a purely symmetry-based
approach to study the hydrodynamic fluctuations of the conserved magnetic flux in the

theory of U (1) electromagnetism coupled to charged matter in four dimensions. In the
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conventional language of electromagnetism, Maxwell’s equations are given by,

1 .
7 VP = ji (1)

ViuFpo) =0, 2)

where Fyy is the usual 2—form electromagnetic field strength. Now, the symmetry
associated with the U (1) current jfl is a gauge symmetry, which is simply a redundancy
of the system. It does not give rise to new physics. If we now consider the object,

JHY = %S“V"p F5p, the Bianchi identity gives us the following conservation equation,
VuJ*Y =0. 3)

This statement encodes the conservation of magnetic flux through a two dimensional
spatial surface, or in other words, the lack of magnetic monopoles.

In the language of [Gaiotto et al., 2015], a continuous generalised global p—form
symmetry is associated with the conservation of a p + 1 antisymmetric tensor cur-
rent, JHH2-Hp+1 - Agsociated with these currents in d—dimensional systems, we have

conserved "charges" which are obtained by integrating them over the spatial volume,

Qp) :/ dSH1H2---,Llp+1]uluz'“upﬂ7 @)
Ma—p—1

where Sy, ..., 18 p+ 1— form and can be thought of as the analog of the normal
vector to a spatial volume. The charge Q can be thought of as the quantity that counts
the number of charged objects piercing the .#;_,_ surface. To understand this in more
familiar terms, the ordinary charge Q ), which is the integral of the Hodge dual of a
one-form divergence-less current j* over a co-dimension 1 surface counts the number
of point particles charged under it. Q1) on the other hand, given by the integral of the
Hodge dual of the two-form J*Y over a co-dimension 2 surface, counts the number of
magnetic field lines piercing the surface.

In order to study the hydrodynamics associated with these generalised global sym-
metries, it is useful to construct an effective action where the usual stress tensor TV,
and the 2-form JH*" are treated on equal footing, as slowly evolving conserved currents.
The former is sourced by the background metric gy, while the latter is sourced by an

external 2—form gauge field b,y. This can be achieved by deforming the microscopic



2.1 Higher-Form Symmetries

2

Figure 2.1. Conserved charge obtained by counting the number of strings that pierce a
co-dimension 2 surface Figure from [Grozdanov et al., 2017].

on-shell action of the theory Sy, by a source term,
S=3S80+Sp, 5)

where S, = [ d4x«/—gbﬂvj”". The currents are then defined as,

THY — oS v 1 68

2 J—
_\/_g(sguv7 _v_gabuv.

Invariance of the action under an infinitesimal diffeomorphism of the metric, gives the

(6)

conservation equation of 7"V in the presence of an external source, while invariance
under an infinitesimal gauge transformation leads to the conservation equation of J*V,

that is,

VuTH = HyoJP°, V" =0. (7)

Here H = db is the 3—form field strength of the 2—form source, byy.

It is worth noting that while higher-form symmetries have been systematically
categorised in [Gaiotto et al., 2015], they have previously made an appearance in other
studies, for example, dislocation/disinclination in liquid crystals [Beekman et al., 2017]
and systems consisting of extended objects such as superfluid vortices [Horn et al., 2015,
Esposito et al., 2017, Nicolis and Penco, 2018].

With this formalism in place, I shall proceed to describe an example, where the

usefulness of this reformulation is particularly clear.
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2.2 Hydrodynamic equations and operator lifetime

In its standard form, hydrodynamics is formulated in the language of equations of
motion rather than an action principle. This is mainly due to the presence of dissipative
forces in thermal media for which the action principle is ill-equipped. Hydrodynamic

equations of motion take the following schematic form,
B,na—i—&lé(nmﬁjna...) =0, (8

where the n, represent the conserved charge densities, and J are the corresponding
currents. The constitutive relations express these currents in terms of the densities, or
more conventionally, both n, and J!, are expressed as n,(¢) and J.(¢), where ¢ are
the thermodynamic quantities conjugate to n, in the grand canonical ensemble, that is,
temperature, fluid velocity and chemical potential. Under the assumption that derivative
corrections to the conserved currents are small compared to the mean-free path, one
can perform a gradient expansion of the various local hydrodynamic fields, evolving
towards equilibrium.

All operators except conserved charges have parametrically short lifetimes compared
to the scale of interest and, once the longest-lived non-conserved operator! has decayed
away, the hydrodynamic description becomes viable (see Fig. 2.2).

Others operators

Ip 0, ——
Or’ o o oo 1/7

Figure 2.2. Illustration of the lifetime of operators of a theory that exhibit
hydrodynamic behaviour at late time. Here, there is a parametrically large gap between
conserved charges p and the rest. The life time T of the longest-lived operator, denoted
by O set the time scale in which hydrodynamics becomes applicable.

For a system at finite temperature, the correlation function of a non-conserved
operator ¢ decays as (€ (t)0)g ~ e /™, where Ty is its relaxation time, that is the time
it takes for & to decay away before the theory can be described by hydrodynamics alone.
It is thus reasonable to make the statement that 7; sets the time scale for the hydro-
dynamic regime. Assuming all other (non-hydrodynamic) modes have parametrically

shorter lifetimes, once we reach time scales of the order d; ~ 1/7y, there will be still

"While this operator language is more familiar in the context of quantum systems, it is also applicable
to classical systems via e.g. memory matrix formalism [Zwanzig, 1961, Forster, 1995]. A more modern
introduction may be found in [Hartnoll and Hofman, 2012].



2.3 An Application : MHD-FFE

a finite number of degrees of freedom, those of the actual hydrodynamic modes, and
the mode representing &. Thus, we can treat the conservation of & as a weakly broken
symmetry, and include it in our effective theory.These concepts are used in [Poovuttikul
and Rajagopal, 2021] to determine the regime of validity of Force-Free Electrodynamics
from first principles.

If the boundary theory is perturbed by an operator (t), the poles of the correspond-
ing retarded two-point correlation function captures the dispersion relation of the low
energy excitations. In hydrodynamics, the poles of the retarded two-point correlation
function of the stress tensor leads to the dispersion relations of the the diffusive and

sound modes

o=—iPk*: diffusive mode, 9)
O = +ck —iDk* sound mode, (10)

where 2, 9 and cs are the diffusion constant, sound attenuation constant and speed of
sound respectively. The relaxation time of the operator is given by the inverse of the
mode frequency. For details on the holographic computation of retarded Green’s func-
tions of conserved operators, and the calculation of the corresponding conductivities one
may refer to [Davison and Goutéraux, 2015, Blake, 2015] or for a more comprehensive

explanation (and references therein), [Hartnoll et al., 2016].

2.3 An Application : MHD-FFE

Magnetohydrodynamics or MHD is a theory that couples the equations of Maxwell
electromagnetism with hydrodynamics to describe the large scale, slow dynamics
of conducting fluids such as plasmas. Relativistic MHD [Dixon, 1982, Anile, 2005,
Komissarov, 1999] has had great success in describing several astrophysical phenomena
such as gravitational collapse and accretion disks, jet formation, gamma-ray bursts etc
[Goedbloed and Poedts, 2004]. The equations of ideal MHD take the following familiar

form:
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d -
Continuity Equation a—lt) +V-(pv) =0, (11)
a — = — —
Momentum equation p (&t +V- V) V=—-Vp+JXxB, (12)
N
Ampere’s Law J=—VxB, (13)
Ho
0B .
Faraday’s Law o = -V XE, (14)
Ideal Ohm’s Law E+VxB= 0, (15)
Divergence constraint V.B= , (16)

where E and B are the electric and magnetic fields respectively, V is the velocity, p is
the mass density, p is the pressure, and U is the vacuum permeability. Equation (13) is
Ampere’s Law in the limit of low frequency d;E — 0. Along with (15), Eis completely
fixed, and Gauss’ Law plays no role.

With the recent surge of developments in hydrodynamics from its description as an
effective theory, to the success of using holography and black hole physics as tools to
compute transport coefficients, there has been renewed interest in developing a modern
formulation of MHD. This includes the classification of dissipative corrections beyond
the ideal limit and a concerted effort in reformulating hydrodynamic theories including
MHD in the language of generalised global symmetries or higher-form symmetries
[Schubring, 2015, Grozdanov et al., 2017, Hernandez and Kovtun, 2017, Armas and
Jain, 2019, 2020], where the conservation of T#¥ and J*V (introduced in the previous
section) form the basis of the theory.

There are several advantages to the reformulation of MHD in the language of
higher forms. In its traditional form described above, ideal MHD only works under
the assumptions of infinite conductivity and ideal Ohm’s law. Moreover, the separation
between fluid and charge carrying sectors (encoded in the equation of state (d, + V-
V) (%) = 0) assumes weakly coupled electromagnetism in a plasma, although there
should a priori be no reason for this. The symmetry-based formulation on the other hand,
doesn’t make any of these assumptions. In addition, as this is a purely symmetry-based
formulation, there is no need to introduce a microscopic gauge field, A It could also
potentially make numerics easier. Finally, a nice feature of the reformulation is that the
non-dynamical electric field doesn’t explicitly enter the evolution equations.

Let us now proceed to study the force-free limit of MHD, where the effects of the

10



2.3 An Application : MHD-FFE

Lorentz force on the plasma can be ignored.

Force-Free Electrodynamics (FFE) constitutes a set of closed, hyperbolic equations
that describe the evolution of a dissipation-less plasma. It has been studied extensively
in the context of magnetospheres of compact spherical objects such as black holes,
neutron stars, and relativistic jets [Blandford and Znajek, 1977, Goldreich and Julian,
1969, Gralla and Jacobson, 2014] and solar coronas [Wiegelmann and Sakurai, 2012].
[Komissarov, 2004] gives a concise explanation about the properties of black hole
magnetospheres, and the various historical developments leading to it. The authors of
[Grozdanov et al., 2017, Komissarov, 2002, Glorioso and Son, 2018] showed that the
T — 0 limit of MHD can lead to a consistent, hydrodynamic theory of a plasma without
dissipation, and is identical to the equations of FFE. While the electromagnetic sector
essentially decouples from the matter sector in this limit, the non-linear structure of
MHD still persists.

These equations describe a magnetically dominated plasma wherein the population
of charged particles is high enough to effectively shield them from the electric field.

They can be expressed in the following covariant way:

F*YFyy >0 (17)
guvPGFqupo— == 0 (18)
JhFuy =0. (19)

Equation (17) simply contains the information that the plasma is magnetically
dominated (E2 < B?). The degeneracy condition (18), implies E-B= 0, that is, the
component of the electric field parallel to the magnetic field should vanish to ensure
that the charges are freely available in FFE. It ensures the existence of a reference frame
where an observer detects only the magnetic field. The last condition (19) from which
(18) can be derived, is essentially the force-free condition, pE + fx B = 0 that ensures
that the Lorentz force jfleuv exerted on the plasma vanishes [Komissarov, 2002].

Combined with the usual Maxwell’s equation, V, F*V = jé‘l, we get,
FoyVyF*Y =0. (20)

These equations can be written in the form of conservation laws familiar from hy-

drodynamics. From the definition of the electromagnetic stress-energy tensor, THY =

11
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F# FYP — %(FPGF Po)ghV the force-free condition (20) gives us the equation,

vV, T" =0, @n
while the usual Bianchi identity gives us the equation,

V”J” V=0. 22)

In this setup it is easy to see that while the energy, momentum and magnetic flux
are conserved, the conservation of electric flux is explicitly broken (as d x F' # 0), as
required by a plasma system. From a microscopic perspective, the electric flux lines
can end on the locally excited charge particles and thus the total electric flux is not
conserved. In operator language, this means that the electric flux operator acquires a
finite lifetime, one that should be much smaller than the characteristic time scale of the
system determined by the magnetic field and temperature (the only other parameters
of the system). Thus, a reasonable test to determine the regime in which FFE is valid
would be to measure the lifetime of these excitations when the electric field is an almost
conserved quantity. As explained in [Grozdanov et al., 2019], the explicit presence of
the relaxation time 7 in the equations of almost conserved quantities gives an indication
of the extent up to which hydrodynamics is valid.

Traditionally, FFE is meant to describe the dynamics of a plasma that has a high
enough density of charges, such that there is an effective screening of the electric field,
whilst simultaneously being dilute enough that there is negligible exchange of stress-
energy between the fields. While this has been successful in describing a variety of
astrophysical phenomena, it is not rigorous enough to account for certain observations
such as particle acceleration in cosmic rays and jets, and radio emission from pulsars.
It would be interesting to determine if standard FFE is valid even at low temperatures,
and to what extent it can be trusted. Moreover, there has been recent progress in
coming up with a systematic gradient expansion of conserved currents with higher-form
global symmetries, allowing for the possibility of there being higher order derivative
corrections to the usual FFE equations, as shown in [Grozdanov et al., 2017, Gralla and
Igbal, 2019]. A reasonable test to determine this would be to measure the lifetime of
the non-conserved electric field operator, as explained in 1.

We expound on these ideas in [Poovuttikul and Rajagopal, 2021], using the ideas of
operator lifetime, specifically that of the electric field, in order to determine the regime

of validity of conventional FFE, following which, demonstrating the validity of FFE in
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2.4 Holography as a tool

a holographic model.

2.4 Holography as a tool

Holography has proven to be a highly useful method for probing the microscopic details
of a strongly coupled quantum theory, that would have otherwise been intractable.
Using standard holographic methods in hydrodynamics [Policastro et al., 2002a,b],
the manifestation of higher-form symmetries in theories with holographic duals has
been investigated in [Grozdanov and Poovuttikul, 2019, Hofman and Igbal, 2018]. We
propose to carry out our investigation into the applicability of FFE using this model,
thereby simultaneously testing the strength of this method.

The simplest holographic dual to a strongly interacting field theory of matter charged
under dynamical U(1) electromagnetism, formulated in the language of higher-form
symmetry (first constructed in [Grozdanov and Poovuttikul, 2019, Hofman and Igbal,
2018]) is given by the five-dimensional bulk theory comprises of Einstein gravity
coupled to a two-form bulk gauge field, By, and a negative cosmological constant. By,y
sources the two-form current associated with the U (1) one-form global symmetry in

the boundary theory. The model is described by the following action,

: L? :
S= / &PXV-=-G (R —2A— 3Huth“’“> +
(23)

1 a
Spnd — m /r:A d4x\/ —Y(n Hauv)(’leh”v)7

where H = dB and B, is the bulk 2-form gauge field, A is the UV-cutoff, n“ is the
unit normal to the boundary, and Sp,; denotes the Gibbons-Hawking and gravitational
counter term.

The equations of motion are given by,

2
Rap +4Gap = HyegHY® — gGabHcdeH“’ﬁ (24)
1
ﬁva(mHabc) - 0. (25)

The equilibrium solution of this holographic model is a domain wall interpolating
between an asymptotic AdSs geometry in the UV (r — oo in our convention), and a
BTZ x R? in the near-horizon IR (as shown in [D’Hoker and Kraus, 2009], say). It is

13



2 Part|: Generalised global symmetries

described by the following metric and gauge field

dr?

ds* = GpdXdXb = =P f(r)di* + + 2 (dx® 4+ dy?) + eV dZ?,

r2f(r) (26)
B=h(r)dtNdz  with *xs H = Bdx Ndy

Roughly speaking, the two bulk fields G, and B, asymptote to g,y and byy

respectively, which then source the currents, T*Y and J*V,

2 68 1 oS8
T, =, J, =
T =T=esy U ==

The indices a, b denote the bulk coordinates while 1L, v denote the boundary coordinates.

27)

The generating functional takes the form

Z[guv,buv] = <eXP [i/d4xv —8 (Tuvguv +J‘uvbuv)} > ) (28)
and diffeomorphism invariance and gauge symmetry lead to the following equations,
1
VilTH) = S(@b)o(IP%),  Vulg™) =o0. (29)

Here H = db is the three-form field strength of the two-form external source, while the
boundary two-form current Jy,, corresponds to the projection of the bulk three-form
field strength, n“Hgy,y.
Performing a near-boundary expansion of the metric in the Fefferman-Graham
coordinates [de Haro et al., 2001],
2 a b _ 4P v
ds” = GupdX“dX’ = 17 + Yuv(p,x)dxtdx

) (30)

dp 1
= W + Eguv(p,x)dx”dxv,

it was found in [Grozdanov et al., 2019] that the leading divergence of By, is logarithmic,
that is,

B,UV(pvx) :B,(L)Lv(x)+B;11v(x)lnp+ﬁ(p)v (€2Y)

where Bzv(x) and BLv(x) are just expansion coefficients at the moment. Although it

appears at first glance that Bﬁv(x) should be interpreted as the boundary source, we see
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2.4 Holography as a tool

that its value is actually ambiguous as it runs logarithmically near the boundary, which
in turn implies that the physics depends upon the value of p at which the boundary
conditions are applied. The definition of the source requires mixed boundary conditions,
a common feature for the fields with this type of near-boundary behaviour where the
counter term also plays the role of the double-trace deformation [Witten, 2001, Berkooz
et al., 2002], see also [Hofman and Igbal, 2018, Grozdanov and Poovuttikul, 2019] for

discussion in the current context. The regularised source is thus defined as,

1
buv = Buv(A) — m(J,W) . with  (J*V) = —/—GnoH™. (32)
Mapping J*V to the more familiar dynamical field strength via the Hodge dual, one
can see that the double-trace deformation plays a role similar to the Maxwell term
for the dynamical gauge field in the dual QFT with 1/x(A) as a (logarithmically
running) electromagnetic coupling. We can see that the boundary is now labelled by

two parameters, A, and . Requiring the source b,y to be independent of the UV cutoff,
by

that is, % = 0, fixes the form of the ‘coupling constant’ 1/x(A) which turns out to
be logarithmically running.
Lol (N (33)
L am(Z
K K A)’

where x is the value of the coupling constant at a cut-off A, while x” is the value it takes
at another cut-off A’. The RG-invariant length scale on which physical variables should

depend is then given by

A=

r. = Aex.

(34)

A more detailed explanation of this idea is provided in 5.1.
In [Poovuttikul and Rajagopal, 2021], we use the above holographic model to
explicitly evaluate the life time of (non-conserved) electric flux in a strong magnetic

field regime in order to ascertain the regime of validity of Force-Free Electrodynamics.
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3 Part Il : Non-relativistic fluids

As mentioned in the introduction 1, hydrodynamics is formulated as a gradient expansion
of conserved currents under the assumption that the derivative corrections to them are
small compared to some intrinsic length scale of the microscopic system. The possible
terms that appear in this expansion are restricted by the symmetries of this system. Thus,
most standard formulations of hydrodynamics involve some kind of boost symmetry
in order to simplify the system. However, it is not necessary to assume this, and many
physical systems around us, be it the flocking mechanism of birds [Toner et al., 2005],
various models of active matter [Hatwalne et al., 2004, Callan-Jones and Jiilicher, 2011],
or even condensed matter systems such as strange metals [Huang et al., 2015] and
electron transport in graphene [Lucas and Fong, 2018], do not boast of this advantage.
The lack of boost symmetry implies that the velocity of the fluid is a parameter of the
theory and cannot be set to zero by simply changing the frame of reference.

There has been considerable recent interest in extending fluid theory to systems with
unconventional symmetries, including Lifshitz scale symmetry, with potential applica-
tions to quantum critical systems [Hoyos et al., 2013, 2014, Kiritsis and Matsuo, 2015,
Hartong et al., 2016]. Motivated by these developments, we considered the following
two problems. We first studied out of equilibrium energy transport in Lifshitz fluids,
that exhibit translational, rotational and scaling symmetry, but not boost invariance
in [Ferndndez et al., 2019]. We showed that a non-equilibrium steady state (NESS),
of the type seen previously in a relativistic scale invariant fluid, will also develop in
non-relativistic quantum critical fluids when two reservoirs are brought into contact
across a hypersurface. Using simple scaling arguments for a Lifshitz fluid with generic
dynamical exponent z, we solved for the fluid variables in the central region between
the reservoirs. We found that a NESS forms in this case as well, but the solution is
genuinely non-thermal. Armed with a scale consistent equation of state for such a
system, we were led to the interesting question of finding a dual gravitational descrip-
tion of non-equilibrium steady states of perfect Lifshitz fluids with generic z. This

brings us to our second problem where we analysed the thermodynamics of a such a
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3 Part Il : Non-relativistic fluids

fluid in a holographic context by studying the hydrodynamics of a Lifshitz black brane

characterised by generic z, moving with a velocity v in one of the transverse directions.

We found a physically distinct class of moving Lifshitz black branes where the velocity

of the boosted brane plays the role of chemical potential, dual to the momentum density.

The following sections are meant to provide a general background for the above.

For a detailed breakup of the matter covered in each section, please refer to the end of 1.

3.1 Non-relativistic and relativistic symmetries and

algebras

In this section, I will briefly review the relevant symmetry groups and their algebras

which might be a useful reference for the rest of this thesis.

18

1. Relativistic spacetime symmetry groups

Relativistic field theories are invariant under the Poincaré group consisting of

spacetime translations, P* and Lorentz transformations, M"Y

Pl XM P =Xt aH, (35)

MM xH xR = ALY, (36)

where A € SO(d, 1) and a* parametrises the translations. In addition, the theory
can enjoy enhanced symmetry under scaling and conformal transformations,

generated by the following operators:

A

D M= 37
xH 4 kHx-x

Kt: xHPodt=——_—"—"" _
* * 142k -x+k2x2

(38)
Here A € R parametrises the dilatations while the latter generates special confor-
mal transformations parametrised by k* € R? (an inversion of spacetime followed
by a translation and another inversion). This theory is conformally invariant and

the conformal group is SO(d,2) in d spacetime dimensions. The commutation



3.1 Non-relativistic and relativistic symmetries and algebras

relations between the various generators are as follows:

[
[Po, Muv] = NupPy — Nvp P,
[M,uprc} = NvpMuc — NMupMvs + NovMpy — NouMpv ,

(39)

2. Non-relativistic spacetime symmetry group

A spatially isotropic and homogeneous non-relativistic theory is invariant under

the following Euclidean transformations:

H: t—{=t+a, (40)
P X¥oyi= xi—|—bi7 (41)
S X == g (42)

where a € R, b' € RY and j € SO(d) parametrise time translations, space
translations and rotations respectively. The generators spanning the Lie algebra

have the following commutation relations:

[piapj] = [pl,l:l] = [%lvﬁ} =0,
(B, 7ij] = Sul; — 8B, (43)
[ Fiis Il = Sk Fu — S L+ 81 _Fiw— S _F i

* In addition to the Euclidean symmetries, if the theory also possesses the

following scaling symmetry,
Y=A%, =N, (44)

where the dynamic exponent z € R determines the anisotropy of scaling,
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3 Part Il : Non-relativistic fluids

then various commutation relations are given by,

©
T
[

©
W

(45)

* In addition to the Euclidean transformations, the system can also be invariant
under Galilean transformations,

G: X =x -V (46)

The generator has the following Lie algebra,

(93
<

[
[

j]:()7
=0.

9

R @7
i P

Q

Furthermore, the Galilei algebra allows for a central extension, known as the
Bargmann algebra [Lax, 1972], by the inclusion of an additional symmetry
generator M , such that the non-vanishing Galilean boost commutators are

given by

[A,G]=E, (48)

* A non-relativistic, scale-invariant group that comprises of the generators of
centrally extended Galilean group, a.k.a the Bargmann group
{H,B, /f, ) Gi, M } along with the generator of the Lifshitz dilatations is
the Schrodinger algebra involving the generators {ﬁ B, % s Gi, M , @Z}.
For the special case of z = 2, Bargmann algebra can be be further extended
to Schrodinger algebra with a single special conformal transformation (see
eg. [Taylor, 2016)) involving the set {H, B;, %j, G, M, @(Zzz),K} (38). In
fact, the Schrodinger algebra derives its name from the fact that for z =2
it is the symmetry group of a free particle described by the Schrodinger

equation.

A key observation is that Lifshitz symmetry with generic z > 1 is in general not
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3.2 Thermodynamics and stress-energy tensor

compatible with boost symmetry. Indeed, Lorentzian boost symmetry is only compatible
with z = 1, which gives the scaling ¥ = AX, ¢’ = Ar and the no-go result of [de Boer
et al., 2018] implies that the Galilean boost symmetry (44) is only compatible with
z = 2 Lifshitz scaling. As explained above, non-relativistic fluids with dynamical
exponent z = 2 and z # 2 behave differently under group transformations. For this
reason, when discussing the out of equilibrium dynamics of non-relativistic fluids, we
will consider the two cases separately, leading to different conclusions about the nature

of the emergent steady state.

3.2 Thermodynamics and stress-energy tensor

For simplicity, below I will focus on the special case of perfect fluids. These are
idealised fluids, that are without shear, strain or bulk viscosity and do not conduct heat.
Based on the considerations above, I will consider a fluid whose description is invariant
under time and space translations as well as rotations. In addition, I will also assume a
global U(1) symmetry whose corresponding conserved charge is N. This is realized by
the basic set of generators {FI B, /f, s M }. Additional symmetries under boosts and
rescaling will be considered below.

Global quantities in this fluid include the energy £, momentum P, entropy S and
charge N. Locally, we have the energy density & = E /V, momentum density &2, =P;/V,
entropy density s = S/V and charge density n = N/V. Assuming a configuration where
these can be uniformly defined, the fundamental thermodynamic relations relating the
change of the internal energy to the changes in the rest of the thermodynamic state

functions are
dE =TdS—PdV +v'dP;+udN, E=TS—PV+VP,+uN, (49)
or, in terms of the associated densities,
d& =Tds+v'dP;+ udn, E=Ts—P+V Pi+un. (50)

The thermodynamic forces associated to these parameters are the temperature 7', the
pressure P, the fluid velocity ¥ and the chemical potential .
As argued in [de Boer et al., 2018], assuming a fluid with uniform velocity ¥ in the

presence of rotational symmetry, the momentum density must be proportional to the
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3 Part Il : Non-relativistic fluids

only directed quantity in the fluid, i.e. the velocity,
Pi=pvi, (1)
and the above thermodynamic relation becomes
d& =Tds+v'd(pv;)+udn. (52)

The quantity p is referred to as the kinetic mass density. In a theory with Galilean boost
symmetry it is proportional to the charge density » but in the absence of boost symmetry
the relation between n and p is more complicated.

The dynamical variables enter into the stress-energy tensor of the fluid 7, and the

current J#, whose conservation equations read?
duTH, =0, du* =0. (53)
Classically the symmetry generators are realised by
H= —/ d?x1%(x),
14
P = / dx1%(x),
1%
Jij= /Vddx (xiTOj(x) —ijO,-) )

N:/d”liO(x)7
v

(54)

which provides direct interpretation for various components of the stress-energy tensor
and current. In particular, the energy density is & = —T?, the momentum density is
2 =T, and the charge density is n = J° in any frame.

For a perfect fluid there exists a reference frame, the rest frame, in which there is
no momentum density. The charge current then reduces to just the charge density and
the stress-energy tensor involves only two parameters, the energy density and pressure.

Explicitly, in this frame we have

—-& 0
T+, = -, J* = (n,0). 55
v ( 0 P5j’> (n ) (55)

2Despite the use of u, v indices, we are not assuming Lorentz symmetry and these indices are not to be
raised or lowered using a spacetime metric.
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3.2 Thermodynamics and stress-energy tensor

In any other frame of reference the description will also depend on the velocity V and in
the absence of boost symmetry the v dependence can be non-trivial.

If the perfect fluid has Lorentz boost symmetry, the stress-energy tensor and current
in the moving frame are related to those in the rest frame by a Lorentz boost transforma-
tion (36). In case of a non-relativistic perfect fluid with Galilean boost symmetry under
(46), the stress-energy tensor and current in the moving frame are obtained from the
following transformation rules [de Saxcé and Vallée, 2012],

ax'* 9x° ax'H

T = 9xP IxV (TPs+JPTs) JH = WJP’ (56)

where we define Iy = (3|v|?>,—7¥). Note that the transformation of T, is a linear
combination a general coordinate transformation and a local Galilean boost. It is
possible to combine T#, and J* into an d x (d + 1) dimensional object 7 = (T,J) which
acts as a tensor.” The conservation equations (53) are merged into one, and spacetime is
embedded into a higher-dimensional construction of Bargmannian coordinates where a
tensorial description arises naturally. For an overview of this description in the context
of Bargmann theory, see [de Saxcé and Vallée, 2012] and [de Saxcé, 2016]. The stress
tensor defined in this manner is thus gauge invariant but not boost invariant.

Applying (56) to a perfect fluid which is flowing at constant velocity v, and described
in the rest frame by (55), we obtain the following stress-energy tensor and current

components [Jensen, 2015]

TOO = _éaa
Toj =nvj,
Ti() = —(é()—l-P)Vi,
4 . . (57)
T';=Pd;+nv'vj,
J():n7
Ji=nv,

where & = & + %n v? adds kinetic energy to the internal energy &. From the off-
diagonal components we read off the momentum density #; = T°; = nv;, which fixes

the coefficient in (51) to be p = n.

3Due to the last relation in (48), which relates the charge operator to a commutator of boosts and spatial
translations, the conserved charges should ideally be arranged into a single object, not into two separate
ones. For the Poincaré group, we have [2, L il = By j» 50 in the context of special relativity T automatically
decomposes into the tensors T, and J*.

23



3 Part Il : Non-relativistic fluids

This last observation can also be obtained from the Ward identity corresponding
to Galilean boost symmetry. The boost generator can be written as G; =1 J; = G*idy.
Due to the non-vanishing Poisson bracket [13,7 G j] in (48), the boost current is b*; =
t TH; — x; J* and the associated Ward identity gives T9; = J; [Festuccia et al., 2016b],
from which p = n follows. The physical interpretation is that the flow of matter gives
rise to momentum density and the inhomogeneous term in the transformation of the
stress-energy in (56) accounts for the addition of momentum density under Galilean
boosts.

When we considered critical fluids with generic z in [Fernandez et al., 2019], we did
not assume any boost invariance, and the kinetic mass density p and the particle number
density n are no longer identified with each other. Instead, we adopted a formalism
where they appear separately in the stress-energy tensor and the current [de Boer et al.,
2018],

T%( < Y ) . R = (), (58)
—(&+P)V P& +pviv
and then studied out of equilibrium evolution.

The Lifshitz scaling relation (44) with z # 1 implies that space and time coordinates
have different scaling behavior and this affects how scaling analysis is carried out. The
energy is a conserved quantity associated to time translations, so it must scale as the
inverse of time, and thus the energy density scales as &’ = A~ & On the other
hand, the individual terms in the thermodynamic relation (52) must all have the same
scaling and from there one can infer the scaling behavior of the various thermodynamic
variables of the Lifshitz fluid:

=N, PP=A9EP, T'=AT°T, W=A"pu,

s =A"s, n=A"n, p'=A"4"2p Vi=Al"2y, o9

Note that it is only for z = 2 that the kinetic mass density scales in the same way as the
charge density.
The symmetry under Lifshitz scaling (44) leads to the Ward Identity, z TO0 + Tl.i =0,

which in turn implies the equation of state
dP=z&—pHV?, (60)

where d is the number of spatial dimensions. For the particular case of z = 2, the equation

of state reduces to d P = 2& —nv? and it is easy to see that a Galilean boost of the form
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3.3 Non-equilibrium steady states in quantum critical systems with Lifshitz scaling

(56) to the rest frame gives the equation of state for a fluid at rest d P = 2&’. However,
as mentioned above, scale invariance with generic dynamical critical exponent z is
incompatible with Galilean boost invariance which we showed explicitly in [Fernandez
et al., 2019]. In that case, the thermodynamic variables of a uniformly moving fluid are
not equivalent to those of an equilibrium configuration viewed in a moving reference

frame, and transforming to the LAB frame gives the equation of state d P = 2&.s.

3.3 Non-equilibrium steady states in quantum crit-
ical systems with Lifshitz scaling

While developing a general fluid dynamics formalism for systems that are far from
thermal equilibrium remains an open problem, there has been interesting recent progress
in this direction involving relativistic fluids. Investigating out of equilibrium energy
transport between two relativistic quantum critical heat baths led to the discovery
of the emergence of a universal Non-Equilibrium Steady State (NESS) between the
two heat baths [Bernard and Doyon, 2012, Bhaseen et al., 2015, Lucas et al., 2016b,
Spillane and Herzog, 2016, Pourhasan, 2016]. A Non-Equilibrium Steady State (NESS)
is a state that might be attained by out of equilibrium systems that are subject to a
constant external driving force. While the thermodynamic parameters themselves are
time-independent, there is a net non-zero entropy production, and a flow of conserved
currents across the region. In [Bhaseen et al., 2015], using a combination of gauge-
gravity duality, relativistic hydrodynamics and field theory techniques, the authors
showed that the results for non-equilibrium thermal transport in relativistic conformal
field theories for d > 1 were universal, and could be described by a Lorentz boosted
thermal distribution. They considered a setup where two semi-infinite halves of the
system that are independently thermalised at left and right temperatures 77, and Ty, are
brought into thermal contact at time t = 0. They showed that these semi-infinite sub-
systems play the role of heat baths that drive a non-vanishing energy current Jg = T'*
through the system, where T#" is the energy-momentum tensor. We extended this
analysis to non-relativistic fluids with Lifshitz scale symmetry in [Ferndndez et al.,
2019], and found that a NESS emerges here as well. We found that for the special case
of a Lifshitz fluid with dynamical critical exponent z = 2, the resulting NESS can be
viewed as a Galilean boost of a thermal state. For Lifshitz fluids with z # 2, there is no

underlying boost symmetry [de Boer et al., 2018]. It turns out there is still an emergent
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3 Part Il : Non-relativistic fluids

NESS at generic z, but in this case it cannot be obtained as a boosted thermal state.

In Section 3.4, I will describe the setup that we used in [Fernidndez et al., 2019]
in bringing together two quantum critical Lifshitz fluids into thermal contact at time
t =0, and the corresponding NESS that develops between the two. I will also briefly
explain how this setup is in fact nothing but the well known Riemann problem in fluid
dynamics. In Section 3.5, I will briefly review the theory of shock and rarefaction waves
that appear at the discontinuity, and the stability conditions that favour the formation of

one over the other.

3.4 Local quench between semi-infinite heat baths

The specific system we consider consists of two semi-infinite heat reservoirs in d
spatial dimensions, which are brought into contact at time ¢ = 0 across a flat interface
orthogonal to the x-coordinate axis. An equilibrium state of a charged quantum critical
fluid is characterized by two energy scales, often taken to be the temperature and the
chemical potential (due to scale invariance it is only the ratio 7' /u that is physically
relevant). In the case at hand, we find it convenient to instead use the pressure Py g and

charge density n; g of the two reservoirs to describe the initial state,
P(t=0,x) =P, 0(—x)+ PrO(x), n(t=0,x) =n,0(—x)+ngb(x). (61)

Here 0(x) denotes the usual Heaviside step function. Our solution to the resulting fluid
dynamical problem will be expressed in terms of the scale invariant ratios P, /Pg and
nr/ng. In what follows, we will consider P,/Pg > 1 without loss of generality, and
arbitrary charge ratio, 0 < ny,/ng < oo.

A local quench of this type, with sharp jump functions 6(x), can serve as a first
step towards studying out of equilibrium dynamics in a fluid. The pressure difference
between the two reservoirs drives a fluid flow between them. One might intuitively
expect the sharp initial gradient to be steadily smoothed out with the system approaching
local equilibrium in the central region, but at the level of leading order hydrodynamics
this is not the case. Instead, as time evolves, a non-equilibrium steady state (NESS)
occupies a growing region between the two heat baths, characterised by the presence
of a non-zero, constant energy flow, as was discussed in [Bernard and Doyon, 2012,
Taroni, 2014]. The properties of the NESS are constrained by the equation of state of

the heat baths and the conservation of the stress energy tensor and the charge current

26



3.4 Local quench between semi-infinite heat baths

across the wavefronts, which emanate from the contact region (see Figure 3.3).

An initial value problem in hydrodynamics with piecewise constant initial data,
where two fluids at equilibrium are joined across a discontinuity, is an example of a
so-called Riemann problem [Riemann, 1860] in the theory of partial differential equa-
tions. A solution, which generically involves shock and rarefaction waves propagating
outwards from the initial discontinuity, can be found via the techniques described in
Section 3.5, allowing the fluid variables that characterise the resulting non-equilibrium
steady state to be determined in terms of the relevant input data. A Riemann problem for
a relativistic quantum critical fluid in general dimensions was studied in [Bhaseen et al.,
2015]. Initially, both outgoing wavefronts were assumed to be shockwaves but it was
later realized [Lucas et al., 2016b, Spillane and Herzog, 2016] that above two spacetime
dimensions, a solution with one shockwave and one rarefaction wave is preferred, based
on entropy arguments and backed by numerical analysis. The existence and universality

of the steady state for higher dimensional CFTs was studied in [Chang et al., 2014].

3.4.1 Formulation of the Riemann problem

In the present Riemann problem, the heat reservoirs are brought into contact across a
planar surface, that we can take to be orthogonal to the x-axis. Following [Bernard and
Doyon, 2012, Taroni, 2014], we look for a solution with wave fronts, traveling in the

x-direction, that separate space into regions.

1. A region on the left, with the fluid at rest and stress-energy tensor as in (55) with
(g)L, PL and ny.

2. Steady state region (or regions) in the middle, with the fluid flowing at a constant

flow velocity V, and stress-energy tensor as in (57) with &, P, and n;.

3. A region on the right, with the fluid at rest and stress-energy tensor as in (55)

with &g, Pg and ng.

Drawing from the expressions presented in (57), in each region the conservation equa-
tions (53) take the following form:

3, &+ ((6+PW) =0,
o (pv') +9;(P+pviv!) =0, (62)
dhrn+9;(m’) =0,
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3 Part Il : Non-relativistic fluids

These equations are supplemented with the equation of state (60) that relates & and P
in a way that reflects the scaling symmetry of the fluid system.

Thus, the dynamics is governed by a set of hyperbolic conservation laws of the form
¢ +9;f=0, (63)

where ¢ and f are functions of the same fluid variables and f(z,x) represents the flux
of the conserved quantity ¢(z,x). In our non-relativistic quantum critical fluid, the
conserved quantities are charge, momentum and energy densities, and the resulting

conservation equations (62) may be written as

& (&+P)y
dlpv|=0o| P+p? |. 64
n nv

Let us now discuss briefly the possible wave solutions that will emerge in this system.

£

Contact
discontinuity

by

X

Figure 3.3. Propagation of shock, contact discontinuity and rarefaction waves for

Pp, > Pr. Here vs1 and vsy denote the speed of the fluid flow between the rarefaction
wave and contact discontinuity, and between the shock wave and contact discontinuity
respectively.
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3.5 Wave analysis

3.5 Wave analysis

Generically, let us consider a conservation law of the form mentioned above,

99 +:f(¢) =0, (65)
for a field ¢ (¢,x), together with a piecewise constant initial condition:

if 0
0(0.x) o ifx<O0, 66)
or ifx>0.

This problem was first considered by Riemann in the 19th century [Riemann, 1860].
Note that for any given solution of this problem @ (#,x), the rescaled function ¢g (,x) =
@501 (01, 0x) is also a solution for any 6 > 0. In fact, the initial condition (66) selects,
out of all possible solutions of the conservation equations, those which are invariant
under such a scaling transformation. These solutions are constant along rays emanating
from the origin ( = 0,x = 0) due to the scaling, and they can generically be understood

in terms of waves.

3.5.1 Linear problem

In the problem we will be considering, ¢ is a vector whose components are the energy
density, pressure and fluid velocity, but, for the present discussion, we simply take
it to be a generic vector of k components. A simple special case is obtained when
A, f(0) o< 0,9, that is, for the strictly hyperbolic system

h0+Adp =0, (67)

where A is a matrix of constant coefficients. In this case, any solution can be written as
a superposition of traveling waves. A generic initial condition ¢(0,x) = ¢ (x) defines a
wave profile that is shifted to the left and right as it evolves in time, in such a way that
the height of the evolved profile at a given point is the sum (superposition) of heights at
different points of the original profile.

The explicit solution takes the form

k
§(1,x) = Y 7i filx—2it), (68)
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3 Part Il : Non-relativistic fluids

where A; are the eigenvalues of the matrix A, that determine the speed of propagation of
each component of @, while the coefficients of the superposition, 7;, are the components
of the corresponding eigenvectors of A, and they determine the direction of the rays
along which the wave travels. By diagonalising the matrix, the problem is decomposed

into k scalar Cauchy problems that can be solved separately.

3.5.2 Non-linear problem

More generally, the Jacobian in (65) is a function of ¢ itself,

dn ... A
I¢ I P
A(9)=df(¢) = REPPUUE R I (69)
U ...
I¢ I P

This adds non-linearity to the problem. The solution can still be written in terms of
waves, but the waves can interact with each other, producing additional waves. This
is because the eigenvectors r; are generalised into functions which depend on ¢. The
eigenvalues A; also depend on ¢, and so the shape of the various components of the
solution will vary in time, leading to wave dispersion and compression.

In [Lax, 1954], Lax provided a classification of the waves that can arise in non-
linear wave problems with initial conditions of the form (66). To do so, he introduced a
simplifying assumption: that each A;(¢), that is, the i eigenvalue of the Jacobian matrix
(69), corresponds to either a genuinely non-linear wave, such that VA;(¢) - 7(¢) # 0
for all ¢, or to a linearly degenerate wave, such that VA;(¢) - 7(¢) = 0 for all ¢. The
quantity VA, -7 can be understood as the directional derivative of Ai(¢) in the direction
of the vector 7.

As we will see below, this assumption holds in our Riemann problem for Lifshitz
fluids and the resulting solutions have a simple structure consisting of different kinds of

waves or discontinuities, which can be classified as follows:

e The linearly degenerate case VA; -7 = 0, for which ; is constant along each
integral curve of the corresponding field of eigenvectors r;. In this case the profile of
the solution does not change in time, generating a so-called contact discontinuity.

e The genuinely non-linear case with 6&,» -7; > 0 such that the i eigenvalue 2, is
strictly increasing along the integral curve of the corresponding field of eigenvectors r;.

This leads to a rarefaction wave, displaying a smooth profile that widens and decays
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3.5 Wave analysis

over time.
e The genuinely non-linear case with ﬁli -7; < 0. This leads to a shock wave,

displaying a compression which makes it become steeper over time.

When the simplifying assumption described above is valid, a set of stability condi-
tions can be formulated which guarantee uniqueness and a continuous dependence on
the initial data [Bianchini, 2003]. The one relevant for our analysis is Lax’s shock wave
admissibility condition [Lax, 1957], which can be easily visualised for the Riemann
problem, where the initial configuration of ¢(0,x) jumps from a left state ¢, to a right
state ¢g at some value of x. The information contained in the piecewise initial condition
propagates forward at speeds given by A;(¢.) on the left and A;(¢g) on the right. In order
to prevent new characteristics spawning away from the shock interface, which would
amount to non-uniqueness for our Cauchy problem, one must impose 4;(¢r) > A;(¢r).
Furthermore, a shock wave connecting the states ¢z, ¢g moving at speed A = u,, must
satisfy

Ai(Pr) > us > Ai(Pr) - (70)

Lax’s admissibility condition applies to shock waves but not to rarefaction waves. For
a rarefaction wave, the solution’s admissibility is determined by requiring A;(¢) to
increase smoothly along the profile.

Given the conservation equations (64) and the equation of state (60), we are able to
construct the Jacobian (69) for our system, and establish whether a given eigenvalue
corresponded to a shock, rarefaction or contact discontinuity. We find that for the
assumed initial condition Py, > Pg, the left-moving and right-moving waves correspond
to rarefaction and shock waves respectively. Thereafter, we use the method of Riemann
invariants (functions that remain constant along the integral curves of the eigenvector
7;) for the smooth profile of the rarefaction wave to calculate the NESS variables to the
left of the contact discontinuity in terms of the given initial data &7, P, and ny. For
the sharp transitions that occur across the shock wave, we use Rankine-Hugoniot jump
conditions [Lax, 1957, 1972] to establish the NESS variables to the right of the contact
discontinuity in terms of &g, Pg and ng. Finally, calculating the Riemann invariants for
the contact discontinuity tell us that the pressure and speed must remain the same on
either side of it. We then use this constraint to calculate all the NESS variables in terms
of the initial conditions, thereby completing the construction of our non-equilibrium
steady state. The details of these calculations can be found in sections 5 and 6 of
[Fernandez et al., 2019].
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3.6 A moving Lifshitz black brane

The purpose of this section is to provide an introduction to the problem studied in
[Rajagopal and Thorlacius, 2021], a description of the model and renormalisation
scheme used therein, and a summary of the results obtained.

As mentioned in the Introduction 1, there is a need to widen the scope of holography
to include bulk spacetimes that are not asymptotically AdS, in order to probe strongly
coupled non-relativistic systems. These include spacetimes such as Lifshitz, Schrodinger
and hyperscaling violating geometries (characterized by the dynamical exponent z,
which expresses the anisotropy between space and time on the boundary). In [Ferndndez
et al., 2019], we studied out-of-equilibrium energy transport in a quantum critical fluid
with Lifshitz scaling symmetry following a local quench between two semi-infinite
fluid reservoirs. Using scaling arguments, we hypothesised an equation of state for a
perfect Lifshitz fluid with an arbitrary dynamic exponent z, and no boost symmetry. In
this paper, we propose to justify this equation via a gravitational dual realization of the
hydrodynamics of a perfect Lifshitz fluid, for generic z, and in 4 spacetime dimensions,
moving with a velocity v in one of the transverse directions. The fact that these fluids
are non-boost invariant is of particular relevance, as it is indeed the case with many
systems in nature. We were further motivated by the existence of quantum critical
condensed matter systems with a general dynamical critical exponent z # 2, such as the
heavy fermion metals discussed in [Wolfle et al., 2017, Abrahams and Wolfle, 2012].
Moreover, it provides an application to a concrete physical setup of a recently developed
general formalism for perfect fluids without boost symmetry [de Boer et al., 2018].

We find the following results:

* A physically distinct class of moving Lifshitz black branes where the the velocity
of the boosted brane plays the role of chemical potential, dual to the momentum

density.

* A boundary stress tensor the components of which may be expressed as the dual
fluid variables, energy density &, pressure P, fluid velocity v/, and kinetic mass

density p.

* We find that the conservation law for the stress tensor of the non-relativistic fluid
has a similar form to that posited in the Newton-Cartan theory [Christensen et al.,
2014b,a, Hartong et al., 2015a]. In fact, we find that the Ward identity associated
to the Lifshitz scaling leads to z& — pv> = dP, which is exactly the equation
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of state we hypothesised for a perfect Lifshitz fluid with an arbitrary dynamic

exponent z [de Boer et al., 2018].

3.7 The bulk gravitational theory

In [Rajagopal and Thorlacius, 2021] we consider a holographic theory with Lifshitz
scaling defined in 4 bulk space-time dimensions but our results can easily be generalised
to an arbitrary number of dimensions. The model we work with is a simple variant of
Einstein-Maxwell-Dilaton (EMD) theory, which consists of Einstein gravity along with
a massless U (1) gauge field, A, and a scalar dilaton field, ¢. Using a normalisation

where 167G4 = 1, the action is given by,
1 1
So = /d4xw/—g [R— 2A— 5(a¢)2 — 4e’1¢F2} +2/d3x,ﬁ—y1<, (71)

where the last term is the usual Gibbons-Hawking-York boundary term, which is needed
in order to have a well-defined variational problem for the metric. The equations of

motion for (71) are,

Ruv — %Rguv +Aguy = Ty + Ty (72)
Vi — %e’l")Fqu”v =0 (73)
Ve FHY =0, (74)
with,
T = 5000009 — ;v (99" as)
Th = %ew (F,MFV" - lgqugpFGp> . (76)

Models of this kind were introduced in the context of non-relativistic holography in
[Taylor, 2008]. While not the only model for Lifshitz holography available in literature,
it has an important advantage in that there exists a full analytic solution to the field
equations that describes a static black brane in asymptotically Lifshitz spacetime. The
model can easily be generalized to include charged black brane solutions that are Lifshitz

analogs of AdS-Reissner-Nordstrom black branes [Tarrio and Vandoren, 2011], which
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3 Part Il : Non-relativistic fluids

are key to a holographic dual description of non-relativistic quantum critical matter at
finite temperature and chemical potential, see e.g. [Keranen and Thorlacius, 2012].

The model (71) admits the so-called Lifshitz spacetime as a solution,
22 2,2 dr g 2 52
ds=1"( —r=dt" + — +ridx" |, a7
I

where [ is a characteristic length scale of the geometry which we set to unity for

notational simplicity. The metric exhibits the required Lifshitz scaling,
r—ANt, x—Ax, r—Ar, (78)

with z > 1. Spacetime geometries that are asymptotic to this metric provide a holo-
graphic dual description of a scale-invariant non-relativistic field theory formulated on
a R’ x R? boundary. The bulk theory can include matter fields of various types, which
couple to the metric and possibly the dilaton field but, as we will see momentarily, do
not couple directly to the background gauge field F,y.

The metric (77) is a solution to the equations of motion provided the parameters of
the model satisfy A = f\/% and A = —1(z+1)(z+2), and it is accompanied by a
gauge field and dilaton background of the form,

A = ) <r0) re, e’ = . , (79)

where rp is an arbitrary constant. While this model has the advantage of analytic control,

it has the disadvantage of a logarithmically running dilaton and diverging gauge field at
the boundary. However, this is not a very serious disadvantage as long as the gauge field
only serves to provide a background to support the Lifshitz geometry at the boundary
and does not couple to any non-gravitational fields. Physical matter fields could be
charged under additional gauge fields (not considered in the present case). In fact, A,
should not be viewed as a gauge field but simply as a massless vector field that only
interacts gravitationally (with a coupling that depends on the dilaton). With this in
mind, we do not have to respect the U(1) gauge symmetry of the bulk action in (71)
when we construct boundary counterterms for holographic renormalisation of the model.
Moreover, the model has a symmetry under a constant shift of the dilaton field while

simultaneously absorbing a constant normalisation factor into the gauge field,

¢—>¢—%lna, Ay — oAy, (80)
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3.7 The bulk gravitational theory

This shift symmetry plays an important role when we construct boundary counter-terms
for the holographic renormalisation of the model and it is also helpful in analysing the

asymptotic behaviour of our bulk fields.

3.7.1 The moving brane

Along the lines of [Hartong et al., 2016], we would like to construct the gravitational
dual of a perfect Lifshitz fluid moving at non-vanishing velocity. We are particularly
interested in fluids at generic z, which do not have boost symmetry. In this case, it is
not enough to perform a boost of the black brane along one of the transverse directions
and study the associated thermodynamics as this does not give us a genuine dual of a
moving Lifshitz fluid, but instead corresponds to studying a fluid at rest from a moving
coordinate frame. The way around this is to construct from scratch, a bulk solution that
describes a moving Lifshitz black brane at generic z # 1, with metric and gauge fields
that encode the fluid momentum.

Consider a moving brane, such that one of the transverse directions, say, y direction

is given a linear momentum. The metric becomes,

ds* = —F(r)r¥dt* + + P F5(r)dx® + Fy(r)(rdy+N(r)r*dt)*.  (81)

r2Fy(r)
and the gauge field is now A = r*G(r)dt + G2(r)(rdy + N(r)ridt). Note that this
ansatz includes exact solution for a static black brane by simply setting G, = N =0,
F; = F, = 1, and letting F; = F> = 1 — (r;,/r)*"2. The dilaton field of the black brane
solution is unchanged from (79) provided we use the shift symmetry (80) to set ry equal

to ry, the radial location of the event horizon.
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3.7.2 The reduced action and Noether charges

It is possible to reduce the action (71) to a one dimensional Lagrangian by performing a

few integration by parts,

1 N
L PR R RE) O L,
P F Fy 2\FFF3; HE FF 2

1 F;N? rN'\2 rF
Lip —r1+1\/F1F2F3F4<2(z2+2z+3)+2‘;,(z1+) —z—1

1 1
+ et (E(ZGI +7G 4+ Go((z— 1)N+rN'))? (Go+ rG’2)2)> ,

B
(82)

where ' = % We found that there are two scaling symmetries that leave the above

Lagrangian invariant. They are,

Fi—> o’F, B—oa 'F, F— o 'F, (83)
N—=a3N, G —aG,, Gi—a 2Gs (84)
And
F3— B*F;, Fy— B°H, (85)
N— BN, G,— B 'Gs. (86)

They represent a diffeomorphism which preserves the volume element dtdxdy, and can
thus be thought of as a Noether symmetry inherited by Lip. They are also symmetries of
the boosted metric ansatz (81), as long as the coordinates transform as ¢ — a_lt, x—
a%x, y— a%y and x — B~'x, y — By respectively.

The two Noether charges associated with these symmetries are found to be,

2F  F! F]\ 3FEN? rN'
— 2 RBRE| 2(z-1 5(—1——3——4)—7 (,—1 —)
Qo 15 34( (z )+2 B B 2R z—1+ N

1 146  a6(GL 3GN , N’
— 222Gy 41 Gh) — (— f—)(G G GN(—I —)) :
5¢ F4(2+r 5)—e 7 T2 JEG G+ GN (- 1+ g

(87)
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Fy

/
(88)
_ G2 (E(Gz +7Gh) + (2G1 +rG})N + GoN? (z— 1+ rN’))
Fi \Fy N

The charges are combinations of bulk fields that do not depend on the radial bulk
coordinate. This is particularly useful in relating horizon data to boundary data, and
plays an important role in determining the thermodynamic equation of state when the
exact interpolating solution is not known, as we will show below. In addition to the
above symmetries, there is also a local gauge symmetry involving r diffeomorphisms,
which we fix by setting F3(r) = 1.

There is yet another conserved charge in our system associated with the shift
symmetry of the dilaton (80). While it does not play a direct role in the thermodynamics,
it will be useful later on when we consider solutions of the linearised field equations

later on. It is given by,

G G rN’
Qy =r**\/RRFF, (EM ?j (Ga+rGh) — 711 (ZGI +rG} +GN (z -1+ W)
2r¢’)
A
89)

3.8 Holographic Renormalisation

In this section, we work out the renormalised stress-energy tensor at the boundary
from the renormalised EMD action, the conservation of which gives us the standard
energy and momentum conservation equations. The generic form of a stress tensor for
non-relativistic fluids has been discussed in 3.2. Along with the Gibbons-Hawking-York

term required for a well-defined variational theory of gravity, the full action is given by

S = Sp+2 / Bxy/ 7K, (90)
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where K is the extrinsic curvature and Y is the induced metric on the boundary. Its

variation is then given by

85 = [ dx((K™ —Ky™)3yyp — 1A% ~ 0430), 1)

where,
Mg = P ng FP, (92)
Oy =n°Vao 93)

and n® refers to the unit normal on the boundary as usual. In order for the action
to be finite at the boundary, we need to add some local counter-terms to subtract the
divergent pieces. Along the lines of [Ross and Saremi, 2009] (where the renormalisation
was carried out for an Einstein-Maxwell-Proca model with a massive vector field), we
propose to construct a non-relativistic stress tensor complex for our theory. The full

renormalised action now has the following form,
S=8+Scs, o4
where the counter-term action is,
Ses == [ /=42~ D+ 2V =R (95)

The variation of the full action is then given by,

65 = [ dx(sup81"? +548A% +569). (%)
where,
sap = V—=Y(Kap — K¥up + 27 +&(AA ~A%p)) o7
Otﬁ O!ﬁ (Xﬁ Otﬁ zm [0 ﬁ Otﬁ )
gett 5
Sa —V—Y(ﬂa‘f'm Ag), (98)
§e“’ 2
s = \/fy(fﬁqwri)m ) 99)

24/ —er A2

Here & = \/2(z—1)(z+2) has been introduced for simplifying the expressions. No
further counterterms are needed to cancel the divergences for the problem at hand.
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Requiring the action to be invariant under Lifshitz scaling leads to the following

Lifshitz Ward identity,

)
zs§+s§+s§+zz SA —Vz—1s=0. (100)

One can see from (78) that the space and time coordinates scale differently, dis-
allowing the asymptotic boundary to be conformally invariant. One would thus like
the different time scaling to be treated in a coordinate invariant way. It turns out that
a convenient way to implement this is to work in an orthonormal frame rather than a
coordinate frame. The boundary values of these frame fields then define the boundary
data, which then serve as the sources for the stress tensor complex. The appropriate
way to implement this variation (as shown in [Ross and Saremi, 2009] and in [Hollands

et al., 2005] for the relativistic case) is to vary the boundary fields ég\ )

while keeping
the tangent space indices of the other fields fixed. For the remainder of this section
we shall follow the notation of [Ross and Saremi, 2009] as there are several points of
similarity between the two cases. The capital letters A, B, ... used here denote tangent
space indices. The bulk frame fields are related to their boundary counterparts via
eg)) = rzég?) (r,x%), eg) = régp(r,xa) and e®) = #, such that the boundary frame field
components asymptote to finite values as r — co. The variation of the bulk action (96)

can then be written as,
55— / Vh((s5 +5%Ag)ely 865 +555AP + 6,50), (101)

where \/—h denotes the associated volume element on the boundary and s* = so‘eg‘).
One can then relate the new stress tensor complex to the canonical momenta in the
coordinate frame via a simple transformation,
A _ (0 & B

Ty = (255 + Aﬁ)e(3>. (102)
Varying the frame fields while keeping tangent space indices fixed is crucial, as that is
what ensures that the off-diagonal pieces of the stress tensor complex are different, as
required for a non-relativistic theory. As shown in [Ross and Saremi, 2009], the various

components of the complex take the following form,

& =25 —s'A,, E' =125l —5'A,, (103)
D= -25i+54;, T =-2+54; (104)
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3.8.1 The asymptotic solution

Working in the orthonormal frame, it is useful to define the frame metric in the following

way,
O =12 = FH, (r)dt + rvi (r)dy, (105)
eV =rel) = rpy (r)dx, (106)
e =@ = vy (r)dt + rHy(r)dy, (107)
dr
(n —
¢ rHy(r) (108)

We can choose the the frame field ¢(?) to be parallel to the projection of the gauge field
along the boundary so it can have the following ansatz in the orthonormal frame,
2(z—1) r?

Ag = , A=A, =A;=0. 109
0 12 rﬁao(") 1 =Ay=A3 (109)

This turns out to be quite useful as the boundary data in the spatial component of the
gauge field is now absorbed by the frame fields, which then leads to independent &
and &; as required for a non-relativistic system [Ross, 2011, Ross and Saremi, 2009].
There is a straightforward mapping between the frame fields defined in (105)-(108)
and coordinate fields (81), which we will use later to evaluate the Noether charges
at the boundary. In order for the space-time to be asymptotically Lifshitz, we would
require our small, constant perturbations to be such that H; (r), H>(r),H3(r),Hs(r) tend
to unity as # — oo while v (r),v2(r) and ag(r) vanish. Our ansatz for the black brane
with linear momentum is such that all the fields depend only on the radial coordinate, r.
We use a power law ansatz to solve for the linear fluctuations as all the terms turn out to
have homogeneous powers in r. Working in the radial gauge and solving the linearised

equations of motion near the Lifshitz fixed point, we find that that small fluctuations
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take the following form,

Hi= 14552 (110)

H=1+ 62—2;»—2—2 (111)

H3=1 (112)

H4=1+%F7Z72 (113)
— -1, % z+2 C3y

V= enr S R (114)
. C4y Cay C3y

V2= i1 r73 r2e+1 (115)

ag=1+cyr 77 (116)

0=2vz—1 <ln (r> + ?r“) , (117)

Ip

We find that the linearised field equations corresponding to the —fy component of
Einstein’s tensor and the —y component of Maxwell’s equations decouple from the rest
of the equations and can be solved separately. The general solution of the resulting
2 x 2 eigenvalue problem give the four eigenmodes listed in (114) and (115). The ¢y,
and c4, modes are non-renormalisable source modes while ¢, and c3, will appear in
the momentum density and energy flux, respectively, in the renormalised stress energy
complex.

The remaining linearised, coupled Einstein, Maxwell and dilaton equations can
be solved for in a straightforward manner along the lines of [Keranen and Thorlacius,
2012]. The full linearised solution obtained by solving the 5 x 5 eigenvalue problem
gives us eigenmodes that go as r—<2 as well as 2 (722842 04+10) - A general
holographic analysis of asymptotically Lifshitz space-times ([Ross and Saremi, 2009,
Baggio et al., 2012, Zingg, 2011, Mann and McNees, 2011]) shows that a =72 mode
carries finite energy and is accordingly of primary interest in the analysis that follows.
The remaining eigenmodes include a growing mode that would disrupt the asymptotic
Lifshitz geometry and must therefore be absent in a physical solution and a mode
that falls off at a faster rate than »~2~2 and can thus be ignored in our asymptotic
analysis. Finally, we also leave out a constant mode which can be interpreted as a
non-normalisable source mode.

Solving the eigenvalue problem for the mode corresponding to the relevant <2
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mode gives us the following relations between the various constants,

¢y =cy+cs, C5:%3. (118)

Finally, conservation of the charge (89) that is associated with the shift symmetry of the
dilaton field, gives an additional relation,
cr z—2

4= ——

2 4

3. (119)

This leaves us with two independent constants, ¢; and c3, that determine the energy

density and the pressure as we will see shortly.

3.9 Thermodynamics

We will now study the thermodynamics of the fluid that the above holographic dual
is supposed to describe, that is, a perfect Lifshitz fluid whose description is invariant

under time and space translations as well as rotations.

3.9.1 The near-horizon solution

We will use similar arguments to those made in [Hartong et al., 2016] to obtain a
near-horizon expansion of the metric and gauge fields. As usual, the location of the
horizon ry, is where g"” vanishes. This means that F> will have a first order zero at ry,.
Regularity of the metric in Eddington-Finklestein coordinates constrains Fj to have a
first order zero at rj, while requiring the gauge field to vanish at the horizon constrains
G similarly. The metric fields F; and N are free to have non-vanishing values at the
horizon. Finally, apart from regularity, there are no constraints on the values of G, and
¢ here either. Thus an appropriate near-horizon Taylor series expansion of the various

metric and gauge fields is given by (working in an F3 = 1 gauge),
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;
=fi
r—r
—h—l
Th
=1
r—ry
Fy = po+p1 + ...
rn
N:I’lo—I-nlr_rh-l-...
Th
r—ry
Gi=g +...
r—r
Gy =my+m h+...
Th
Th
o= lo—‘rll +....
Th
Then the near horizon metric is given by
d
2 = —fiprlar? +hip+rhdx + pord(dy+N(r)ri~\de)?, (120)

where p = r —rj,. Making the following change of coordinates,

N 4p 1t
2 _ Al
,I=(fih 3 b 121
P = (fih1)2 -, (121
we get the following metric
ds* = —p2di* +dp* + ridx* + pory(dy+N(ry)ri 'dr)?. (122)

Thus, after going to Euclidean coordinates, the temperature is given by 7' = %( flhl)%.

1
Using units where 167Gy = 1, the entropy is given by s = ﬁ =4np; rﬁ. So we have,

1

Ts= (pofiln)2r;™>. (123)

3.9.2 The static Lifshitz black brane

As a warm-up exercise, let us first study thermodynamics of a static Lifshitz brane with
general z given by the static limit of (81) by evaluating the renormalised stress tensor at

the boundary and using the method of Noether charges.
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3.9.2.1

Plugging in the asymptotic solution (110)-(117) into the renormalised stress tensor

complex (104) :

& = —2¢1, (124)

0 =0, (125)
&5 =0, (126)
T}, = zc1, (127)
IT), = zc1, (128)
Py =0. (129)

The subscripts 0 denote the values that the various thermodynamic quantities take for
the static fluid. One can easily verify that the scaling Lifshitz Ward identity (100) is
satisfied. In fact, s¢ and s vanish trivially for the static brane. Identifying ¢ and zc; as

the internal energy and pressure P of the static brane, we obtain
260 = 2P, (130)
which is the well-known equation of state for a perfect static Lifshitz fluid.

3.9.2.2

Plugging in the near horizon metric ansatz defined in (3.9.1) into our Noether charges
obtained in (3.7.2), we find that while Qg vanishes, Oy can in fact be expressed in terms

of the known horizon quantities, temperature 7" and entropy density s very simply,
Qo =Ts. (131)
Plugging in the asymptotic metric ansatz (110)-(117) into the same Noether charge,
Qo =—(z2+2)cy. (132)

Equating the right hand side of (131) and (132), and identifying —c; as %, where & is
the internal energy from (124), we get the exact Gibbs-Duhem relation expected for a

Lifshitz fluid, 5

z+2

& = Ts. (133)
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3.9.3 A moving Lifshitz brane

Let us now proceed to repeat the above exercise for the case of interest, that is, a Lifshitz
black brane with a velocity along one of the transverse directions (which we choose to

be the y direction without loss of generality).

3.9.3.1

Plugging in the asymptotic solution (110)-(117) into the renormalised stress tensor

complex (104) and eliminating constants using (118) and (119):

& = —2c1 +z¢3, (134)
£ =0, (135)
&Y = =2(z—1)c3y, (136)
I = z¢; — %(zz—z—z)cg, (137)
I} = zey f%(z2+z+2)63, (138)
Py ==2(z—1)cay. (139)

If we now identify & as the energy density and IT} = —P as the pressure of the
system, IT) = —(P + pv?) is the stress due to pressure and momentum flow along the
y— direction. Once again, plugging in the linearised modes into (100), one can verify
that the Lifshitz Ward identity is satisfied, giving us the equation of state for a perfect

Lifshitz fluid with an arbitrary scaling exponent,
726 — pv* =2P, (140)

as hypothesised in [de Boer et al., 2018] and [Fernandez et al., 2019]. The modes
c2y and c3y appear only in the off-diagonal terms of the stress tensor complex and
can be interpreted as the momentum density pv and energy flux (& + P+ % pv?)v
respectively. While they cannot be related with the other modes in the absence of an
exact interpolating solution, it is safe to make this statement, as they show the exact

scaling dimensions as required by (59).
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3 Part Il : Non-relativistic fluids

3.9.3.2

Plugging in the near horizon metric ansatz defined in (3.9.1) into our Noether charges
obtained in (3.7.2), we find that a simple linear combination of the two in fact gives us
(123). Specifically,

3
Qa—50p=Ts. (141)

Plugging in the asymptotic metric ansatz (110)-(117) into the same Noether charges,

Qo = %(—ch +2z¢3), (142)
0p = (z+2)cs. (143)

From (134) one can see that Qy, is equal to (%) & while from (137) and (138) it is
clear that Qg is equal to the difference of the pressure in the two transverse directions,

that is, pvz. Let us rewrite (140) as,

z+2 1 2
Pzi —_ =
&+ 5 & 2pv
1
=Qu—5pv". (144)

Then (141) simply gives us the well-known Gibbs-Duhem relation,
E+P=Ts+pV. (145)

Interpreting the various boundary data as field theory sources in this manner, we find that
the velocity of the fluid v appears as the chemical potential conjugate to the momentum
density pv ([de Boer et al., 2018], [Hartong et al., 2016]).
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4 Conclusion and Future Outlook

In this dissertation, we have tried to emphasise the role that symmetries play in physical
systems, by moving away from the realm of standard relativistic hydrodynamics with a
one-form U (1) symmetry, and instead studying two very different problems. The first
involves a reformulation of relativistic hydrodynamics in the language of higher form
symmetries, and the other, involves a study of non-relativistic systems invariant under
Lifshitz scaling (both with and without Galilean boost invariance). The motivation
for studying the former comes from having the advantages of dealing with a purely
symmetry-based formalism involving only macroscopic consistency, and not having to
introduce additional microscopic gauge fields. The motivation for studying the latter
comes from the existence of various quantum critical systems in nature that exhibit
Lifshitz scaling, which deserves a much more thorough investigation.

I will now proceed to give a brief summary of the conclusions of the various
problems considered in this thesis, the details of which are provided at the end of the
respective articles.

In [Poovuttikul and Rajagopal, 2021], we studied the validity of the hydrodynamic
description at low temperatures and strong magnetic field. Focusing on the holographic
model that shares the same global symmetry as that of a plasma (that is, where energy,
momentum and magnetic flux are the only conserved operators), we calculated the
lifetime of the electric field operator in order to ascertain the regime in which Force-Free
Electrodynamics is valid. We found that for electric flux E| parallel to the magnetic
field, the lifetime has a strong dependence on the double-trace coupling k which plays a
role similar to the renormalised electromagnetic coupling. In the extreme limit of ¢, 2 >
|B|/T?, the lifetime can be large enough to be detectable by the analytic computation in
both the ‘usual’ hydrodynamic regime /T < 1 and even lower temperature regime
where ®/v/B < 1 while ®/T may remains finite. We found that the lifetime becomes
shorter as one decreases the ratio of 7'/ \/@ . The latter indicates that the lifetime will
become extremely short in the extremely strong magnetic field regime 7'/ \/@ <1
and cannot interfere with the low energy regime of @/ \/@ < 1 where the FFE limit
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4 Conclusion and Future Outlook

is thought to be applicable. For the component of electric flux E| perpendicular to the
magnetic field, we find that there is no pole in the vicinity of @/T < 1 regime. The
dependence of the lifetime on the renormalised electromagnetic coupling disappears
as one enter the strong magnetic field limit. In the holographic context, it would be
interesting to check if all the accessible non-conserved operator truly have parametrically
short lifetime as well as confirming the low energy spectrum predicted by force-free
electrodynamics (and its subsequent derivative corrections). One could also attempt
to extract the FFE effective action from gravity along lines similar to [Nickel and Son,
2011, Glorioso et al., 2018, de Boer et al., 2019] or establish the full set of constitutive
relations as in [Bhattacharyya et al., 2008, Banerjee et al., 2011, Erdmenger et al., 2009]
as an even more definite proof of FFE description in the dynamically magnetised black
brane geometry.

In [Ferndndez et al., 2019], we showed that a non-equilibrium steady state, as
seen previously in a relativistic scale invariant fluid, will also develop in a charged
non-relativistic Lifshitz quantum critical fluid when two reservoirs are brought into
contact across a hypersurface. We showed that the non-relativistic NESS is bounded by
an outgoing shock wave and on the other side by a rarefaction wave propagating in the
opposite direction, consistent with Lax entropy conditions. In addition, we established
that for the special case of z = 2 Lifshitz fluid, the theory can be obtained from a
Galilean boost invariant theory and the NESS corresponds to that of a genuine boosted
thermal state, while a Lifshitz fluid with generic z # 1 and z > 2, the theory does not
enjoy boost symmetry and the corresponding NESS is not that of a boosted thermal
state. While we have concentrated on perfect fluids without impurities or lattice effects
which break translational invariance in this study, one could modify this to allow for
diffusion and momentum relaxation in the hydrodynamics equations, to obtain the time
scale up to which the non-relativistic NESS persists, along the lines of [Lucas et al.,
2016b], say.

In [Rajagopal and Thorlacius, 2021], we studied the holographic dual of a perfect
Lifshitz fluid with an arbitrary dynamical exponent, z, moving with a velocity, v, and
found that the velocity appears as the chemical potential, conjugate to the dual mo-
mentum density. These represent a physically distinct class of black branes possessing
a linear momentum, different from boosting a static brane. By solving the linearised
perturbations of the Einstein and dilaton equations, we were able to find the asymptotic
solutions of the metric and gauge fields, and used these to construct the boundary stress

tensor of the fluid. By working in an orthonormal frame and using counter-terms similar
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to those proposed in Ross and Saremi [2009], we were able to construct the renormalised
stress tensor complex and read the various thermodynamic variables off of it. We found
that the the stress tensor thus constructed, satisfies the Ward identity associated to the
Lifshitz scaling, z& — pv? = dP, which is exactly the equation of state we hypothesised
for a perfect Lifshitz fluid with an arbitrary dynamic exponent z, and no boost symmetry
in [Fernandez et al., 2019]. A straightforward extension of this problem would be to
study the gravitational dual of charged perfect Lifshitz fluids with the addition of other
U(1) fields to the theory, for which the boundary theory that one might need to study
would be that of non-relativistic electrodynamics coupled to torsionless Newton-Cartan
theory, as recently explored in [Festuccia et al., 2016a]. Another extension would be to
carry out the analysis performed in this paper to theories with a non-trivial coupling
between the dilaton and cosmological constant, that is, boosted hyperscaling-violating
Lifshitz geometries, and study the corresponding thermodynamics. Along holographic
lines, one could follow the work done in [de Boer et al., 2020] where the complete first-
order energy-momentum tensor in curved spacetime for a fluid without boost symmetry
was computed, one can now consider trying to find the hydrodynamic modes of Lifshitz

fluids from quasinormal modes and compare the results.
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5 Appendix

5.1 Double-trace deformations and mixed bound-
ary conditions

Along the lines of [Faulkner and Igbal, 2013], we will first study the case of boundary
deformation of a 2 — D CFT leading to mixed boundary conditions for the bulk Maxwell
electromagnetism in AdS3, as an elucidatory example. We will then show how this
connects with our story of a 2— form gauge field in a 5 — D bulk Einstein-Maxwell
theory.

Consider the bulk Maxwell action in Euclidean signature in 3 — D.
=— / d>x\/gF>. (146)
4gy .

In three bulk dimensions, one can always write field strength in terms of the Hodge dual
of a scalar field via dA ~ *d®. One could replace the dynamical variable from A to F'

by introducing a Lagrange multiplier in the following manner,
i
Zpuik = /[DF] [DOJexp(—Sa+ 5 /d3x\/§®(x)£“vP9qup (x). (147

The addition of ®(x) as a Lagrange multiplier was essential as in the absence of the

gauge field as a dynamical variable, the Bianchi identity dF = 0 needs to be imposed

by hand. The equations of motion yield X%FVG = 6568“6), which when inserted into
F

the partition function simply gives the theory of a free, massless scalar,

Zuik = / [DO]exp ( / d*x\/g(VO)?). (148)

There are two subtle points one might take note of,

¢ The Bianchi identity dF = 0 now implies d xd® = 0, that is the dynamical scalar

equation of motion.
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5 Appendix

* The original dynamical Maxwell equation d x F = 0 now implies d>® = 0, which

is simply an identity, and not dynamical.

From the AdS/CFT point of view, this can simply be interpreted as changing the source
of the conserved current at the boundary from the boundary value of the gauge field
Ay (r — oo) to that of the field strength Fj;y (r — o) which from the above analysis is,

i

28“1’Fab = ¢7./28" 0,0 = —g211. (149)

Here IT is the canonical momentum conjugate to the bulk scalar field ®. We can make
these ideas more precise by working with a definite metric.
The Euclidean AdS; metric in 3 — D is given by ds*> = r?(dt? +dx*) + dr—r;. Let ®

be a massless scalar field who’s Fourier space representation is,
O(r,x,T) = O(r)e'OT ik, (150)

The Klein-Gordon equation ﬁBM(\/ggMN dnvO(r)) = 0 in this metric becomes,

8(33® —p—z—
- (r°0,0(r)) . =0, (151)

where p2 = @+ k% At the boundary (r — o), the solution to (151) becomes,

1 p*lnr
@(r%oo)NAJrrz(BA > > (152)

Now, there are two possible boundary conditions for @(r):

* Standard quantisation : Here the boundary value of ®(r — o) is taken to be
the source. The logarithmic term in (152) is now sub-leading at large r. This
corresponds to the dual field theory operator &' having conformal dimension
A4 =d+ A =2. This does not correspond to a dynamical current at the boundary,
as fixing the boundary value of ®, automatically fixes the current it sources as
can be seen from (j¢) = i€®?3,0(r)|,_se. The dynamical field on the boundary,

in this case, is the gauge field.

* The other option is to fix the canonical momentum conjugate to the scalar field,
IT = —,/g¢""9,0(r), as the source. This corresponds to fixing the boundary
value of the field strength. The conformal dimension of & is A_ =d — A =0.

The current is now dynamical at the boundary. From (152), we can see that
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5.1 Double-trace deformations and mixed boundary conditions

2
II(r — o0) = 2B+ A% — p?Inr. The presence of the logarithmic term implies
that it’s value changes slowly at infinity with r, and never approaches a constant.

From (151), near the boundary,

d

_ .2
dlnrn(r) =—p°0(r). (153)

Let the boundary condition be imposed at some cut-off » = A. This implies that a

linear combination of IT and @ is being fixed at infinity,
KII(A) = p?@(A) (154)

Such boundary conditions are known as mixed boundary conditions [Witten,
2001].

In short, switching from Dirichlet to Neumann boundary conditions is equivalent
to changing the interpretation of the normalisable and non-normalisable mode of the
field. In the dual theory, this corresponds to performing a Legendre transform of the
boundary coupling.

We shall be working with the latter method. Suppose, that the boundary conditions

had instead been imposed at a different cut-off » = A’, where A’ = AA. In that case,
KTI(AA) = p*O(AA). (155)

Now we know that at the boundary, IT(r) = —p>@Inr. This means that with the new

cut-off,
II(A') = —p*@In(Ar)
=TII(A) — ©p°InA.
From (155),
K (TI(A) — ®p?In L) = p*O(A) (156)

In order for the physics to be cut-off independent, (157) and (154) need to be
equivalent, that is,

1 1
;=?+lnl, (158)
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which shows the logarithmic running of coupling constant. The RG-invariant length

scale is thus given by,

Al—

ry = Aex. (159)

As shown in the Appendix of [Faulkner and Igbal, 2013], the boundary action that is
consistent with (154), is given by,

/ d*x(VO)? gF/ d2xj . (160)

In order to apply a field theory source, b(x) to an operator corresponding to a conserved

current, the following boundary condition is thus appropriate,
1
b(x) :H(AJC)—l—EVz@(A,x), (161)

where x denotes the field theory dimensions.

Now consider the case of a 2—form gauge field in a 5 — D bulk Einstein-Maxwell
theory given by (23). The bulk equation of motion for the B, is d,(/—gH"*) = 0.
If we parametrise the bulk field as B;; = 0;;8(r)e'®", where o;; is some polarisation

vector, then in a pure Euclidean AdSs metric, the solution at infinity has the form,
B(r— o) =b—Jlnr, (162)

analogous to (152). As it is logarithmically running at the boundary, the value of b (like
I1(r)) is ambiguous, and it cannot be interpreted as the source in it’s current form. As
explained above, the solution to this is to deform the CFT by a double trace coupling of

the form % Now applying the cut-off at » = A, the regularised source is given by,

J
b=Pp(A) - (163)

Thus, the boundary is now labelled by two parameters, A, and k. As before, K is

logarithmically running.
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I. INTRODUCTION

Hydrodynamics [1] is a well-established theoretical framework which universally describes the
long wavelength, low frequency behaviour of interacting systems at finite temperature. Essen-
tially, hydrodynamic theory is a description of conserved quantities and the manifestation of the
corresponding symmetries in a system in thermal equilibrium. Theories with widely varying mi-
croscopics can have the same macroscopic hydrodynamic description. One possible explanation
why such a universal description is possible is that all operators except conserved charges have
parametrically short lifetimes compared to the scale of interest and, once the longest-lived non-

conserved operator! has decayed away, the hydrodynamic description becomes viable (see Fig. 1).

! While this operator language is more familiar in the context of quantum systems, it is also applicable to classical

systems via e.g. memory matrix formalism [2, 3]. A more modern introduction may be found in [4].
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FIG. 1: A cartoon illustration of the lifetime of operators of a theory that exhibit hydrodynamic
behaviour at late time. Here, there is a parametrically large gap between conserved charges p and
the rest. The life time 7y of the longest-lived operator, denoted by O; set the time scale in which

hydrodynamics becomes applicable.

The hydrodynamic framework may be generalised to systems where the conserved charges are
those of a higher-form symmetry [5] which counts the number density of extended objects. A recent
exploration of this idea [6] (see also [7—10]) shows that the resulting hydrodynamics of a one-form
U(1) charge reproduces the theory of magnetohydrodynamics (MHD)?. This should not come as
a big surprise. MHD is, after all, a low energy effective theory of plasma where the (dynamical)
electric field is screened — the one-form U(1l) symmetry associated to electric flux is explicitly
broken. This implies that in, for example, a plasma at zero magnetic field (where the Ohm’s law
j = 0oE is a good approximation) the electric field has a finite lifetime,

&4

OE o exp(—t/7p) Aand (E'(~w) B/ (w)) ~ m s

(11)

with the lifetime of the electric field 7z = 1/0. The conductivity o can be computed from first
principles. For instance, in quantum electrodynamics, it can be written as [14]*

T

o R
e?loge!

(12)

where e is the electromagnetic coupling. The lifetime of electric field 7 ~ 1/T, is then much shorter
than the scale t > 1/T" (or w/T < 1 in Fourier space) where hydrodynamic behaviour is expected.
If, in this late-time limit, all other operators except energy density 7% and the momentum 7% have
already decayed away, one can expect the hydrodynamic description of a plasma to be governed

by
9T =0, 9 J" =0. (1.3)

The conserved currents 7 and J*” are expressed in terms of energy, momentum, magnetic flux
J¥ = B' and their conjugates, organised order by order in the gradient expansion. This formulation

2 For the formulation of MHD that closely resembles higher-form symmetry formulation, see e.g. [11-13].
3 The fact that this quantity has only been computed at the beginning of this century indicates the difficulty of the

required computations.
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of MHD only requires macroscopic consistency and does not require the introduction of the gauge
field xJ = F = dA which, due to screening effect, is not a long-lived degree of freedom.

This brings us to the central question of the present paper: Is a hydrodynamic description of the
form (1.3) applicable in the limit low temperature compared to magnetic flux density 72/|B| < 1
? This question is important if one wants to apply the MHD description to astrophysical plasmas
where the magnetic field is many orders of magnitude larger than the scale set by the temperature.
If one were to naively extrapolate (1.1)-(1.2), the lifetime of the electric field appears to become
arbitrarily long as the temperature decreases. However, there exists a macroscopic description of
plasma in this regime that has been successfully applied. This theory is called force-free electrody-
namics or FFE, and has been used extensively in astrophysical setups such as in the magnetosphere
of black holes [15, 16], neutron star [17] and solar corona [18] just to name a few. In its conven-
tional form, this theory is applied to a system which is magnetically dominated (i.e. |B?| > |E?|

or, covariantly Fj,, F*” > 0) and whose dynamics is governed by
P Fpe =0, (1.4a)
FH'YF, = 0. (1.4b)

Here, the first relation implies that E - B = 0 while the second relation implies that the force
G Fuw, with j == V,F" via Maxwell’s equations, acting on plasma vanishes (hence the name
force-free electrodynamics). More details on the geometric and effective action view point of FFE
can be found in e.g. [19, 20] and [21-24]. One should emphasise that the system of equations
in Eq.(1.4) is independent of the microscopic details of the cold plasma, which then strongly
resembles hydrodynamic descriptions. In fact, it turns out that (1.4) can arise in a special limit
where 7' < /[B] of a hydrodynamics description with one-form U(1) symmetry in (1.3), see
[6, 23, 24]%.

The existence of FFE is usually justified by saying that the cold plasma is, on one hand, dense
enough to screen the electric field (1.4a) but, on the other hand, dilute enough so that force-free
condition (1.4b) is applicable. This statement can be made more precise in the light of relations
between the equations of FFE and hydrodynamics. Thus, we propose a criterion for testing the
validity of FFE using the lifetime of non-conserved operators — FFE, or equivalently, hydrodynamic
description of cold plasma in the T < \/@ limit, is valid when the lifetime of all non-conserved
operators is parametrically shorter than the time scale of interest. A key advantage of this approach
4 Recasting of force-free electrodynamics in the hydrodynamic language also allows the systematic gradient expan-

sions [23, 25]. This could serve to classify correction to FFE in order to account for phenomena such as pulsar

radio emission where E - B # 0.

59



Paper |

60

is that the operator lifetime can be, in principle, computed explicitly from microscopic description
and therefore allows one to find the ‘cutoff’ scale where FFE description should break down.

Computing the operator lifetime from microscopic description is, however, not always an easy
task. In fact, we are not aware of a genuine computation directly from quantum electrodynamics
(in the sense of [14]) when both T' and B are turned on. To simplify the computations, we shall
demonstrate the validity of FFE in the strongly interacting magnetised plasma with a holographic
dual as proposed in [26, 27] where the one-form U(1) global symmetry is taken into account via a
two-form gauge field in the gravity dual. This provides two key advantages. First, the computation
of correlation functions boils down to solving simple linearised differential equations (see e.g. [28]).
Second, there is strong evidences that charge neutral operators, apart from energy and momentum,
have a parametrically short lifetime in this class of theories °. Therefore, we shall focus on non-
conserved operators in the electromagnetic sector of the theory: the electric flux operators, whose
lifetime can be extracted via two-point correlation function as in (1.1). This will provide strong
evidence for the validity of FFE limit in a strongly interacting holographic plasma.

On the technical side, the computations presented in this note show that there are no quasi-
normal modes present in the vicinity of the hydrodynamic regime w/T < 1 (and w/+/[B] < 1).
The pole in the electric flux correlation function in this regime then implies that the operator
has a parametrically long lifetime which could interfere with the hydrodynamic modes. The pres-
ence of such long-lived mode can be determined analytically in the usual hydrodynamic regime of
w/T < 1 for a large class of theories. It is usually difficult to go beyond this regime towards the
limit w/T ~ 1, w/ m < 1. Such computation can, however, be done analytically in the simple
model of [26] thanks to the presence of the BTZxR? bulk geometry in the deep IR [32]. We should
also note that the treatment of a (long-lived) non-hydrodynamic modes has been extensively used
to determine the breakdown of hydrodynamic descriptions in the context of QFTs with holographic
duals, see e.g. [33-36] .

The remainder of this paper is organised as the follows. In section II, we summarise the
procedure involved in the computation of the two-point correlation function in the holographic dual
to one-form global symmetry. In section II A, we outline the method for exploring the existence of
decaying modes in the vicinity of the usual hydrodynamic limit w/T" < 1 at TA/BT < 1. Due to
the simplicity of the bulk geometry, we are able to further extend the analysis to arbitrary value of

® To be more precise, it has been shown in A" = 4 supersymmetric Yang-Mills theory, which constitutes the matter
sector of the holographic model [26, 27], that there is no long-lived mode besides hydrodynamic modes at any
T # 0 and [B| =0 [29]. A similar conclusion was reached for the same theory in the charge neutral sector at finite

non-dynamical magnetic field [30, 31].
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w/T with w/\/|B| < 1 and T'/(/|B| < 1. This is described in section ITB. Further open questions

and future directions are discussed in section III.

II. THE HOLOGRAPHIC MODEL

A simple holographic dual to a strongly interacting field theory of matter charged under dy-
namical U(1) electromagnetism (that is, the dynamical plasma described by low energy MHD)
and formulated in the language of higher-form symmetry was constructed in [26, 27]. We present
a brief review here for completeness. The five-dimensional bulk theory is comprised of Einstein

gravity coupled to a two-form bulk gauge field, By, and a negative cosmological constant,

L? 1
S= /d‘“X\/j (Rf 2A — 5 Hm.H“”“) + Spnd — <A / \d41\/*“/(n“Haw)(mHh"”)w (2.1)
d =1

where H = dB and By, is the bulk 2-form gauge field, A is the UV-cutoff, n* is the unit normal
to the boundary, and Sp,q denotes the Gibbons-Hawking and gravitational counter term. Roughly
speaking, the two bulk fields G, and By, asymptote to g,,, and by, respectively, which then source
the currents, 7" and JH.

2 465
V=989’

The generating functional takes the form,

1 49
V=9 0bu,

(Tow) = (Jw) = (22)

. 1 v
Z]Guws ] = <exp [l/d‘lz\/—g (iT‘“’gW + JH b,‘,,)]> (2.3)
and diffeomorphism invariance and gauge symmetry lead to the following equations,

Vu{TH) = (db),, (J*7) Vu(J") = 0. (2.4)

H = db is the three-form field strength of the two-form external source. The equilibrium solution
of this holographic model is a domain wall interpolating between an asymptotic AdSs; geometry in
the UV (r — oo in our convention), and BTZ x R? in the near-horizon IR, (r = r3,). It is described

by the following metric and gauge field

dr? ; 5 W () 52

> T eiZV(T)((lac2 + dy?) + 2V [QFFER
r2f(r) (2.5)
B =h(r)dt Ndz with 5 H = Bdx A\ dy

ds? = GpdX X" = —r f(r)dt? +
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Modulo the subtleties due to the mixed boundary conditions, this is nothing but the hodge dual
of the magnetised black brane solution of [32]. The radial coordinate is chosen such that r — oo

corresponds to the usual asymptotic AdSs with
f(r)=1, e2V() = 2W(r) = 2 (2.6)

in the 7 — oo limit. The BTZ x R? solution near the horizon can be written as

so-a(1-). - g e @7
= NG
The temperature is set by the horizon radius via 47T = r?|f'(rp)| = 6ry/L?. We set L =1 for
simplicity. Note also that B is related to the z—component of the ‘physical’ magnetic field B which
differs by a prefactor L or the 2-form gauge field coupling in the bulk (e.g. if one were to define
the action with S ~ [(1/¢%)H?). We will keep using B to emphasise its holographic origin but
there is no harm in thinking of it as simply B.

One interesting feature of this model is that the leading divergence of By, in the Fefferman-
Graham expansion is logarithmic. Thus, the definition of the source by, requires mixed boundary
condition

1
K(A)

Requiring the source by, to be independent of the UV cutoff fixes the form of the ‘coupling constant’

b = Bu(A) = —— (T}, with  (J#) = /=G H™ 28)

1/k(A) which turns out to be logarithmically running. This is a common feature for fields with
this type of near-boundary behaviour where the counterterm also plays the role of the double-trace
deformation [37, 38], see also [26, 27] for a discussion in the present context. Mapping J*” in to
a more familiar dynamical field strength via J* = %(“”/J”F,,D, one can see that the double-trace
deformation plays a role similar to the Maxwell term for the dynamical gauge field in the dual
QFT with 1/k(A) as a (logarithmically running) electromagnetic coupling.

The finite part of 1/k(A) plays a crucial role in this setup. While the finite counterterm in
the ordinary bulk Maxwell theory simply results in a contact term in the correlation function, the
mixed boundary condition for Bg;, implies the existence of the purely decaying mode w = —i/7g
that can interfere with the gapless hydrodynamic excitation. This is nothing but the life-time
of the electric flux operator Qp ~ f dSUJ‘j which appears in the following correlation function

[27, 33)

(T ()78 (0)) ~ exp (~it/p) . (2.9)
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Note that, due to the anisotropy introduced by finite equilibrium magnetic field, the value of 75
depends on which direction of the electric field in consideration. The limit where 7 is small, but
finite, compared to the length scale of interest (set by temperature or magnetic flux density) is
of particular interest as it allows one to extract 7g analytically, via a matching procedure that
we outline below. As argued in the introduction, the lifetime of the electric flux determines the

validity of MHD and FFE description.

A. Linearised solutions in w/T < 1 limit and matching procedure

In this section, we outline the computation required to obtain the relaxation time of the electric
field. We focus on the hydrodynamic regime where w/7T < 1, and the low temperature limit
T/\/@ < 1. This allows us to solve the bulk equation of motion analytically via a matching
method similar to that was employed in [29] (see also [33] for a recent review). We consider the
decay rate of the electric field both along and perpendicular to the equilibrium magnetic field
denoted by El = jv and B+ = Jo= Jv= respectively.

Before proceeding, let us summarise the matching procedure for the w/7T" < 1 expansion. It
involves separating the bulk into three suitably defined pieces: inner region, intermediate region
and outer region. The inner region is a suitably defined region close to the horizon while the outer
region is defined to be the range of r such that w/r < 1 so that one can drop terms quadratic in
(w/r)?, which includes the near boundary region. The integration constants of the solution in the
outer region are determined by matching the form of inner region solution for intermediate value

of r that connect the two regions together. In our case, this is the region of r close to 7 but
w
fl()g fry <1 (2.10)

This intermediate region defined above is also consistent with the outer region assumption where
w/r < 1 and thus we are able to match the two solution together. Note that, while this procedure

is applicable to any bulk solution with event horizon, the limit w/7 < 1 is crucial.

‘We now present the key equations and resulting lifetime of the electric flux.

¢ Similar computation for the holographic theory dual to a system with ordinary(zero-form) U(1) symmetry can be

found in e.g. [39, 40].
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1. Perturbation parallel to equilibrium magnetic field

As the magnetic field in equilibrium points along the z—direction, we are interested in Ell =
%EZ”(JMJ), The corresponding bulk perturbation is 6 B, which decouples from the metric pertur-

bation in the zero wave vector limit. The bulk equation of motion can be written as
2p Wo s\ W woav
(r*fe 6By,) + el 0By =0 (2.11)
! r

where (...)" denotes a derivative w.r.t. the radial coordinate . The inner region solution for § B,
where we substitute the BT'Z x R? solution for f,V, W, with the ingoing boundary condition can

be written as
s ginner _ H iw
0By, = ¢ exp (—mlog f(r)) (2.12)

The outer region solution can be obtained by considering the solution at linear order in w/r and
one obtains,

. A 2V)-W(r)
OB (r) = ¢1 — o | o A—/ dr ———

< (r) =c1—cy | log - ) o1y
2V-W !

=c—ca |l — ¢ — 1 s
< (’g(ogr o(r) + 2 )r:r;, ogf),

where ¢(r) is a function regular everywhere in the bulk defined as

oA £2V ()= W(r) £2V()-W(r) fl@) 1
o0 = [t | g ’( BT ): i

This parametrisation allows us to single out leading contributions that dominate when considering
the solution near r = A, where ¢(r) and log(e 2V 72 f) vanish, as well as near r ~ r, where the
log f term dominates. The integration constants cy,cz in (2.13) are related to the source by, and

the 2-form current (J*¥). The precise relations can be obtained via Eq. (2.8) to be

1
(JY) =ca, bey = ¢1 — <log A+ m) Co (2.14)

Note that, for the source to be independent of the UV cutoff, one requires x(A)~! = finite term —
log A. This is the logarithmically running coupling usually found in a double-trace deformed theory
and resembles the running of electromagnetic coupling as pointed out in [26, 27, 33].

For the outer and inner region solutions to match, we consider both solutions in the intermediate

region where we can write the inner solution as

iw LW w2
exp (—M—T 10gf> ~1-— i log f+0O (T) (2.15)
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The matching condition JBiZ"” = 6335“" in this region prompts yield the following algebraic

relations between the boundary quantities bpy, (Juy):

W oy B/ry,
o = () o

(2.16)
=, + L-%—log A + o(rh) | (Jay)
ey T ) T e
Solving these equations at vanishing source b,y = 0 yields the spectrum of the form w = —i/7p

where 7 is the lifetime of the electric flux parallel to the equilibrium magnetic field. This is the

first key result that we advertised earlier, namely
2T , _
T =g (72 + &(rn)) (2.17)

where we write ;2 = log(A/r),) + £(A)~! which plays the role of renormalised electromagnetic
coupling. More details on the T'/v/B dependence of ¢(r;,) can be found in Appendix A.

What does this result tell us about the lifetime of the electric flux operator? While the integral
¢(rp) can be a dimensionless function of 7" and B, the renormalised electromagnetic coupling can
be chosen in such a way that e;2 > ¢(ry) and ¢,;2T%/B < 1 so that wrp ~ w/T < 1. The second
limit is essential as the matching procedure assumes that w/7 < 1 and the solution outside this
regime has to be discarded. Taking these factors into account, one concludes that the temperature
dependence of the electric flux is different from the high temperature 7'/ VB > 1 limit where
7 ~ 1/T ( see Fig 2). Naively taking the limit 7 — 0 in (2.17) will result in the vanishing lifetime
of the electric flux in contrast to the result in (1.2). However, one has to carefully remove the limit

w/T < 1 in order to access the lower temperature limit w/T ~ 1,w/vVB < 1.

2. Perturbation perpendicular to equilibrium magnetic field

Unlike the previous case, the perturbation 6B, that corresponds to B+ = $€¥2%(.J,,) is coupled
to the metric perturbation. This is manifest in the equations of motion
d ) . 2,-W
(e Vo, + BOGE) ) + g0, =0,
dr d rf (2.18)
o (€ OGT + 4B3B,.) =0,
-
where G, denotes the metric perturbations. Note that the coupled perturbations {0B;., Gy}
and {B,.,0G,.} are equivalent due to SO(2) symmetry in the plane perpendicular to the equi-
librium magnetic field. Also, the second equation of motion in (2.18) can be written in a total

derivative form dm,/dr = 0 with 7, is related to the momentum (7®). Since we are working in
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1/(r1VB)

FIG. 2: A sketch of the decay rate (inverse of the lifetime) of the electric field as a function of
T/\/E, measured in the unit of v/B. The high temperature regime (red) depict the result of decay
rate at zero magnetic field found in [27, 33] which has the same temperature dependence as in
(1.1)-(1.2). In the low temperature regime (blue), however, the operator lifetime becomes those

found in (2.17).

the zero wavevector limit, the conservation of momentum implies that 7, = 0 in Fourier space
(which can be shown explicitly using the rz—component of the Einstein equation).

The solution for dB,.,0Gy, in the outer region can be found by using the property of the
background geometry combined with the Wronskian method as in [33]. To be more precise, one
first notes that the time-independent solution of the magnetised black brane can be written in a

total derivative form, which implies the existence of two radially conserved currents.
Q1 =712 f(V = W"e2 W 1 2Bh(r) =0, (2.192)

Qo= e4V+“’di (742 f) — 4Bh(r) = sT, (2.19b)
T

where we write the equilibrium ansatz for the gauge field as B = h(r) dt A dz with gauge choice
h(ry) = 0, which, together with the horizon regularity, sets @ = 0. The relation between h(r) and

the 3-form field strength is
VWi = B. (2.19¢)

More details on obtaining these radially conserved quantities can be found in e.g. [41]. With this
ansatz, we can compare (2.18) and (2.19) and find that one of the solutions of (2.18) when w/r — 0
are

sT
4B’

0Bu. = @1(r) = h(r) + 8GF =Wy (r) = —eVr?f (2.20)



Paper |

12

One can use the Wronskian method to find find a pair of solution of (2.18) that are linearly

independent to {®;, ¥1}. These solutions are

1 o0 BeW )y 00 —W(x)
Dy(r) = E’/,. dr (%) L W) = @1(7-)/7 dr (%) (2.21)

As a result, the outer region solution can be written as

5 Bouter ® @,y
—al ']te (2.22)

(6G.T)nutar _ %Jn ‘I’l ,112
where Jp. = (r2fe=W8B., + BGL) is an integration constant of (2.18) at w = 0. One can
substitute the BT'Z x R? ansatz into the solution in (2.22) to check that ®, ¥y are finite at
7 = 15, while ®; is singular. It is convenient to separate out the singular part of ® in the following

form
BeV o,
By(r) = pa(r) — (27,2) log f(r) (2.23)
721" ) v
where ¢2(r) is the integral in (2.21) with the logarithmic divergence subtracted. The boundary
condition where the source for both metric and 2-form gauge field fluctuation vanishes corresponds

to the following values of ¢; and ¢y

T
B

o R (% S h(A) + %) T (2.24)

One can also check that 7, is identical to the one-point function (§J**) via the definition (2.8).
Note also that the ratio co/J,. is finite due to the cancellation of the logarithmic divergence of
1/k(A) and that of the near boundary solution of h(r), obtained via (2.19c).

Let us also pointed out another way to organise the equations of motion for 6B,,. It turns out
that (2.18) can be combined into a single equation of motion that reduces to a total derivative

form at w = 0. Following the procedure in e.g. [42] and some manipulation, we find

UJZ

e ; oo / y " ~
([€4v+w (672\, rgf)/]zrzfe—v[ 53;:) + - (VW (V2 Y258, = 0 (2.25)

r2feV
where 0B,. = 0B,./[e"V W (e=2Vr2f)']. The outer region solution of (2.25) is easily obtained and
can be shown to be identical to those of (2.22).

We can now proceed to the inner region solution. This can be found by solving Eq.(2.25) and

one find

inner _ H _ w -
BT = ¢ exp( T logf(r)> . (2.26)
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In the intermediate region, we apply the expansion in (2.15). The coefficients ¢;, ¢z are related to
iw " BV Wy
7ﬁ ¢’ =— o] c2,
4 rf r=rp

T
el = (Z—B> c1+ ga(rn)ea,

Substituting the form of ¢, ¢o in terms of (8.J,.), we can write the relations in a form similar to

M via

(2.27)

(8J2y), namely

<—w + TE%) (6,) =0. (2.28)

In the case of vanishing sources, we can write 2 = —48 (% +h(A) + %) and the relaxation
time of the electric field perpendicular to the equilibrium magnetic field is

V3 {ST ¢

"B T 5rTBY5 () 4B e

+ aﬁz(rh)] (2.29)

In contrast to the result at e;2 > 1 and zero equilibrium magnetic field in [27, 33], the lifetime
at strong magnetic field B/T? has a very different form. To see this, it is useful to examined that
the combinations that enter the lifetime as follows

1 1 c1 1 . q
Wy(ry) o B da(rp) o B = < & for largel/k(A) (2.30)

with proportionality constants given by some numbers of order O(1). In the limit of large electro-
magnetic coupling 1/k(A) > 1 and B/T? >> 1, we find that this gives a short lifetime of the form
7o o T/B. However, the location of this decaying mode w = —i/7p. lies outside the hydrody-
namic regime w/7T < 1. Thus, one conclude that there are no modes with long lifetime in this

regime’.
B. Checking T 2 0 limit in w/,/|B| < 1 regime

While the result in the previous section strongly indicated that the electric flux lifetime becomes
very short at extremely low temperature, the simplicity of the holographic model also allows us to
extend the analysis beyond the usual hydrodynamic w/7T" < 1 regime. We will first show that the
zero temperature theory does not support the purely decaying mode of the form w = —i/7 in the
7 Note also that, if one were to perform this analysis for a perturbation in the holographic dual to a theory with

zero-form U(1) at T > 0,1 = 0 (as in [29], see also [33]), one would find a spectrum of the form w ~ T. This

solution is spurious as it lies outside the hydrodynamic regime w/T' < 1 and, in fact, is not present in the genuine

spectrum obtained numerically at finite w/T" [43].
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small w/4/|B| regime. Next, we further extend the regime of validity to that of w//|B| < 1 but
for arbitrary w/T'. The purpose of the latter is to show that 7 o T'//|B| without relying on the
w/T < 1 limit.

1. Zero temperature

A simple argument for the non-existence of such a slowly decaying mode, is the presence of
Lorentz symmetry at zero temperature on the AdS; submanifold in the deep infrared. On the
other hand, one can also show this, using matching methods similar to those in [39, 44, 45].

To obtain this result, one first realises that the geometry of the magnetised black brane is that
of an interpolation between TR AdSs; x R? and UV AdSs. Roughly speaking, the IR geometry
starts to becomes a good approximation as one starts to probe the scale below the magnetic field
le. r~ \/@ . The inner and outer regions are defined such that they start off from the IR and
UV geometry respectively, and extend to cover the overlap region (see Figure 3). This is achievable

when w/4/|B| < 1.

~ VBT aas

AdSy x R?

Outer region

Inner region

FIG. 3: A sketch of the bulk geometry at zero temperature. The inner region, whose solutions
only depends on the ratio w/r extended from the near horizon limit 7 — 0 to the one where

w/r ~w/y/IB] = 0 as we are working in the w/+/|B[ < 1 limit. The outer region is defined to be
the region where the w?/r? and higher power in w/r is suppressed, which can be extended toward

r > /|B| as long as the frequency is small.

For concreteness, let us demonstrate how this works in the Ell channel that involves the bulk

field 6 B, governed by Eq.(2.11). The solution can be written in the same form as (2.13) evaluated
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at zero temperature (i.e. 7, = 0). It is worth noting that the singular behaviour near r/vB — 0

is different from that in earlier section. Instead, it can be written as
5 gouter - B/3 w? w? w .
‘)Bzyt‘ (M =c—c (logA —o(r)+ W) +0 (T—z, ﬁlog (:)) (2.31)

where the integration constants can be related to source and response via (2.8). It is worth noting
that the logarithmic divergence appears at order w?. This is can be confirmed via Frobenius
analysis in AdSs region (see e.g. [46]) and AdS; x R? region (see appendix B). The prefactor of the
=2 divergence is obtained by evaluating 2V (")=W()/f(7) at the horizon r — 0. Here ¢(r) is the
integral in (2.13) subtracted by the r~2 divergent and logarithmic divergent pieces. The resulting
integral evalutated from r = rg ~ v/B of the overlapping region to the UV cutoff r = A is finite
and its number is not extremely relevant for us as long as one keep e, 2 large.

Next, we consider the inner region solution, which can be obtained by solving (2.11) in the
AdS3 x R? region. Upon imposing horizon regularity at » — 0, we find that the inner region

solution is
632;%,- = HCK(¢), = (2.32)

For these two branches of solutions to match, we extend the inner region solution to the regime

where ¢ = w/r < 1. We find that the ‘near boundary’ expansion takes the form
inner H 1 2 1 2
OBy =" 1+ 57( + 5( log ¢ + ... (2.33)

Matching this solution to the outer region, we find that ¢y o< w? unlike what happened in the
previous section. Carrying on the matching procedure, we find that the polynomial governing the
spectrum only depends on w? and thus rules out the purely imaginary mode w = —i/7. The same
argument can also be made for the E* channel involving B,.. This is because, the part that is
relevant to the matching procedure only depends on ¢2. See appendix B for more details on the

form of B, in the AdS3 x R? region.

2. T Sw<+/|B] limit

In this section, we show that the electric flux lifetime can also be obtained regime where w/T 2 1
and w/ \/@ < 1 while keeping m /T > 1. The calculations closely resembles that of the zero
temperature case except that the deep IR geometry is now BT Z x R? instead of AdSs; x R?. Figure
4 illustrates this geometry where the AdSs joined with the BT'Z x R? at the ‘boundary’ AdS3 x R?
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of the IR geometry. We will only focus on the Ell fluctuations as it is the only channel that contains
the decaying modes in the w/T < 1 regime. Similar computation for this type of geometry can

also be found in [45].

T~ VIBI AdsS;

r=r~T
" AdS, x R?

Outer region

Inner region BTZ x R?

FIG. 4: A sketch of the bulk geometry at low temperature 7' < \/@ . The inner region, whose
solutions only depends on the ratio w/r extends from the near horizon limit r — 7, < VB to the
one where w/r ~ w/ \/ﬁ < 1, which corresponds to the near boundary region of BT'Z x R?
geometry, described by AdSs x R2. The outer region is defined to be the region where w?/r? (and
higher powers) is negligible and, therefore, can be extended toward r ~ \/ﬁ in the w/ \/ﬁ <1

limit.

The outer region solution, which extends from the UV AdS; to the intermediate AdS3 x R?
region has the same form as in (2.31). This is possible only in the limit where VB > T so that
r/V/B is always much greater than T'/v/B ~ 71,/v/B in this region.

The inner region solution in the BT'Z x R? region can be expressed in terms of a hypergeometric
function (upon imposing ingoing boundary condition)

wy 2 2 2 TR
where w0 = w/(27T) = w/3ry,. Extending this solution in the r > 7, limit (which is possible due

to rp/r — 0 as we approach the limit w/r — 0) yields the following expansion [47]

e — [1 ym 1
oy

1\3r

g )2 (2 — 2y - 2p(1 — ito/2) — log (%)) + O(W“)} (2.35)

where 9(z) is the digamma function and the constants of proportionality are combinations of

gamma functions that can be absorbed in the definition of c¢. The first two terms in [...] are what
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important for us. By working to leading order in w/r < 1 as one approaches the intermediate
AdSs x R? region, we find the following matching solution
- B . (2xT
e — e log(A/VB) + ¢ =T, (g) o =iw (T) o (2.36)
We can convert ¢; to the source b,y and cz as done in the previos sections. Upon taking 6:2 >
(so that the solution lies in the regime of validity w/vB < 1), we find the solution of the form
w = —i/Ty where T is the same as in (2.17). This indicates that the lifetime indeed grows as

T/+/B increases regardless of the ratio w/T.

III. CONCLUSION

The higher-form symmetry viewpoint of magnetohydrodynamics and its low temperature incar-
nation, the force-free electrodynamics, leads to new insights. The central focus of the present work
was to established the absence of long-lived non-conserved operators. In turn, this indicates the
validity of a hydrodynamic description at low temperature and strong magnetic field. The ques-
tion of whether the only operators that govern the deep IR dynamics are the conserved charges is
important and ought to be asked before any quantitative attempt is made to study hydrodynamic
properties (such as shear viscosity etc). All non-conserved operators must decay much faster than
the scale of interest if a hydrodynamic interpretation is to be meaningful.

‘We work with a holographic model which shares the same global symmetry as that of the plasma,
namely only the energy, momentum and magnetic flux commute with the Hamiltonian. The model
is simple enough for the lifetime of electric flux to be determined by classical bulk dynamics and
the precise question is whether or not the electric flux is sufficiently long-lived to interfere with
hydrodynamic modes. Due to the anisotropy of the system in the presence of a strong expectation
value of magnetic field, the lifetime of the electric field depends on its orientation. Our results can

be summarised as follows

o For electric flux E) parallel to the magnetic field, the lifetime has a strong dependence on
the double-trace coupling x which plays a role similar to the renormalised electromagnetic
coupling. In the extreme limit of e;2 > [B|/T?, the lifetime can be large enough to be
detectable by the analytic computation in both the ‘usual’ hydrodynamic regime w/T < 1
and on even lower temperature regime where w/ VB < 1 while w/T may remains finite. We
found that the lifetime becomes shorter as one decreases the ratio of T/m The latter

indicates that the lifetime will become extremely short in the extremely strong magnetic
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field regime T'/1/|B| < 1 and cannot interfere with the low energy regime of w//|B| < 1

where the FFE limit is thought to be applicable.

e For the component of electric flux £ perpendicular to the magnetic field, we find that there
is no pole in the vicinity of w/T <« 1. The dependence of the lifetime on the renormalised

electromagnetic coupling disappears as one approaches the strong magnetic field limit.

We also performed a consistency check at 7' — 0 to ensure that there are no modes in the deep
IR limit of w//[B] < 1. In this regime, the modes that indicate (potentially) long lifetime of E|
disappear from the low energy spectrum as anticipated.

These computations are basic checks on the validity of FFE description. In the holographic
context, it would be interesting to check if all the accessible non-conserved operator truly have a
parametrically short lifetime as well as confirming the low energy spectrum predicted by force-free
electrodynamics (and its subsequent derivative corrections). Extraction of FFE effective action
from gravity akin to [48-50] or the full constitutive relation as in [51-53] would be desirable as a
definitive proof of FFE description in the dynamically magnetised black brane geometry. Last but
not least, it would be very interesting to investigate operators lifetime in (weakly coupled) quantum
electrodynamics at finite 7' and B to better understand FFE and its limitations in a system more
directly connected to astrophysical plasma than the strongly coupled holographic model considered

here.
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Appendix A: Numerical solution and evaluation of operators lifetime

In this section, remarks on the evaluation of the electric flux are elaborated. The numerical
background solution for this geometry can be constructed in the same way as [32] using shooting

method. The solution is a one-parameter family characterised by B/ which allows us the freedom

73



Paper |

74

19

to choose 7, = 1,72 f'(rp) = 1 (or equivalently T = 1/4r). It is also convenient to set V(ry) =

W (rp,) = 0 which results in the UV boundary metric of the form

. . . . dr?
lim ds? = 7? (—dtl +v(da? + dy?) + wdzz) + LQ (A1)
r—00 "

Upon rescaling of spatial coordinates {dz,dy,dz} — {dz/\/v,dy/\/v,dz//w}, we recover the
desired background solutions. Note also that the physical magnetic flux is related to the input
parameter (that produced the metric in (A1)) by Bphysical = Binput/v. A small caveat of this
method is that one cannot find a smooth solution beyond Binput 2 \/5/2 which corresponds to the
temperature 7/vB = (47y/Binput/v) ™' & 0.05. This is most likely an artifact of the presented
numerical method as there exists a smooth solution in the zero temperature limit corresponding to
the AdS3 x R? geometry in the deep IR. We should also note that this is a sufficiently low energy
temperature as the entropy becomes sufficiently close to s o< T obtained from BTZ x R? geometry
(c.f. [26, 32]). The background is generated for r from [1 + 1073, 10°] and varying the (numerical)
cutoffs within this order of magnitude does not change the obtained numerical results.

Let us also remark on the the numerical value of the renormalised electromagnetic coupling
er? = log(A/ry) + k(A)~!. This quantity strongly influences both the thermodynamics and low
energy spectrum [26, 27, 33] of the model. In particular a small value of e, 2 would result in the
speed of sound becoming imaginary [26]. Another way to see that this quantity should be large is
to write it in terms of a renormalisation group independent scale M, that denotes the energy scale
of a Landau pole [27] i.e. e;2 ~ log(M,/T) where M, > T. We take this to be the largest scale in
the problem-much larger than the accessible value of v/B /T

Numerical value of the integral for ¢(ry,) in (2.17) is shown in Figure 5. For a larger temperature
(when ¢(ry,) ~ O(1)), the lifetime can be sensibly approximated to be 7 ~ 2 (T/B)e; 2. As
T/ VB decreases, the lifetime becomes shorter and, if we are to extrapolate the fitting function
¢~ % log % to even lower temperature where 6;2 2 ¢, it will escape the regime of the validity
of small w/T',w/VB expansions. In this scenario, one shall conclude that there are no long-lived

modes that can interfere with the low energy excitations.

Appendix B: Frobenius analysis in AdS; x R? region

Consider the equation of motion for §B,, in the intermediate AdS; x R? region:

3. 2
OBL,(r) + Z0BL,(r) + %onm =0 (B1)
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0.2 0.4 0.6 0.8 1.

T/VB

FIG. 5: Numerical evaluation of ¢(r,) in (2.17) as a function of 7/v/B. The black dots denote
the numerical evaluation while the red line denotes the fitting function for small 7'/ VB as
o~ —(0008),[% log(5.78/T?). For high temperatures, the value of ¢(ry) is approximately

constant around 0.69. The value of ¢(r,) at lowest achievable temperature is at ¢(r,) = —23.49.

The solution in this region can be obtained via Frobenius method. More precisely, one can change
the radial coordinate into ¢ = 3w/r and redefine 6B, = (c(¢). It follows that ¢(¢) is the solution
of the Bessel equation of order 1, which has a regular singular point at ¢ = 0. The near-boundary
r — 00, or equivalently ¢ — 0, akin to the Fefferman-Graham expansion in the usual holographic

renormalisation, can be written as

0B2y(¢) = ' P1(¢) + (4 +blog () Pa(c) (B2a)
where ¢}/, ¢} are integration constants and P;(¢) are regular polynomials of the following form
oo 0
Pi=1+Y plcn, P=g? (1 +> pé”k") (B2b)
n=1 n=1

Similar to the usual procedure in the holographic renormalisation [54], all the coefficients
p[l"]A,p,[;l].h except p[lz], which can be set to zero without loss of generality [46], can be obtained
recursively. The important piece of information here is the coefficient h = 1 which can be obtained

by recursively solving the equation (B1). Another easy way to see this is to recast (B1) as the

Bessel equation of order 1 as pointed out earlier. Then, using the fact that the Bessel functions
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K;(¢) and I;(¢) are two independent solutions of such equation and, for small ¢ they admit the

following asymptotic expansions (see e.g. §3.3 of [55])

2
RO =§+5+00°8  Ki©=(7+10e5) 0+ 1 ®3)

will result in the series expansions of the solution in AdS; x R? region in (B2a).
A similar procedure can also be applied for E* using Eq.(2.25). Substituting 0B,. = ¢2¢(¢),
one finds that it obeys the Bessel equation of order 2 whose ( < 1 expansion only yields even

power in (.
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ABSTRACT: We study out-of-equilibrium energy transport in a quantum critical fluid with
Lifshitz scaling symmetry following a local quench between two semi-infinite fluid reservoirs.
The late time energy flow is universal and is accommodated via a steady state occupying an
expanding central region between outgoing shock and rarefaction waves. We consider the
admissibility and entropy conditions for the formation of such a non-equilibrium steady state
for a general dynamical critical exponent z in arbitrary dimensions and solve the associated
Riemann problem. The Lifshitz fluid with z = 2 can be obtained from a Galilean boost
invariant field theory and the non-equilibrium steady state is identified as a boosted thermal
state. A Lifshitz fluid with generic z is scale invariant but without boost symmetry and in
this case the non-equilibrium steady state is genuinely non-thermal.
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1 Introduction

Fluid theory is one of the oldest effective descriptions in physics.! Tt is based on general
symmetry principles and applies in the limit of long wavelength and low frequency compared
to characteristic microscopic length and time scales of the system in question. A fluid
description can thus stand on its own and be useful even when no microscopic description,
based on particles or quasiparticles, is available. There has been considerable recent interest
in extending fluid theory to systems with unconventional symmetries, including Lifshitz
scale symmetry, with potential applications to quantum critical systems [2-5]. Motivated
by these developments, we will consider a problem involving out of equilibrium energy
transport in fluids with Lifshitz symmetry.

It remains an open problem to develop a general fluid dynamics formalism for systems
that are far from thermal equilibrium, but there has been interesting recent progress in

!For a classic textbook treatment see volume 6 of Landau and Lifshitz [1].
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this direction involving relativistic fluids. Investigating out of equilibrium energy transport
between two relativistic quantum critical heat baths led to the discovery of the emergence
of a universal Non-Equilibrium Steady State (NESS) between the two heat baths, described
by a Lorentz boosted thermal state [6-10]. In the present paper, we extend this analysis
to more general quantum critical fluids, in particular to non-relativistic fluids with Lifshitz
scale symmetry (referred to as Lifshitz fluids in the following), and find that a NESS emerges
here as well. For the special case of a Lifshitz fluid with dynamical critical exponent z = 2,
the resulting NESS can be viewed as a Galilean boost of a thermal state. For Lifshitz
fluids with z # 2, there is no underlying boost symmetry [11]. It turns out there is still an
emergent NESS at generic z, but in this case it cannot be obtained as a boosted thermal
state.

In order to gain further insight into emergent hydrodynamic behaviour, we adapt the
local quench construction of [6, 7| to the case of a non-relativistic fluid with Lifshitz scaling
symmetry and study the subsequent time evolution for different values of the dynamical
critical exponent. We begin in Section 2, where we introduce general properties of such
fluids and continue in Section 3 by describing the setup involving a pair of quantum critical
heat baths that are brought into contact at ¢ = 0. In Section 4 we briefly review the theory
of shock and rarefaction waves that can appear in this context and associated stability
conditions. In Sections 5 and 6 we apply the general theory to our specific system, first
for the case of a z = 2 scale invariant fluid with Galilean boost invariance and then for a
general z # 2 fluid without boost symmetry. Finally, we discuss some open questions and
possible future directions in Section 7.

2 Perfect fluids with Lifshitz symmetry

For simplicity, below we will focus on the special case of perfect fluids. These are idealised
fluids, that are without shear, strain or bulk viscosity and do not conduct heat. We begin
by introducing the symmetries we will be assuming and the definition of the dynamical
critical exponent z.

2.1 Symmetries of relativistic and non-relativistic critical fluids

Symmetries play a central role in any fluid description. The most basic symmetries are
time translations, spatial translations and spatial rotations, generated by the operators
g= {I;T, P, j”}, respectively, whose commutators form the so-called Aristotelian algebra.
A relativistic fluid is not only invariant under these symmetries, but also under Lorentz
boosts L; relating observers moving with respect to each other with constant velocity,

¥ = (T — Ut t = t—ﬁi, 2.1
F = (&—0t), ’Y( 2 (2.1)

where @ describes the relative velocity between the two observers and v = 1/4/1 — v2/c2.
At low velocities v < ¢, the Lorentz boost reduces to the Galilean boost G,

7 =7 ut, t=t. (2.2)
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The Aristotelian algebra is extended to the Poincaré algebra or the Galilei algebra, depend-
ing on which of these boost generators is added to g. Furthermore, the Galilei algebra allows
for a central extension, known as the Bargmann algebra [12], by the inclusion of an ad-
ditional symmetry generator M, such that the non-vanishing Galilean boost commutators
are given by

[Jij» G = G615 — Gi b,
[H,G) =P, (2.3)

(B, Gy = M.

The charge M corresponds to the non-relativistic kinetic mass [13] and needs to be included
when describing a fluid with mass density. In a theory with Galilean boost symmetry, the
kinetic mass is a measure of the amount of matter in the system and does not vary between
inertial frames. It is a conserved quantity in an isolated system.
On top of this, in a relativistic critical fluid there is an additional symmetry under
dilations of the form
7 = A, t'=At, with A>0. (2.4)

Invariance under this symmetry implies that physical processes happen in the same way, at
all distance scales or, alternatively, energy scales. For relativistic fluids, the scale symmetry
is compatible with Lorentz symmetry and together they place powerful constraints on the
allowed dynamics of the fluid.

A non-relativistic critical fluid can be scale invariant too, but in this case dilations D
take the more general form of a Lifshitz symmetry,

7 = A7, t'= ANt (2.5)

where z > 1 is referred to as the dynamical critical exponent. In the absence of boost sym-
metries, a closed algebra exists for any z consisting of the generators g, = {I:I P,, ji],@}.

A key observation, however, is that Lifshitz symmetry with generic z > 1 is in general
not compatible with boost symmetry. Indeed, Lorentzian boost symmetry is only compat-
ible with z = 1, which gives the scaling (2.4) and the no-go result of [11] implies that the
Galilean boost symmetry (2.2) is only compatible with z = 2 Lifshitz scaling. In the special
case of z = 2 the Bargmann algebra can be be further extended to the Schrodinger algebra
[14] involving the set {I:I,P, ju, Gm,ﬁ(zzz)}. For this reason, when discussing the out of

equilibrium dynamics of non-relat,

istic fluids, we will consider separately the cases z = 2
and z # 2, leading to different conclusions about the nature of the emergent steady state.

2.2 Thermodynamics and stress-energy tensor

Based on the considerations above, we will consider a fluid whose description is invariant
under time and space translations as well as rotations. In addition, we will also assume a
global U(1) symmetry whose corresponding conserved charge is N. This is realized by the
basic set of generators {I;T }E‘Z jlr, M} Additional symmetries under boosts and rescaling
will be considered below.
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Global quantities in this fluid include the energy E, momentum B, entropy S and charge
N. Locally, we have the energy density £ = F//V, momentum density P; = P;/V, entropy
density s = S/V and charge density n = N/V. Assuming a configuration where these can
be uniformly defined, the fundamental thermodynamic relations relating the change of the
internal energy to the changes in the rest of the thermodynamic state functions are

dE=TdS — PAV +v'dP; + udN, E=TS—PV+v'Pi+uN, (2.6)
or, in terms of the associated densities,
d& =Tds+ 0" dP; + pdn, E=Ts—P+v'Pi+pun. (2.7)

The thermodynamic forces associated to these parameters are the temperature 7', the pres-
sure P, the fluid velocity ¥ and the chemical potential p.

As argued in [11], assuming a fluid with uniform velocity @ in the presence of rotational
symmetry, the momentum density must be proportional to the only directed quantity in
the fluid, i.e. the velocity,

Pi=puvi, (2.8)

and the above thermodynamic relation becomes
d€ =Tds+v'd(pv;) + pdn. (2.9)

The quantity p is referred to as the kinetic mass density. In a theory with Galilean boost
symmetry it is proportional to the charge density n but in the absence of boost symmetry
the relation between n and p is more complicated.

The dynamical variables enter into the stress-energy tensor of the fluid 7", and the
current J#, whose conservation equations read?

9,T", =0, O J" =0. (2.10)
Classically the symmetry generators are realised by
H=- / A% T%(x),
JV
P= / A% T% (),
v (2.11)
Tij = / Az (&'T°(2) - 2IT%) |
JV
N = / e JO(x),
JV

which provides direct interpretation for various components of the stress-energy tensor and
current. In particular, the energy density is € = —T7, the momentum density is P; = 7%,
and the charge density is n = JO in any frame.

?Despite the use of 11, v indices, we are not assuming Lorentz symmetry and these indices are not to be
raised or lowered using a spacetime metric.
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For a perfect fluid there exists a reference frame, the rest frame, in which there is
no momentum density. The charge current then reduces to just the charge density and
the stress-energy tensor involves only two parameters, the energy density and pressure.
Explicitly, in this frame we have

™, = (‘080 PO&) . JF=(n,0). (2.12)
J

In any other frame of reference the description will also depend on the velocity ¢ and in
the absence of boost symmetry the ¥ dependence can be non-trivial.

If the perfect fluid has Lorentz boost symmetry, the stress-energy tensor and current in
the moving frame are related to those in the rest frame by a Lorentz boost transformation
(2.1). In Section 5, we will be interested in describing a non-relativistic perfect fluid with
Galilean boost symmetry under (2.2). In this case the stress-energy tensor and current in
the moving frame are obtained from the following transformation rules [15],

dz't Ox° oz’

oo » » n
T, = 907 (TP + J°Ty) , JH = E

JP, (2.13)
where we define T'), = (%\v\zﬁ) Note that this version of 7%, does not follow the usual
tensor transformation properties, because it does not have tensorial status in the context
of Galilean relativity. However, it is possible to combine 7%, and J#* into an d x (d + 1)
dimensional object T' = (T, .J) which acts as a tensor.® The conservation equations (2.10)
are merged into one, and spacetime is embedded into a higher-dimensional construction of
Bargmannian coordinates where a tensorial description arises naturally. For an overview of
this description in the context of Bargmann theory, see [15] and [16].

Applying (2.13) to a perfect fluid which is flowing at constant velocity @, and described
in the rest frame by (2.12), we obtain the following stress-energy tensor and current com-
ponents [17],

0% = ¢,
Toj = nvj,
To=-(E+P), (2.14)
T'j = Pd; +nv'v,
JO = n,
J=nv';

where £ = & + %n v? adds kinetic energy to the energy density. From the off-diagonal
components we read off the momentum density P; = T°; = nv;, which fixes the coefficient
in (2.8) to be p=n.

3Due to the last relation in (2.3), which relates the charge operator to a commutator of boosts and
spatial translations, the conserved charges should ideally be arranged into a single object, not into two
separate ones. For the Poincaré group, we have [PLi/J] =h 7ij, 50 in the context of special relativity T
automatically decomposes into the tensors 7", and J*.
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This last observation can also be obtained from the Ward identity corresponding to
Galilean boost symmetry. The boost generator can be written as G; = ¢ 8; = G#;0,,. Due to
the non-vanishing Poisson bracket [lf’l G]] in (2.3), the boost current is b; = t TH; — a; JH*
and the associated Ward identity gives T°; = J; [18], from which p = n follows. The
physical interpretation is that the flow of matter gives rise to momentum density and the
inhomogeneous term in the transformation of the stress-energy in (2.13) accounts for the
addition of momentum density under Galilean boosts.

In Section 6, where we consider critical fluids with generic z, we do not assume any
boost invariance and the kinetic mass density p and the particle number density n are no
longer identified with each other. Instead, we adopt an ansatz where they appear separately
in the stress-energy tensor and the current [11],

T = < - o ) JE = (n,nv’) (2.15)
—(E+P)v" P&+ poivd )’ ’ ’
and then study out of equilibrium evolution.

The Lifshitz scaling relation (2.5) with z # 1 implies that space and time coordinates
have different scaling behavior and this affects how dimensional analysis is carried out. The
energy E is a conserved quantity associated to time translations, so it must scale as the
inverse of time, and thus the energy density scales as & = A~(@+2)€. On the other hand,
the individual terms in the thermodynamic relation (2.9) must all have the same scaling
and from there one can infer the scaling behavior of the various thermodynamic variables
of the Lifshitz fluid:

=N, P=A9EP, T'=AT, =A"p,
s =A"s, n =A"n, o= A2, = ARy,

(2.16)

Note that it is only for z = 2 that the kinetic mass density scales in the same way as the
charge density.

The symmetry under Lifshitz scaling (2.5) leads to the Ward Identity, z 7§ + T} = 0,
which in turn implies the equation of state

dP=z2E—pv?, (2.17)

where d is the number of spatial dimensions. For the particular case of z = 2, the equation
of state reduces to dP = 2€ — nv? and it is easy to see that a Galilean boost of the
form (2.13) to the rest frame gives the equation of state for a fluid at rest dP = 2&.
However, as mentioned above, scale invariance with generic dynamical critical exponent z
is incompatible with Galilean boost invariance and we will see this explicitly in Section 6
when we study non-equilibrium steady states of a quantum critical fluid with z # 2. In
this case, the state variables of a uniformly moving fluid are not equivalent to those of an

equilibrium configuration viewed in a moving reference frame.

3 Local quench between semi-infinite heat baths

The specific system we consider consists of two semi-infinite heat reservoirs in d spatial
dimensions, which are brought into contact at time ¢ = 0 across a flat interface orthogonal
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to the z-coordinate axis. An equilibrium state of a charged quantum critical fluid is charac-
terized by two energy scales, often taken to be the temperature and the chemical potential
(due to scale invariance it is only the ratio 7'/p that is physically relevant). In the case at
hand, we find it convenient to instead use the pressure Pr, g and charge density ny, g of the
two reservoirs to describe the initial state,

P(t=0,2) = P 0(—z)+ Prb(x), n(t=0,2) =ng0(—z) +nrb(x), (3.1)

and our solution to the resulting fluid dynamical problem will be expressed in terms of the
scale invariant ratios Pr/Pr and nz/ng. In what follows, we will consider Pr/Pr > 1
without loss of generality, and arbitrary charge ratio, 0 < ny/ng < co.

A local quench of this type, with sharp jump functions 6(z), can serve as a first step
towards studying out of equilibrium dynamics in a fluid. The pressure difference between
the two reservoirs drives a fluid flow between them. One might intuitively expect the sharp
initial gradient to be steadily smoothed out with the system approaching local equilibrium
in the central region, but at the level of leading order hydrodynamics this is not the case.
Instead, as time evolves, a non-equilibrium steady state (NESS) occupies a growing region
between the two heat baths, characterised by the presence of a non-zero, constant energy
flow, as was discussed in [6, 7|. The properties of the NESS are constrained by the equation
of state of the heat baths and the conservation of the stress energy tensor and the charge
current across the wavefronts, which emanate from the contact region (see Figure 1).

An initial value problem in hydrodynamics with piecewise constant initial data, where
two fluids at equilibrium are joined across a discontinuity, is an example of a so-called
Riemann problem [19] in the theory of partial differential equations. A solution, which
generically involves shock and rarefaction waves propagating outwards from the initial dis-
continuity, can be found via the techniques described in Section 4, allowing the fluid vari-
ables that characterise the resulting non-equilibrium steady state to be determined in terms
of the relevant input data. A Riemann problem for a relativistic quantum critical fluid in
general dimensions was studied in [7]. Initially, both outgoing wavefronts were assumed to
be shockwaves but it was later realized [8, 9] that above two spacetime dimensions, a solu-
tion with one shockwave and one rarefaction wave is preferred, based on entropy arguments
and backed by numerical analysis. The existence and universality of the steady state for
higher dimensional CFTs was studied in [20].

3.1 Formulation of the Riemann problem

In the present Riemann problem, the heat reservoirs are brought into contact across a
planar surface, that we can take to be orthogonal to the z-axis. Following [6, 7], we look for
a solution with wave fronts, traveling in the z-direction, that separate space into regions.

1. A region on the left, with the fluid at rest and stress-energy tensor as in (2.12) with
Er, P and np,.

2. Steady state region (or regions) in the middle, with the fluid flowing at a constant
flow velocity ¥, and stress-energy tensor as in (2.14) with &, Py and ns.
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3. A region on the right, with the fluid at rest and stress-energy tensor as in (2.12) with
Er, Pr and ng.

Drawing from the expressions presented in (2.14), in each region the conservation equations
(2.10) take the following form:

0 E+0; ((E+Pp') =0,
Bulpv') + 05(P + puin) =0, (3.2)
Oy n + 0j(nv’) = 0.

These equations are supplemented with the equation of state (2.17) that relates £ and P
in a way that reflects the scaling symmetry of the fluid system.

Thus, the dynamics is governed by a set of hyperbolic conservation laws of the form
Ko+ 0;f =0, (3.3)

where ¢ and f are functions of the same fluid variables and f(t,z) represents the flux of
the conserved quantity ¢(¢, z). In our non-relativistic quantum critical fluid, the conserved
quantities are charge, momentum and energy densities, and the resulting conservation equa-
tions (3.2) may be written as

£ (E+ P
Olpv|=0.| P+p?|. (3.4)
n nw

Let us now discuss briefly the possible wave solutions that will emerge in this system.

4 Wave analysis
Generically, let us consider a conservation law of the form mentioned above,
QP+ 0. f(d) =0, (4.1)

for a field ¢(t,z), together with a piecewise constant initial condition:

#(0,

:{¢L if 2 <0, (42)

br ifz>0.

This problem was first considered by Riemann in the 19th century [19]. Note that for any
given solution of this problem ¢s01(¢, x), the rescaled function ¢g(t, z) = ¢s01(0t, O) is also a
solution for any @ > 0. In fact, the initial condition (4.2) selects, out of all possible solutions
of the conservation equations, those which are invariant under such a scaling transformation.
These solutions are constant along rays emanating from the origin (¢ = 0,z = 0) due to the
scaling, and they can generically be understood in terms of waves.
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4.1
density, pressure and fluid velocity, but, for the present discussion, we simply take it to be

Linear problem
In the problem we will be considering, ¢ is a vector whose components are the energy
a generic vector of k components. A simple special case is obtained when 9, f(¢) x 0y,
that is, for the strictly hyperbolic system
O+ A0,0=0, (4.3)
where A is a matrix of constant coefficients. In this case, any solution can be written as
= ¢(x) defines a

a superposition of traveling waves. A generic initial condition ¢(0,z)
wave profile that is shifted to the left and right as it evolves in time, in such a way that

the height of the evolved profile at a given point is the sum (superposition) of heights at
different points of the original profile.
(4.4)

The explicit solution takes the form
k

Bt x) = zﬁ' bilw — Ait),
i=1

where \; are the eigenvalues of the matrix A, that determine the speed of propagation of
each component of q;, while the coefficients of the superposition, 7;, are the components
of the corresponding eigenvectors of A, and they determine the direction of the rays along
which the wave travels. By diagonalising the matrix, the problem is decomposed into k

scalar Cauchy problems that can be solved separately.

Contact
discontinuity

Figure 1: Propagation of shock, contact discontinuity and rarefaction waves for P, > Pr

—9-
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4.2 Non-linear problem

More generally, the Jacobian in (4.1) is a function of ¢ itself,

91 e

Ale)=df@)=| : ... i |- (4.5)
Oy ... Ofn
1 APy,

This adds non-linearity to the problem. The solution can still be written in terms of waves,
but the waves can interact with each other, producing additional waves. This is because
the eigenvectors 7; are generalised into functions which depend on ¢. The ecigenvalues A;
also depend on ¢, and so the shape of the various components of the solution will vary in
time, leading to wave dispersion and compression.

In [21], Lax provided a classification of the waves that can arise in non-linear wave
problems with initial conditions of the form (4.2). To do so, he introduced a simplifying
assumption: that each \;(¢), that is, the ith eigenvalue of the Jacobian matrix (4.5), corre-
sponds to either a genuinely non-linear wave, such that 6/\1'((/)) -7:(¢) # 0 for all ¢, or to a
linearly degenerate wave, such that ﬁAi(gD) -7(¢) = 0 for all ¢. The quantity VA - 7 can
be understood as the directional derivative of A\;(¢) in the direction of the vector 7.

As we will see below, this assumption holds in our Riemann problem for Lifshitz fluids

and the resulting solutions have a simple structure consisting of different kinds of waves or
discontinuities, which can be classified as follows:

e The linearly degenerate case VA -7 = 0, for which ); is constant along each integral
curve of the corresponding field of eigenvectors r;. In this case the profile of the solution
does not change in time, generating a so-called contact discontinuity.

e The genuinely non-linear case with 6/\1 -7 > 0 such that the it eigenvalue )\; is
strictly increasing along the integral curve of the corresponding field of eigenvectors r;.
This leads to a rarefaction wave, displaying a smooth profile that widens and decays over
time.

e The genuinely non-linear case with @)\iﬂ- < 0. This leads to a shock wave, displaying
a compression which makes it become steeper over time.

When the simplifying assumption described above is valid, a set of stability conditions
can be formulated which guarantee uniqueness and a continuous dependence on the initial
data [22]. The one relevant for our analysis is Lax’s shock wave admissibility condition 23],
which can be easily visualised for the Riemann problem, where the initial configuration of
(0, ) jumps from a left state ¢, to a right state ¢ at some value of 2. The information
contained in the piecewise initial condition propagates forward at speeds given by Ai(¢r)
on the left and A\;(¢r) on the right. In order to prevent new characteristics spawning away
from the shock interface, which would amount to non-uniqueness for our Cauchy problem,
one must impose \i(¢r) > A\i(¢r). Furthermore, a shock wave connecting the states ¢r,,
¢r moving at speed A\ = ug, must satisfy

Ai(dr) > us > Ni(dr) - (4.6)

10
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Lax’s admissibility condition applies to shock waves but not to rarefaction waves. For a
rarefaction wave, the solution’s admissibility is determined by requiring A;(¢) to increase
smoothly along the profile.

5 Rarefaction and shock waves for a z = 2 Lifshitz fluid

As already mentioned in Section 2, a non-relativistic Lifshitz fluid with scaling exponent
z = 2 is special. This is due to a number of reasons. First of all, a Galilean boost invariant
field theory describing such a fluid has been explicitly constructed [3, 24]. In addition, for
z = 2, the Schrédinger group (consisting of the Bargmann group, enhanced by the addition
of the dilation operator ﬁ), can have an additional generator, C, corresponding to special
conformal transformations. Finally, as shown in [11] and [25], it is only for this particular
value of z that one can have a Galilean boost invariant fluid with Lifshitz scaling symmetry
with a discrete Hamiltonian and number operator spectrum.

In view of this, we first consider a z = 2 Lifshitz fluid in d spatial dimensions taken to
be invariant under Galilean boosts in addition to the scaling symmetry. In this case, we
have the relation p = n by virtue of a Ward identity, so the momentum density (2.8) is

Pi =nuv;, (5.1)
and the equation of state (2.17) reduces to
dP=2&—nv?. (5.2)

Then, the conservation equations (3.4) become

d+2) ¢ 1 ¢°
€ S awe
o |q| =0 %g+(‘1%% R (5.3)
n q
where the combination
q=nv (5.4)

has been introduced and the right hand side has been expressed solely as a function of the
conserved variables. This has the form of a Riemann problem (4.1) with ¢ = (£, ¢,n). The
flux vector f(¢) can be read off from the right hand side and the Jacobian matrix is easily
evaluated,

d+2) q d+2) £ 3 ¢* _(d+2) ¢& + 2 ¢
d n d n d n? d nZ dn3
- 2 2(d—1) (d-1) ¢* 55
df (¢) 2 ’T 4 ,(T %2 (5.5)
0 1 0
11
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One of the eigenvalues of the Jacobian, along with the corresponding eigenvector, is

2

it
2n
q
A= PO I (5.6)
n

This is linearly degenerate, ﬁ)\l(qb) -71(¢) = 0, and corresponds to a contact discontinuity.
The remaining eigenvalues and eigenvectors are

q Vd+2 [2En
Ap=—=(1- — -1}, ro =
n d G2
n
(5.7)
and
d+2)
d
Vd+2 [28
A3:3<1+ * ,/—2"—1>, ry =
n d q
n
(5.8)

which are genuinely non-linear, i.e. V(@) - 7(¢) # 0. These two families of solutions

correspond to rarefaction and shock waves. Notice that from (5.2) and (5.4) it follows that

their eigenvalues can be written as Ao = v — ¢ and A3 = v+ ¢, where ¢ is the local speed of
sound in the fluid,

d+2) P

d n’

It follows that the Ay (XA3) eigenvalue corresponds to a left-moving (right-moving) wave.

c=

(5.9)

Lax’s admissibility condition for a shock wave turns out to be satisfied if and only if the
pressure in the region behind the wave front exceeds the pressure in the region ahead of it.
In our problem, where we assume that Pr, > Pg, this is the ¢ = 3 right-moving wave. The
left-moving i = 2 wave, on the other hand, advances into a region of higher pressure and is

therefore a rarefaction wave, whose profile widens over time.*

Figure 2 shows a snapshot
of the wave profile for a particular choice of initial data in (3.1), with a rarefaction wave
on the left, a shock wave on the right, and a contact discontinuity in between. The shape

is similar to the solution of the corresponding Riemann problem for a relativistic critical

4Under the reverse assumption, P < Pr, the only change is that the rarefaction and shock wave profiles
are switched between the left- and right-moving waves.

12
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b — n/nR — P/PR

-2 -1 1

Figure 2: Snapshot of wave profiles for the pressure and charge density at ¢ =ty > 0 for
Pp, > Pg and nj, = ng. The NESS region, bordered by the left-moving rarefaction wave
and the right-moving shock wave, contains a contact discontinuity in the charge density.

fluid considered in [8, 9]. In particular, as we’ll see below, the pressure remains constant
across the contact discontinuity in the NESS region while the charge density jumps. In
the relativistic case, the charge density decouples from the equations that determine the
pressure but this is not the case here. For a non-relativistic Lifshitz fluid, the pressure
still remains constant across the contact discontinuity but its value in the NESS region is
nevertheless influenced by the initial values for the charge density of the two reservoirs (see
e.g. (5.33) below).

5.1 Rarefaction wave profile

Let us start by analysing the i = 2 rarefaction wave. For this it is convenient to introduce
the concept of Riemann invariants. A function R?(¢) that is constant along the integral
curves of the eigenvector r;,

VRO (g) -7 =0, (5.10)
is called an i-Riemann invariant. A system with k eigenvalues has k—1 linearly independent
i-Riemann invariants and they provide a convenient way to construct elementary wave
solutions that are the building blocks of a full solution to the Riemann problem [19]. In
the case at hand, we have two independent Riemann invariants per family of solutions,
satisfying

orY orY orY
OE " O0q ' om

>-ﬁ:0, for A=1,2. (5.11)
For the first family, \; = % = v is itself a Riemann invariant, which means that the

speed of the fluid is the same on both sides of the contact discontinuity, and additionally
that the discontinuity itself moves at the same constant speed. In fact, this wave is called a

—13 -
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contact discontinuity precisely because it moves at the fluid flow speed. A second Riemann
2

invariant for the first family is given by the pressure, P = % — = so this quantity remains

constant across the discontinuity as well.

For the two genuinely non-linear families, we find the following pairs of Riemann in-

variants:
2 28 2
B =n(6-L), RP =Ly virz /T oL
n n noon
2 3 28 ¢
RY —n(2e-L) RY-I_ Vi /T oL (5.12)
n n noon
where v = d%;z. In order to facilitate their interpretation, these expressions can be rewritten

using the equation of state,

R§2) =nP, Rg) =v+dc,
R?) =n""P, R?) =v—dec, (5.13)

where ¢ was defined in (5.9) and we have dropped a multiplicative constant from Rg‘z) and
R(IB). We note that ¢ and v are, respectively, the speed of sound and the ratio of specific
heats at fixed pressure and volume in an ideal gas of z = 2 Lifshitz particles in d spatial
dimensions [11].

The first Riemann invariant is the same for both the second and third families and
involves a combination of pressure and particle density, Pn~7, which remains constant
during an isentropic process in an ideal gas. In other words, the conservation of Rgi)
amounts to the conservation of specific entropy, i.e. the entropy per particle, along integral
curves of 7;. To see this, write the first law of thermodynamics in the form

P -
Tds =de— ﬁdn, (5.14)

where s and e are, respectively, the specific entropy and specific internal energy. When
expressed in terms of the specific internal energy, the equation of state (2.17) becomes

.} (5.15)

dP = zne+

which reduces to d P = 2ne for z = 2. This implies

1 /1 P B
de=—— (ﬁdP - ?dn) . (5.16)

Inserting (5.16) into (5.14) and applying the ideal gas law, one obtains
1
s — log (n~7P) . 5.1
ds Wildog(n ) (5.17)

Thus, the first Riemann invariant in (5.12) may be interpreted in terms of entropy and
we note that the second one has the expected form of a Riemann invariant obtained for a
compressible Eulerian fluid [26].

14
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For the ¢ = 2 rarefaction wave, the conservation equations (3.4) are solved implicitly
by the requirement that both Riemann invariants remain constant along the wave profile,

RO, q,n) = R (Eryqnime), RO, q,m) = R (Er,qr,ne). (5.18)
The left reservoir values &, g1, ny, are realised at the leading edge of the rarefaction wave
profile and can therefore be taken as a reference. The above requirement translates into

the following two relations:

P @ F
51 sl ns1

= = d 1- s 5.19
Pr (nL> ’ v =t CL( <nL) > ' (619)

where v, denotes the fluid flow velocity to the right of the rarefaction wave (see Figure 1)

and vy, is the fluid flow velocity in the heat bath on the left (v, = 0 in a heat bath at rest).
Equivalently, the first relation in (5.19) can be used to express the flow velocity in terms of
pressure rather than charge density,

1
P\ 72
v = v +dey (u( ‘1) i ) . (5.20)
Py,

The phase velocity of the wave is given by the eigenvalue A, as seen in (4.4), which

in the present case is given by Ay = v — ¢ (with ¢ > 0). Taking the wave profile to be
parametrised by n, the condition for a valid rarefaction wave solution is

A2 (d(nr)) < A2(g(n)). (5.21)

On the curve we have
n\@
Xo(n) =v(n) —c(n) =vp +ecp (d—(d+1) (n—> R (5.22)
L

and the rarefaction condition holds provided the charge density is higher in the region ahead
of the wave front than behind the wave. This is indeed the case when Pp, > Pp.

Note that since the wave has a smooth profile with spatial dependence n(z,t), the
phase velocity of the rarefaction wave also acquires a profile, Aa(z,t). On the leading left
wavefront, where n = np, it evaluates to Ao = —cp, that is, to the speed of sound in the
heat bath on the left.

Similar considerations apply when Pj, < Pg, except in this case the rarefaction wave
belongs to the ¢ = 3 family and moves to the right.

5.2 Jump conditions and shock wave

Riemann invariants are useful when the wave profile is smooth but other methods are needed
for dealing with the sharp transitions that occur across a shock wave. A solution can be
found by imposing so-called Rankine-Hugoniot jump conditions [23, 27|, which express the
conservation laws across the wavefront and relate variables in adjacent regions. For the
problem (3.3), the jump conditions can be stated as

us[0] = [f], (5.23)

15
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where u; is the speed at which the wave front propagates. The symbol [¢] indicates a jump
in the variable ¢ across a front, that is, [q] = qr — qr.-
For our conservation equations (3.4), we get

us[n] = [nv],
ug[nv] = [P 4 nv?], (5.24)
us[E] = [(€ + P)v],
where u, is the speed of the wave front in question and [z] denotes the change in the

variable x across the wave front, as described above. Writing w = v — us and v = nw,
these conditions can be expressed as

v =o, (5.25)
[P+vw] =0, (5.26)
[dve® + vuw?®] =0, (5.27)

where we have used the equation of state (5.2) and the definition ¢? =~ %

A trivial and immediate solution is v = [P] = 0, which is the contact discontinuity
described by the linearly degenerate i = 1 family of the previous subsection. As discussed
below (5.11), the pressure and fluid speed are the same on both sides of the contact discon-

tinuity, Ps; = Pso = Ps and vs1 = vs2 = v, but in general the energy and particle densities

will be discontinuous across the wave front.
A right-moving ¢ = 3 wave presents a non-trivial solution to the jump conditions.
Assuming that v # 0, we introduce dimensionless variables:
P nsy  WR

.= -5 = % = 5.28
A (5.29)

where the right-most equality follows from the first jump condition (5.25). The remaining
jump conditions (5.26) and (5.27) can be re-expressed as

2 2
<@) _yd-y (g) _ dy(;L y) 1 (5.29)
CR Yy -1 CR y?—1
respectively. Combining these conditions and solving for y or Il gives
(d+ DI +1 (d+1)y—1 .
= My=——"—. 5.30
YT a1, o T Tdv1-y (5:30)

Substituting y back into (5.29), and choosing the branch of the square root that corresponds
to a wave moving to the right, leads to the following expression for the shock speed,

1
us = vp + cry/ . (5.31)

Here vg is the fluid speed in the heat bath on the right (vg = 0 for a heat bath at rest).
With this choice of sign, Lax’s admissibility conditions (4.6) are satisfied for the shock wave.
Indeed, with A3 g = vg + cr = cg, the requirement is us > cg, i.e. that the speed of the

16
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wave front exceeds the speed of sound in the medium that the shock wave expands into.
This, in turn, amounts to the condition Py > Pg.

Finally, we can use the relation y = wr/ws from (5.28) to obtain the fluid speed vy in
the region between the shock wave and the contact discontinuity in Figure 1,

(I — 1)

d
Vd+2\/(d+ DI, +1"

Us2 = VR + CR (5.32)

5.3 NESS variables and Galilean boost symmetry

Earlier we observed that pressure and fluid flow speed are the same on both sides of a contact
discontinuity and the discontinuity itself propagates at the same speed. Demanding equality
of the expressions for vs; in (5.20) and vy in (5.32) gives us the following scale invariant

condition on the pressure in the NESS region between the rarefaction and shock waves,
I, \ 72 1 I, — 1
+2 —_—
1- (—5> = U s . (5.33)
115 Vd+2 VI \/(d+ 1) + 1

The initial data of the two reservoirs enters through the ratios Il, = P,/ Pg and n = ny,/ng.
The above condition is non-linear but can be solved numerically and one finds a unique
value of IIg for given II;, and 7. The full solution to the Riemann problem can then be
mapped out by evaluating the following expressions for the remaining NESS variables in

ns2/nR Es118L

L

1.0
0.5

0.0
-0.5

-1.0
00 02 04 06 08 1.0
PrIP.

Figure 3: NESS variables for z = 2, d = 3 as a function of Pg/Py, for fixed np/np = 2.
Left panel: Steady state pressure P, charge densities ns1,s2, and energy densities E1 2.
Right panel: Flow speed v, shock speed up, and wave speed uj, across rarefaction profile.
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----- nes /0y ns2 /g 811861
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Figure 4: NESS variables for z = 2, d = 3 as a function of ny/ng for fixed P, /Pp = 2.
Left panel: Steady state pressure P, charge densities ns1,s2, and energy densities £ 2.
Right panel: Flow speed vs, shock speed ug, and wave speed uj, across rarefaction profile.

terms of the pressure,

T:Ts: _ (%)ﬁz (5.34)
S (i @ra((B)™ 1)), (536)
%,j =Hs+d(11:17—+11);§7 (5.37)

and evaluating (5.31) for the speed of the right-moving shock wave. The speed of the fluid
flow in the NESS region can be obtained by evaluating either (5.20) or (5.32). Solutions for
d = 3 spatial dimensions are presented in Figure 3 as a function of Pr/Py, for fixed ny/ng
and in Figure 4 as a function of ny,/ng for fixed Pr/Pp.

In the solution of the corresponding Riemann problem for a relativistic quantum critical
fluid [8, 9] the NESS was described by a Lorentz boosted thermal state with a contact
discontinuity in the charge density in the fluid rest frame. The behaviour of a z = 2
non-relativistic critical fluid is analogous, although in this case the boost symmetry is
Galilean rather than Lorentzian. The fluid variables in the NESS region of the z = 2
flow have a stress-energy tensor and current of the form (2.14). The pressure and fluid
speed are the same on both sides of the contact discontinuity but the energy density and
the charge density take different values on the two sides. Nevertheless, if we perform a
Galilean boost with velocity —v, to the NESS rest frame following the rule (2.13), we
obtain a stress-energy tensor of the form (2.12) with P = P, and a uniform energy density,

— 18 —
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s2v2. Furthermore, the fluid variables in the rest-frame satisfy

&0 =Eq—tnav=_En—
the equation of state of z = 2 fluid at rest, & = 'zlP. Since n does not transform under a
Galilean boost, there is still a contact discontinuity in the charge density. Indeed, in the
NESS rest frame the two fluids are at rest in hydrostatic equilibrium but the charge density
is discontinuous across the contact surface. The charge density remains unchanged with
time as there is no fluid flow across the boundary and therefore no charge transport. This
kind of a sharp charge discontinuity is allowed when we restrict ourselves to leading-order
hydrodynamics but is presumably smoothed out by higher-order corrections, which we do
not consider here. We note that analogous behaviour was seen in the NESS rest frame of a
relativistic fluid in [8, 9].

6 Rarefaction and shock waves at general z

In this

critical exponent z > 1. This is motivated by the existence of quantum critical condensed

tion we turn our attention to a perfect Lifshitz fluid with a general dynamical

matter systems with a general dynamical critical exponent z # 2, such as the heavy fermion
metals discussed in [28] and [29]. For generic values of z such a system is without boost
symmetry and it is interesting to see how this affects the solution to the fluid Riemann
problem that we have been considering. The first thing to note is that the kinetic mass
density p can no longer be proportional to the charge density n when z # 2. If we assume
that p can still be expressed as a function of n alone, then the scaling relations (2.16) imply
a relationship of the form

p=mn®, (6.1)

with a = d+3fz and m a constant of proportionality. In principle, one could allow for more

general behaviour, for instance by letting p depend explicitly on the velocity v as well as
on the charge density, but we will not pursue this here. A scaling ansatz of the form (6.1)
provides an example of a Lifshitz fluid without boost symmetry and this is sufficient for
our present purposes. In what follows, we will take m = 1 for simplicity.

With the above ansatz the thermodynamic relation (2.9) takes the form

1 5 5
dé =Tds+ 35 n“dv? 4 (n+a 71“’11:2) dn. (6.2)
The dv? terms can be absorbed by defining an internal energy and a shifted chemical
potential,
E=¢- %n“vz, fi=p+an®?, (6.3)

and then the familiar form of the first law of thermodynamics is recovered,
dé =Tds+ frdn . (6.4)
The equation of state (2.17) becomes

dP =26 —n*?, (6.5)
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and the conservation equations (3.4) can be expressed

£ %q‘gnw _ %qznfza

Olq| =0 §5+%qzn’“

, (6.6)

l1-a
n qn

with ¢ = n®v. The analysis of the Riemann problem proceeds along the same lines as
before. The equations are more involved when z # 2, and we have to rely on numerical
evaluation to a greater extent, but the NESS variables can still be solved for.

The Jacobian matrix, df (¢) for general z is

didz = %gnﬂx _ %QZn—Zn 7a(dd+z) qgn—l—o n %a q:snfpm
df () 2 2([1{;1) qn™“ 7# ¢Pnlme . (6.7)
0 nl=® (I—a)gn=@

and its eigenvalues and eigenvectors can readily be evaluated. They correspond to a linearly
degenerate wave,

% qzn—a
M=qn % rm= aq (6.8)
n
which is a contact discontinuity, together with two genuinely non-linear waves,
d;z _ 5(12“7“ (1 + K)
1
— —a _ — — - .
Ao =qn <1+d(z 2 K)), Ty = q(1- 1K) H (6.9)
n
and
dze —LPnm(1-K)
1
—an @ 2y o .
A3=qn (1+d(z 2+K))A 3= Q(1+711K) ; (6.10)

n

where we’ve introduced the shorthand notation,

Kz\/(dJrz)(Zig"fl)—(z—?). (6.11)
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It is easily checked that the corresponding expressions in Section 5 are recovered when we
insert z =2 in (6.6) - (6.11). Furthermore, by using the equation of state (6.5) one obtains

2 (z-2) . (d+z2) P
K=d 2T e with c= TR (6.12)

The eigenvalues corresponding to genuinely non-linear waves can then be written,

z2—2 / (2—-2) .
/\2:v<1+ 7 )— c? — e v2,
z—2 , (2—2) .
/\3:v<1+T) +14/c2— 7 v?, (6.13)

As before, we find that A2 (A3) corresponds to a left-moving (right-moving) wave, and that

the leading wavefront of a rarefaction wave will advance at the speed of sound in a heat
bath at rest.

6.1 Rarefaction wave profile

Now consider initial data of form (3.1) for a Lifshitz fluid with general z and assume that
Pp, > Pg. In parallel with the z = 2 case considered in Section 5, this results in a left-moving
rarefaction wave, a right-moving shock wave, and a central NESS region with constant flow
velocity and a contact discontinuity moving with the fluid. The key difference compared
to the z = 2 case is that now there is no boost symmetry and the steady state flow in the
central region will no longer be a boosted thermal state.

We use Riemann invariants to analyse the ¢ = 1 contact discontinuity and the i = 2
rarefaction wave. The Riemann invariants for the first family of wave solutions are again
given by the pressure P and the velocity v, which coincides with the eigenvalue A\; = n%
Therefore, the contact discontinuity will still propagate at the same speed as the velocity
of its surrounding fluid regions on the left and right.

For the genuinely non-linear families, we find generalisations of the pairs of Riemann
invariants, which took the form (5.13) for z = 2, but are now given by

8
R?) =n" <P—7(227d2)v2n°) s Réz) =n"Sv(1+K) <§;2)2 s

. (6.14)
@ _ o (p_(2=2) 5 4 @) _ e 1 K+pB\2
R =n (P 3 V) Ry =n"tv(1-K) X 5 R

where v = didz, £= uﬂ%y“% B=1/ uﬁﬂg” D and K may be read off from (6.12).

As before, we require that both Riemann invariants are constant along the characteristic

curves of the left-moving rarefaction wave. From R?) (P,v,n) = Rgz) (Pr,vr,nr) we obtain
P v n\" n\"
£ _svin o 15
P da (m) o) (6.15)
while Rgz)(P, v,n) = Rgz)(PL,UL‘nL) gives
n\¢ v K—p s
— ) =—(1+K - R 6.16
<nL) ch( + )(K+ > ' (6.16)
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Figure 5: Variation of the characteristic speed Ay across a rarefaction wave profile
parametrised by n for d = 3 and different values of z.

with K expressed as a function of P, v, and n through the relations in (6.12). These
conditions are non-linear and do not allow for analytic solution for generic values of d and
z. In order to facilitate their numerical solution, we find it convenient to first eliminate the
pressure between them by inserting (6.15) into (6.16). This results, after some algebraic
manipulations, in the following equation, relating the scale invariant variables n/ny and

v/er,
¢ R_Bu\%
(i) _ (dLH?) (#) : (6.17)
nr crL K+ dor
. = B2 2 n \7T% . . .
with K =/ & + (E) . A numerical solution for v/cy, in terms of n/ny, can then
L

be inserted into (6.15) to determine P/Py,. In order to check the validity of the rarefaction
wave solution so obtained, we have evaluated the characteristic speed Ay along the integral
curve for specific initial data. Numerical results for several different values of z are shown
in Figure 5 and in each case the rarefaction condition (5.21) is indeed satisfied.
6.2 Shock wave
A shock wave solution for a Lifshitz fluid at general z satisfies the following Rankine-
Hugoniot jump conditions,
us[n] = [no],
us[n®v] = [P +nv?, (6.18)
us[€] = [(€ + P)v].
Writing w = v — us and v = n® w, these conditions can be expressed as
[nw]=0,
[P+v(w+u)] =0, (6.19)
[(d+ z)Pw + v(w + us) (w + us — zug)] =0,

— 922
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where we have used the equation of state (6.5). The contact discontinuity corresponds to
the trivial solution w = [P] = 0.

To find a right-moving shock wave solution corresponding to the ¢ = 3 eigenvalue family,
we again introduce dimensionless variables,
Py ns2 _ WR

y= = (6.20)

I, = —,
T Py’ ng  ws

where the right-most equality follows from the jump condition [nw] = 0. For a shock wave
propagating into a fluid at rest, the other two jump conditions can be re-expressed as

w_ g1y wm Loy (6.21)
k -1 ¢k (y=DA+(-1)y)
The two equations can now be combined and solved either for y or I,
d — DI +1 d+1)y—1
y*( +z s + m, = (d+1)y (6.22)

Td+1+ (2 - DI Td+z—1-(z-1y’

By substituting I, into (6.21), the speed of the shock wave can be written in terms of the
dimensionless variable y as,

Us = CR (6.23)

d+z z—1)y

The shock wave admissibility conditions are satisfied when the shock front moves faster
than the speed of sound in the medium the wave is expanding into, i.e. when us > cg. It
is easily checked that this holds for all values of y that correspond to Py > Pg.
The fluid velocity in the region between the shock wave and the contact discontinuity
can also be expressed in terms of y via the relation,
-1
o= W=D (6.24)
Y
6.3 NESS variables

‘We now have everything in place to construct the full solution to our Riemann problem for
a Lifshitz fluid with general z in d spatial dimensions, with initial data given by Py, Pg, nr,
and ng (with P, > Pg). Once again, there will be a growing NESS region between a left-
moving rarefaction wave and a the right-moving shock wave, with a contact discontinuity
in between, as depicted in Fig. 1. The solution can be constructed in a number of ways
but the key observation is that pressure and fluid flow speed remain constant across the
entire NESS region, while the charge density is piecewise constant and makes a jump at
the contact discontinuity. We will proceed by first solving for the pressure and flow speed
in terms of the charge density on either side of the contact discontinuity. We then require
that the results are the same on both sides and this, in turn, fixes the charge densities in
terms of the initial data.

On the one hand, the NESS pressure and flow speed are expressed in terms of the
dimensionless variable y = ng2/npg in (6.22) and (6.24), respectively. These relations follow
directly from the Rankine-Hugoniot jump conditions across the shock wave front.
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On the other hand, we can obtain the same quantities in terms of another dimensionless
variable # = ng1 /ng by considering the trailing end of the rarefaction wave profile, where
n = ng . In this case, (6.17) reduces to

o BuN%
1 v
- (221K —acr 6.25
2 ( 2y d) : (6.25)
with f(s =, /x4 g;%;gr This can be solved numerically for v as a function of z and
L
the result is then inserted into (6.15) to obtain the NESS pressure,
I 2
L 5 Su(@) o (6.26)

11, d c%

The requirement that vs and Py take the same values on both sides of the contact
discontinuity gives rise to two independent relations between the variables z and y, which
is sufficient to determine their values for given initial data for the reservoirs.” The remaining
NESS variables are easily obtained once the dimensionless charge densities z and y have
been solved for numerically. For instance, the NESS pressure is obtained by inserting y
into the equation on the right in (6.22), while the shock wave speed and the fluid speed in
the NESS region are given by (6.23) and (6.24), respectively. Solutions for d = 3 spatial
dimensions and z = 3 are presented in Figure 6 as a function of Pr/Py. Figure 7 shows
how the solution changes with z for a particular choice of P, /Pg and np,/ng.

As stated above, the NESS for z # 2 cannot be recognized as a boosted thermal fluid.
The equation of state (6.5) is incompatible with the Galilean boost transformations (2.14),

5Asin the z =2 case, the initial data only enters through the ratios Pr/Pr and np/ng.

..... nes /e ne2 /R e
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16 | e
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Figure 6: NESS variables for z = 3, d = 3 as a function of Pg/Py, for fixed ny/np = 2.
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Figure 7: NESS variables as a function of z for d = 3 and fixed Pr,/Pr = nr/ng = 2.

which leave invariant P and n while shifting £ — € + %n v2. Furthermore, the momentum
density P = pv does not match the one obtained from a Galilean boost. Therefore no
temperature can be associated to the solution obtained here. It is genuinely a non-thermal
out-of-equilibrium state in a theory without boost symmetry.

It is interesting to compare the NESS variables we find at z = 1 to the solution of the
corresponding Riemann problem for a relativistic fluid presented in [8, 9] in the limit of
low flow velocity. The steady state flow is slow when Pr/Pp is close to 1, i.e. when the
pressure difference between the two reservoirs is small. Figure 8 shows the NESS variables
ns1, Ns2, s, and vs at different values of Pg/Pp, for d = 3, z = 1, and nj, = 2ng. The
corresponding variables in a relativistic fluid (taken from [8]) are indicated by red dashed
curves in the figure. We see a close match for all the NESS variables as Pr/Pr, — 1.

In the relativistic case, the charge density decouples from the equations that determine

the steady state pressure and flow speed but in general this is not the case for our non-
relativistic Lifshitz fluids. The decoupling of the charge density is, however, recovered in
the limit of small pressure difference in the z = 1 Lifshitz case. To see this, one carries out
an expansion in powers of small A =TI, — 1 in (6.25) and (6.26) that determine IT; and
vs at z = 1 and observes that 1 = ny/ng indeed decouples from the equations to leading
order in A. For large values of A the steady state flow speed is no longer small and there
is no reason to expect a match between a relativistic fluid and a z = 1 Lifshitz fluid.

7 Discussion
The above study of the Riemann problem for Lifshitz fluids had a twofold purpose. On the

one hand, it extends to a non-relativistic setting some recent work on the out-of-equilibrium
flow of relativistic quantum critical fluids [6-10], and, on the other hand, it provides an
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Figure 8: NESS variables for a Lifshitz fluid at d = 3, 2 = 1 and ny/ng = 2 as a function
of Pr/Py,. For comparison, the corresponding variables for a relativistic fluid considered in
[8, 9] are shown by the red dashed curves. The solutions are well matched as Pr/Pp, — 1.

application to a concrete physical setup of a recently developed general formalism for perfect
fluids without boost symmetry [11].

We have established that a non-equilibrium steady state, of the type seen previously in
a relativistic scale invariant fluid, will also develop in a non-relativistic critical fluid when
two reservoirs are brought into contact across a hypersurface. Consistent with the Lax
entropy conditions, the non-relativistic NESS is bounded on one side by an outgoing shock
wave and on the other side by a rarefaction wave propagating in the opposite direction.
Inside the NESS there is a contact discontinuity where the charge density jumps but the
pressure stays unchanged.

In the special case of a z = 2 Lifshitz fluid the NESS is a Galilean boost of a thermal
equilibrium state, in direct analogy with the Lorentz boosted thermal state seen in the
corresponding relativistic problem. Using a simple scaling ansatz for the kinetic mass
density of a Lifshitz fluid at generic z, we found that the fluid variables in the central
region can be solved for and a NESS forms in this case as well, but the solution is genuinely
non-thermal.

There are several future directions to be explored. In this study, we have concentrated
on perfect fluids without impurities or lattice effects which break translational invariance.
Proceeding along the lines of [8], where this has been done for a conformal fluid, one could
allow for diffusion and momentum relaxation in the hydrodynamics equations, to obtain
the time scale up to which the non-relativistic NESS persists.

Another interesting direction is to analyse a dual gravitational description of non-

equilibrium steady states of Lifshitz fluids. In this context, it would especially be interesting
to identify a gravitational dual of a z # 2 Lifshitz fluid flow without boost symmetry.

— 26 —
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Lifshitz hydrodynamics at generic z from a moving black brane

Aruna Rajagopal and Larus Thorlacius
University of Iceland, Science Institute, Dunhaga 3, IS-107, Reykjavik, Iceland

A Lifshitz black brane at generic dynamical critical exponent z > 1, with non-zero linear
momentum along the boundary, provides a holographic dual description of a non-equilibrium
steady state in a quantum critical fluid, with Lifshitz scale invariance but without boost sym-
metry. We consider moving Lifshitz branes in Einstein-Maxwell-Dilaton gravity and obtain
the non-relativistic stress tensor complex of the dual field theory via a suitable holographic
renormalisation procedure. The resulting black brane hydrodynamics and thermodynamics
are a concrete holographic realization of a Lifshitz perfect fluid with a generic dynamical

critical exponent.
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I. INTRODUCTION

Fluid dynamics [1] efficiently captures the long-wavelength, low frequency behavior of a large
class of interacting physical systems at finite temperature. Based on general symmetry principles
and the conservation of local currents, it is a universal theory, as even systems with varying
microscopic dynamics, can have the same macroscopic, hydrodynamic description. An appropriate
hydrodynamic model, incorporating the dissipative effects of the thermal medium that are essential
for a fluid to equilibriate after being perturbed away from equilibrium, consists of a gradient
expansion of the conserved currents. At a given order, the conservation equations determine
the expansion up to a finite number of undetermined coefficients. These coefficients may then
be obtained either from measurements or from microscopic computations. For strongly coupled
quantum systems, explicit computations are difficult and a gauge/gravity formulation [2-4] can
offer advantages. Einstein’s equations with a negative cosmological constant, supplemented with
appropriate regularity restrictions and boundary conditions, reduce to the nonlinear equations of
fluid dynamics in an appropriate parameter range, and a systematic framework to construct this
universal nonlinear fluid dynamics, order by order in a boundary derivative expansion has been
developed [5, 6].

In standard anti-de Sitter (AdS) holography [7] the dual field theory is relativistic and much of
the dual gravitational formulation of hydrodynamics has focused on relativistic systems. However,
many strongly correlated systems in nature are inherently non-relativistic and this has motivated
the application of holography to a wider setting involving gravitational bulk theories with asymp-

totic geometries that are not AdS [8-10]. Generic non-relativistic quantum critical fluids have an
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emergent scaling symmetry of the form
t— A, T — AT, (1.1)

commonly referred to as Lifshitz scaling and are characterised by a dynamical critical exponent
z > 1. For z > 1, the scaling is asymmetric between the time and spatial directions and the
system has scale invariance without conformal invariance. By now, there is a large body of work on
holographic systems that realize Lifshitz scaling of the form (1.1) at the asymptotic boundary of the
gravitational bulk space-time, including a number of papers with a specific focus on hydrodynamic
aspects, see e.g. [11-19].

Quantum critical fluids with Lifshitz symmetry, or Lifshitz fluids for short, have interesting
properties that set them aside from more conventional fluid systems. In particular, a Lifshitz fluid
with generic dynamical critical exponent z # 1,2 cannot have boost symmetry [20, 21]. A general
formalism for perfect fluids without boost symmetry has been developed in [20, 22, 23] and a
primary motivation for the present paper is to provide a concrete holographic setup for the study
of such fluids.

In previous work [24], we have studied out-of-equilibrium energy transport in a quantum crit-
ical fluid with Lifshitz scaling symmetry following a local quench between two semi-infinite fluid
reservoirs. The late time energy flow was found to be universal and was accommodated via a
steady state occupying an expanding central region between outgoing shock and rarefaction waves,
25-29]. In the

relativistic case, a holographic version of the quench problem was considered in [25, 28] and it

in accordance with earlier work on critical fluids with Lorentz boost symmetry

would be interesting to extend this to Lifshitz fluids without boost symmetry. As a first step in
that direction, we consider a Lifshitz black brane at generic z, moving with uniform velocity v in
one of the transverse directions, as a holographic dual description of a non-equilibrium steady state
of the corresponding Lifshitz fluid.

The holographic model we choose to work with is a relatively simple variant of Einstein-Maxwell-
Dilaton gravity with exact analytic solutions describing static Lifshitz black branes. The model
can easily be generalised to include include charged matter in order to study holographic duality
at finite temperature and chemical potential. The exact static black brane solution provides a
convenient benchmark to test our formalism against, even if the moving brane solution is beyond
exact analytic control. A drawback of this model, that has detracted from its usefulness for
holography in the past, is the fact that the asymptotic Lifshitz symmetry is obscured by a running
dilaton and non-standard asymptotic behaviour of the background vector field. It turns out, this
can easily be remedied by taking advantage of a built-in symmetry of the model and a more or less
standard holographic renormalisation is achieved by suitably adapting the formalism developed for

a holographic model involving a massive vector field in [12]. We find the following results:

e A physically distinct class of moving Lifshitz black brane solutions in four spacetime dimen-
sions, dual to a uniformly moving 2+1 dimensional Lifshitz fluid. The fluid velocity plays
the role of chemical potential, dual to a kinetic mass density, in line with the perfect fluid

formalism developed in [20, 22].
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e A renormalised boundary stress tensor complex whose components express the energy density
&, energy flux &', momentum density P;, and spatial stress tensor II;; of the dual Lifshitz
fluid.

o The Ward identity associated to Lifshitz scaling leads to the equation of state 2€ —pv? = d, P,
where dg = 2 is the number of transverse dimensions. This is precisely the equation of state

hypothesised for a perfect Lifshitz fluid with an arbitrary dynamic exponent z in [19, 20].

II. THE GRAVITATIONAL THEORY

We restrict our attention to a holographic theory with Lifshitz scaling defined in 4 bulk space-
time dimensions but our results can easily be generalised to an arbitrary number of dimensions.
The model we work with is a simple variant of Einstein-Maxwell-Dilaton (EMD) theory, which
consists of Einstein gravity along with a massless U(1) gauge field, A, and a dilaton field, ¢. Using
a normalisation where 167Gy = 1, the action is given by,

Sy = /d4z\/—g [R —2A — %(0@)2 - %e“’ﬁ] +2 /d%\/ﬂK, (2.1)

where the last term is the usual Gibbons-Hawking-York boundary term, which is needed in order

to have a well-defined variational problem for the metric. The equations of motion for (2.1) are,

1 )
Ry = 5 Ropw + Mgy = T, + T)) (2:2)
A vy

V2p - ZEAOFWFW —0 (2.3)
VMR =0, (2.4)

with,
s 1. 1 ) -
I = §0u@0u¢ - Zg;w((‘)@ , (2.5)

1 1

T =56 (F,MFS = 9w Fapl "”) . (2.6)

Models of this kind were introduced in the context of non-relativistic holography in [11]. This is
by no means the only possible model for Lifshitz holography but it has an important advantage in
that there exists a full analytic solution to the field equations that describes a static black brane in
asymptotically Lifshitz space-time. The model can easily be generalized to include charged black
brane solutions that are Lifshitz analogs of AdS-Reissner-Nordstrém black branes [30], which are
key to a holographic dual description of non-relativistic quantum critical matter at finite tempera-
ture and chemical potential, see e.g. [31]. The bulk theory can also include matter fields of various
types, but this is not needed for the main purpose of this paper, which is to carry out holographic
renormalisation for moving Lifshitz branes and establish thermodynamic relations that hold for
the resulting Lifshitz hydrodynamics.
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The model (2.1) admits the so-called Lifshitz space-time as a solution,
. 2 5 dr? ;
ds® = ¢* (ﬂ””dtg + Lz + ‘er.T?z) s (2.7)
I

where £ is a characteristic length scale of the geometry which we set to unity for notational sim-

plicity. The metric exhibits the required Lifshitz scaling,
t— At x— Az, r— A, (2.8)

with z > 1. Space-time geometries that are asymptotic to this metric provide a holographic dual
description of a scale-invariant non-relativistic field theory formulated on a R* x R? boundary.

The metric (2.7) is a solution to the equations of motion provided the parameters of the model

satisfy A = ——== and A = —1(z+1)(2 +2), and it is accompanied by a gauge field and dilaton
background of the form,
G o1 2 221
A = 2z-1) (. 7%, = (L s (2.9)
z+2 ) T

where 7( is an arbitrary constant. While this model has the advantage of analytic control, it has
the disadvantage of a logarithmically running dilaton and diverging vector field at the boundary.
However, this is not a very serious disadvantage because the vector field only serves to provide
the background to support a Lifshitz geometry at the boundary and does not couple to any non-
gravitational fields.

Charged matter fields can be added to the model, but they should then be charged under some
additional gauge field and not couple directly to the A, field considered here. The need for a further
gauge field to accommodate charged matter can also be seen from the fact that the background
field profile (2.9) is not of the standard form that corresponds to having a chemical potential for
an unbroken U(1) symmetry in the dual field theory. In fact, A, should not be viewed as a gauge
field but simply as a massless vector field that only interacts gravitationally (with a coupling that
depends on the dilaton). With this in mind, we do not have to respect the U(1) gauge symmetry of
the bulk action in (2.1) when we construct boundary counterterms for holographic renormalisation
of the model.

The counterterms instead respect another symmetry. The action (2.1) is invariant under a
constant shift of the dilaton field while simultaneously absorbing a constant normalisation factor
into the gauge field,

b= d— ;loga, Ay — aAy, (2.10)
and this will be a symmetry of our boundary action as well. The shift symmetry is also helpful in

analysing the asymptotic behaviour of bulk fields.

A. Black branes with linear momentum

We would like to construct the gravitational dual of a perfect Lifshitz fluid moving at non-

vanishing velocity. We are particularly interested in fluids at generic z, which do not have boost
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symmetry. In this case, it is not enough to perform a boost of the black brane along one of the
transverse directions and study the associated thermodynamics as this does not give us a genuine
dual of a moving Lifshitz fluid, but instead corresponds to studying a fluid at rest from a moving
coordinate frame. The way around this is to construct from scratch a bulk solution that describes
a moving Lifshitz black brane at generic z # 1, with metric and gauge fields that encode the fluid
momentum. For this we adopt an ansatz employed in [19] for a z = 2 moving brane and adapt it to
the more general case. With the linear momentum taken to be in one of the transverse directions,

say the y direction, the metric becomes

2
ds? = —Fy(r)r*#dt® + _dr_ + 12 F3(r)da? + Fy(r)(rdy + N(r)r*dt)?, (2.11)
r2Fy(r)
and the gauge field is
A =r*Gy(r)dt + Go(r)(rdy + N(r)r*dt). (2.12)

Note that this ansatz includes as a special case an exact solution for a static black brane by simply
setting Go = N = 0, F3 = Fy = 1, and letting F} = Fy = 1 — (r,/r)**2. The dilaton field of the
static black brane solution is unchanged from (2.9) provided we use the shift symmetry (2.10) to
set 19 equal to 7y, the radial location of the event horizon.

There is no known analytic solution for a brane with non-vanishing linear momentum. The
field equations can be solved numerically, by imposing appropriate boundary conditions at the
black brane horizon, but we will not pursue a numerical solution here. The results we are after
can instead be obtained by employing a combination of asymptotic analysis and radially conserved
charges along the lines of [19]. In the following subsections we first derive a set of Noether charges
that are constant along the radial coordinate. We then introduce boundary counterterms and
implement them in the holographic renormalisation of the boundary stress tensor. Finally, we
solve the linearised field equations around the Lifshitz fixed point in (2.7) and (2.9). The different
elements are then brought together in Section III where we analyse the thermodynamics of the

moving black brane.

B. Noether charges

The fields that enter in the moving brane ansatz (2.11) - (2.12) are functions of the radial
coordinate and in this case the action (2.1) can be reduced to an integral over a one-dimensional
Lagrangian by factoring off the integrals over the time and transverse coordinates. The Gibbons-
Hawking-York term cancels against boundary terms resulting from integration by parts of terms

in the radial bulk action, leading to the result,

1 FyN? NN\ rF
Lip :T”I\/F|F2F3F4(—2(22+2z+3)+— - (z—l+r ) LS
1

2 NJ) R
rFy  rFy, rFj rj(ﬁﬁ F|F} F§F£)72A 1

— Z(rg')? 2.13
F, F F  2\RFE RE BE B 309 (213)

1 Ag 1 el _ 4 27L /\2
+ 3¢ (E(2G1+7G1+G2((2 DN +rN')) F4(Gz+rG’2)) ,
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where ' = %, The terms in the 1D Lagrangian are arranged so as to make apparent the following
two scaling symmetries,

P —a*F, Fy—a 'Fy, Fy—a 'Fy, (2.14)
N = a3N, Gy—aGi, Gs—a 3Gy, (2.15)
and
Fy— B°Fy, Fi— f7°Fy, (2.16)
N — BN, Go— B7'Gs. (2.17)

They represent a diffeomorphism which preserves the volume element dtdzdy, and can thus be
thought of as a Noether symmetry inherited by Lip. They are also symmetries of the boosted
metric ansatz (2.11), as long as the coordinates transform as t — a~1t, z — a%z. Y — a%y and
x — B 'a, y — By respectively.

The two Noether charges associated with these symmetries are found to be,

2l 2l 212 o) 2 !
Qu = TH%/FIFQE;FAL(z(z D+ f(ﬁ L ﬁ) _ 30N (z 14y )

2\, B R/ 2R N (2.18)
1 ,,Go S aw(G1 3GaN , N’ )
26 E‘(G2+TG2) e (F1 +2 7 )(zG1+rGl+GzN(z 1+ N )) s

F}, F] FyN? N’
Qp = 1+ /Iy Fs g r(if—‘l)f 1 (z71+r )
2 I N (2.19)

Gy (Fy rN'

- e)“bE(E(Gz +7Gh) + (2G1 + rG})N + GoN? (z -1+ N )
These charges are combinations of bulk fields that do not depend on the radial bulk coordinate.
This is particularly useful in relating horizon data to boundary data, and plays an important role
in determining the thermodynamic equation of state when the exact bulk interpolating solution is
not known, as we will see later on.

There is another conserved charge in our system associated with the shift symmetry of the
dilaton (2.10). While it does not play a direct role in the thermodynamics, it will be useful later
on when we consider solutions of the linearized field equations. It is given by,

G G "N\ 2r¢!
Qs = 112\ PR L F, (U*V’FZ(GQMG;) —evd (z01 G+ G N (z71+ 77) - TT¢) . (2.20)
4 1
In addition to the above symmetries, there is also a local gauge symmetry involving r diffeo-

morphisms, which we fix by setting F3(r) =1 in (2.11).

C. Holographic renormalisation

In this section, we work out the renormalised stress-energy tensor at the boundary for the

EMD model. The conservation of the stress tensor gives us the standard energy and momentum
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conservation equations, while its scaling behaviour under a Lifshitz transformation will give us
the equation of state of a Lifshitz fluid. For holographic renormalization of gravity models in
asymptotically Lifshitz spacetime see e.g. [12-14, 32-35].

The variation of the action (2.1) around a solution to the field equations reduces to a boundary

term,
550 = / By (K — K7as)5r™ — 9n® Fop 5AP — n°V,0666). (2.21)

where n® refers to the outward directed unit normal at the boundary. As usual, regularisation
and renormalisation are needed in order to make sense of this expression. For regularisation, we
place the boundary at a large but finite value of the radial coordinate r and introduce boundary
counterterms to cancel divergences that would otherwise appear as the boundary regulator is
taken to infinity. A number of possible counterterms present themselves, but, as we will see,
there is a simple construction that removes all divergences associated with the field variations in
(2.21). Furthermore, the resulting finite stress tensor complex has precisely the form expected
for a general z Lifshitz fluid. The remainder of this subsection draws heavily on reference [12],
where holographic renormalisation was carried out for gravity coupled to a massive vector field in
asymptotically Lifshitz spacetime.

The model at hand instead has a massless vector field that diverges at the boundary and a
logarithmically running dilaton field but the shift symmetry (2.10) suggests a way around that.
We can construct a shift-invariant scalar combination of the fields, which takes a constant value,

independent of r, when evaluated on the pure Lifshitz solution,

_2=-1 (2.22)

MAA| = .
) (z+2)

In asymptotically Lifshitz spacetime any function of this scalar will contribute at the same order

in 7 to the boundary action and we are led to consider a counterterm action of the form,
Sup = / By 7~ A+ f(947)). (2.23)

where f is some, as yet, undetermined function. The counterterm involving the vector field ex-
plicitly breaks the gauge symmetry of the bulk theory. As discussed in Section II, this is allowed
because the only role of A, is to provide the background source that supports the asymptotically
Lifshitz geometry and it does not couple directly to matter fields. It can in fact be viewed as an
advantage that the gauge symmetry is broken as there is then no question of a conserved U(1)
charge in the dual field theory. Such a charge can easily be introduced via an additional bulk gauge
field as in [30].

The first term in the counterterm action (involving —4,/=7) is a standard counterterm in AdS
gravity. With it in place, the variation in (2.21) involving §v* vanishes for the Lifshitz background
(2.7). This restricts the function in the matter counterterm to be of the form f(—e'?A%) =
{\/W, with some constant £. The argument is the same as in [12] for the massive vector
theory, i.e. the matter counterterm should not contribute at all to the 67 variation and this is
ensured if the factor of \/=7; that comes from the \/—7 prefactor is cancelled by a factor N
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from /—e* A, Ay, By this simple argument the counterterm action has been determined up

to a single constant,
5.0 = / Py~ 4t eV —9A?), (2.24)

and the variation of the full action S = Sy + S+, can be written,

58S = / d*z (SuB 7P 4 50 0A% + 5 5¢), (2.25)
with,
s 7\/—7(1( Kot 2 — (A, A2 2.2
Sag = V=7 Kap Yop + 2Yap ZJW( aAg Vo) )+ (2-26)
g 26eM A,
Sa = \/jY( —eMnfFy, — PWamryyi ;z’)‘@:ﬂ)' (2:27)
o~ _ao 4 £ A?
5=/ 'y( n*Vag 72\/W)‘ (2.28)

Remarkably, all the variations vanish for the Lifshitz background (2.7) for a single value of the free

parameter in the boundary counterterm,
E=—V2(z-1)(z+2), (2.29)

and no further counterterms are needed for the problem at hand. For more general backgrounds,

including Lifshitz black branes that are asymptotic to the Lifshitz solution, these variations will

cancel at leading order and interesting physics resides in subleading terms that do not cancel.

For instance, requiring the action to be invariant under the Lifshitz scaling (1.1) leads to a Ward

identity,

z—2
2

which encodes information about the fluid equation of state, as we will see in Section III below.

st A — V2 —1s=0, (2.30)

Zsi+ sh+ sy +

The Ward identity brings out the different scaling behaviour of temporal and spatial components
and this difference should also be manifest in the renormalised stress tensor complex. Indeed, in a
non-relatistic system the energy flux £ and the momentum density P; are independent variables
and this appears to be at odds with the symmetry of s,z under interchange of @ and 3. The
resolution involves a subtle issue in holographic renormalisation which arises when a system has
background vector fields [12, 36]. In this case, we are instructed to introduce orthonormal frame

fields eﬁf‘), with tangent space index A, and re-express the metric and vector variations in (2.25)

in terms of variations involving frame variables,
65 = / o ((725&3 + 57 4) e el + 55647 + s6¢>). (2.31)
The elements of the boundary stress tensor complex are obtained by considering frame field vari-
ations while keeping fixed the dilaton and tangent space components of the vector field [12],
& =25, —s'Ay, £ =25, — s Ay, (2.32)

Pi= 725% +s'A;, l_[7j = 7251;‘ +s'Aj. (2.33)
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In a relativistic theory this prescription ensures a conserved stress tensor. An alternative prescrip-
tion involving metric variations, keeping fixed spacetime components of a background vector field,
would still produce a finite stess tensor but one that does not satisfy the usual conservation law
[36]. In a non-relativistic theory, however, the tangent space prescription is indispensable. Without
the extra terms in (2.33) that come from the vector field the elements of the stress tensor complex
are not guaranteed to be finite, let alone conserved [12]. We will see this explicitly in the following
subsection. When we consider the asymptotic fields of a moving Lifshitz black brane, the metric
variation yields a divergence in the energy flux which is exactly cancelled by the contribution from
the vector sector.

It is worth noting that for generic z the thermodynamic quantities in the stress tensor complex
have different scaling dimensions. Straightforward dimensional analysis (see e.g. [13]) gives the

following scaling behavior in d spatial dimensions,

g=Atcg, gl pdgl plopldp, Pl pdEp, (2.34)

D. The asymptotic solution

We now wish to consider general backgrounds that approach the Lifshitz solution as r — co.
While the metric and gauge field ansatz (2.11) and (2.12) is particularly well suited for deriving
conserved Noether charges as in Section II B, it is less convenient for evaluating the stress tensor

complex. For the asymptotic analysis we instead adopt a set of orthonormal frame fields,

e©) = % Hy(r) dt + r vy (r) dy, (2.35)
dr

(R) — 36

e T’ (2.36)

e = ¢ Hy(r) da, (2.37)

e® =7 uy(r

dt +r Hy(r) dy, (2.38)

and orient the frame field ¢(©) parallel to the gauge field, Ay = Ao(r) CLO), with

2

= ao(r). (2.39)

Ao(r) = (2+2) 7}

Fixing the radial gauge F3(r) = 1 amounts to setting Hz(r) = 1.

In order for the space-time to be asymptotically Lifshitz, we require that Hy(r), Ha(r), Ha(r),
and ag(r) tend to unity as r — oo while v1(r) and 7' = v3(r) tend to zero. With these assumptions,
the field equations for a Lifshitz black brane with linear momentum reduce to a set of coupled linear
ordinary differential equations for small deviations from the Lifshitz background in the asymptotic
region.

The linearised field equations corresponding to the ty component of Einstein’s tensor and the

y component of Maxwell’s equations decouple from the rest of the equations and can be solved
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separately for v; and va. The general solution of the resulting 2 x 2 eigenvalue problem consists of

four eigenmodes,

1, Coy 212 cyy
vy =Cly T+t —
v rd 3z r2etl

(2.40)

Ciy C2y C3y
[ R R P W

vy = (2.41)
The c1y and ¢4y modes are non-renormalisable source modes while ¢, and ¢, will appear in the

momentum density and energy flux, respectively, in the renormalised stress energy complex [13].

The remaining linearised Einstein, Maxwell and dilaton equations can be solved in a straightfor-

ward manner along the lines of [31]. The full linearised solution has eigenmodes that go as 772,

r3(r 28V G 0410) 49 well as 10, A general holographic analysis of asymptotically Lifshitz

space-times ([12, 14, 32, 33]) shows that a r~*~2 mode carries finite energy and is accordingly of
primary interest for the analysis that follows. The remaining eigenmodes include a growing mode
that would disrupt the asymptotic Lifshitz geometry and must therefore be absent in a physical

solution and a mode that falls off at a faster rate than r—*2

and can thus be ignored in our
asymptotic analysis. Finally, we also leave out the constant mode which can be interpreted as a
non-normalisable source mode.

We find that the finite energy mode takes the following form,

=14 (242)
Hy=1+ 2172 (243)
Hy=1 (2.44)
Hi=1+ i; 2 (2.45)
ag=1+cyr 72 (2.46)
oy T(tog (1) 4 G poe2

6 =2vz l(log(m)Jr o ) (2.47)

with the following relations between the various constants,
cp =c1 +c3, 5 = % (2.48)

Radial conservation of the charge (2.20), associated with the shift symmetry of the dilaton field,

gives an additional relation,

3, (2.49)

leaving us with two independent constants, ¢; and cz.

Plugging in the asymptotic solution (2.42)-(2.47) into the renormalised stress tensor complex
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2.33) and eliminating constants using (2.48) and (2.49) gives the following expression
1 el i i 1 (2.4 he followi i
£ = —2c; + zc3, (2.50)
¥ =0, (2.51)
&Y = —2(z — 1)cay, (2.52)
1,
%, = ze1 — i(zz —z—2)cs, (2.53)
1
1Y, = ze1 — 5(,22 + 2z +2)cs, (2.54)
Py = —2(z — 1)cgy. (2.55)

The modes ¢z, and c3, appear only in the off-diagonal terms of the stress tensor complex and can
be interpreted as the momentum density pv and energy flux (€ 4+ P)v respectively. While they
cannot be related with the other modes in the absence of the full bulk solution, it appears safe to

make this statement, as they show the exact scaling dimensions as required by (2.34).

In this calculation it was essential to include the vector field contribution to the stress tensor
complex in (2.32)-(2.33). The energy flux, given by & = 2s', — s'A;, is divergent if only the
contribution from the s’, term is included but when both terms are present the divergence is
cancelled, leaving behind a finite result for £'. Moreover, the resulting finite energy flux (2.52)
and the momentum density (2.54) are independent in that they involve different eigenmodes of the

linearised solution.

III. THERMODYNAMICS

Having constructed a finite renormalised stress energy complex, we can proceed to study the
thermodynamics of the fluid described by the above holographic dual. We expect to find a perfect
Lifshitz fluid, whose description is invariant under time and space translations as well as rotations,

but without boost symmetry.

The thermodynamic relations that we wish to establish require us to supplement the linearised
solution in the asymptotic region with near-horizon data. This can be done via the Noether charges
that we obtained earlier, even in the absence of an exact (or numerical) solution that interpolates

between the near-horizon and asymptotic regions.
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A. The near-horizon solution

Using similar arguments to those made in [19], we find that an appropriate near-horizon Taylor

series expansion of the various metric and gauge fields in (2.11) and (2.12) is given by,

Fl:flirirh+--- (3.1)
Th
By=h (3.2)
h
F=1 (3.3)
T—="Th
Fi=pot+p—+... (3.4)
Th
N=ng+m—" 4 . (3.5)
T =T,
Gi=g— 4 . (3.6)
Th
Go :m0+m17.;J+“4 (3.7)
h
¢:lo+117:r"+.4., (3.8)
h

where, as before, we are working in the F3 = 1 gauge. The location of the horizon ry, is where g™
vanishes. This means that F5 will have a first order zero at rj,. Also, regularity of the metric in
Eddington-Finklestein coordinates requires Fy to have a first order zero at rj, as well. Finally, Gy
should also have a first order zero at rp, but the remaining fields are regular there.
The near horizon metric is then given by,
dp?

ds* = — frpri7ldt? +
fipry, Thp

+ r2da? + pory (dy + N(rh)rf;]dt)z, (3.9)

where p = r — 1. Making a change of coordinates,

5 4p - 1yt
=2 e, 3T
= t=(fih -1
= (fih1)2 9 (3.10)
the metric takes the following form,
ds* = —p2di® + dp? + rida® + porg (dy + N (ry)ri~ dt)%. (3.11)

After going to Euclidean coordinates, the Hawking temperature is found to be T' = %(flhl)i
1
Meanwhile (using units where 167Gy = 1), the entropy is given by s = ﬁ = dmpgr}, and we

have
Ts = (pofih1) 2™ (3.12)

In the following subsections we consider in turn the static and the moving black branes and compare
this expression to the Noether charge(s) obtained in the near-horizon region. Via the conservation
of the Noether charges, this can then be related to the asymptotic solution and the stress tensor

complex evaluated at the boundary.

123



Paper Il

124

14

The radial gauge conditions F3(r) = 1 and H3(r) = 1 ensure that we can identify the radial
variable 7 in our near-horizon solution with that in our asymptotic solutions and then there is
a straightforward mapping between the frame fields defined in (2.35)-(2.38) and coordinate fields

(2.11), which we can use to evaluate the Noether charges at the boundary.

B. Static Lifshitz black brane

As a warm-up exercise, let us first study thermodynamics of a static Lifshitz brane with general
z given by the static limit of (2.11) by evaluating the renormalised stress tensor at the boundary
and using the method of Noether charges.

For a static black brane we have c3 = 0 and the stress tensor complex in (2.50)-(2.55) reduces

to
£ =2, (3.13)
£ =0, (3.14)
& =0, (3.15)
I = zeq, (3.16)
Iy = zci, (3.17)
P, =0. (3.18)

One can easily verify that the scaling Lifshitz Ward identity (2.30) is satisfied. In fact, s, and
s vanish trivially for the static brane. Identifying —2¢; and —z ¢ as the energy and pressure P,

respectively, we obtain
z€ = 2P, (3.19)

which is the well-known equation of state for a static perfect Lifshitz fluid.
Plugging in the near horizon metric anstaz defined in (IITA) into our Noether charges obtained
in (IIB), we find that Qg vanishes and Q, reduces to

Qo =Ts, (3.20)

with 7' the Hawking temperature and s the entropy density of the static brane. Plugging in the

asymptotic metric ansatz (2.42)-(2.47) into the non-vanishing Noether charge gives
Qu = —(2+2)c1. (3.21)

Equating the right hand sides of (3.20) and (3.21) and identifying £ = —2¢; from (3.13), we get
precisely the Gibbs-Duhem relation expected for a Lifshitz fluid,

&= Ts, (3.22)
or, equivalently,

E+P=Ts. (3.23)



Paper Il

C. Moving Lifshitz black brane

Let us now proceed to repeat the above exercise for the case of interest, that is, a Lifshitz black
brane with linear momentum along one of the transverse directions (which we chose to be the

y-direction without loss of generality).

For a perfect fluid moving in the y-direction the pressure is identified via II*, = —P while
1% = —P — pv? is the combined stress due to pressure and momentum flow along the y direction.

The stress tensor complex for the moving Lifshitz black brane was obtained in (2.50)-(2.55) and

we can read off the energy density, pressure, and momentum flux,
1, 5
E=-2c1+2¢c3, P=—-zc1+ 5(22 —2—2)c3, pv’=(2+2)cs. (3.24)

Using the linearised solution we can easily verify that the Lifshitz Ward identity (2.30) is indeed

satisfied and gives us the equation of state for a perfect Lifshitz fluid in motion,
2€ — pv? = 2P, (3.25)

as hypothesised in [20, 22]. As discussed above, the modes ¢, and ¢z, appear only in the off-
diagonal terms of the stress tensor complex. Although they cannot be related to the other modes
in the absence of an interpolating solution, they do have the right scaling to be interpreted as the
momentum density pv and energy flux (€ + P)v, respectively.

Plugging in the near horizon metric anstaz defined in (IITA) into our Noether charges Q, and

Qg obtained in (IIB), we find that a simple linear combination of the two in fact gives us (3.12).

Specifically,
Qu— 205 =Ts. (3.26)
Plugging in the asymptotic metric ansatz (2.42)-(2.47) into the same Noether charges gives
Qo = @ (—2c1 + z¢3), (3.27)
Qp = (2 +2)c3 = po*. (3.28)

Now use (3.24) and the equation of state (3.25) to express the Noether charges in terms of fluid

variables,
1
Qau=E+P+ 5;)1:2, (3.29)
Qs = pv?, (3.30)

and it immediately follows that the combination of Noether charges in (3.26) gives the Gibbs-

Duhem relation for a moving Lifshitz perfect fluid,
E+P=Ts+pm (3.31)

Interpreting the various boundary data as field theory sources in this manner, we find that the
velocity of the fluid v appears as the chemical potential conjugate to the kinetic mass density p in

accordance with [19, 20].
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Finally, it is interesting to consider the special value of z = 2, for which the Lifshitz scaling
symmetry is consistent with Galilean boost symmetry. In this case, the energy density, pressure,

and momentum flux in (3.24) reduce to
E=—2+2c3, P=-2c;, pv°=dcs, (3.32)

The energy density can be written as the sum of an internal energy density and a kinetic energy
density, & = &+ %p v2. In a Galilean boost invariant system & is simply the energy density in the
rest frame of the fluid and the pressure, P = &, is frame independent. For general z # 2, these

last two statements do not hold.

IV. CONCLUSION AND FUTURE OUTLOOK

In this paper, we have investigated the holographic dual of a perfect Lifshitz fluid with an
arbitrary dynamical exponent, z, moving with a velocity, v. The moving black brane we have
considered is a solution of the Einstein-Maxwell-Dilaton theory, and is obtained by constructing
a new class of metrics that correspond to a black brane having a linear momentum, rather than
boosting a static black brane.

By evaluating the Noether charges associated with various scaling symmetries of our metric,
and equating their values at the horizon and boundary (as they are radially conserved quantities),
we were able to obtain the expected equation of state for the perfect Lifshitz fluid with an arbitrary
dynamical exponent, z ([20]). Moreover we note that the velocity indeed appears as a chemical
potential, conjugate to the dual kinetic mass density ([20], [19]).

By solving the linearised perturbations of the Einstein, Maxwell and dilaton equations, we found
the asymptotic solutions of the metric and gauge fields, and used these to construct the boundary
stress tensor of the fluid. By working in an orthonormal frame and using counterterms similar to
those proposed in [12], we were able to construct the renormalised stress tensor complex and read
off the various thermodynamic variables. The result has the expected form for a non-relativistic
fluid, and satisfies the Ward identity associated with Lifshitz scaling.

There are several interesting questions to be investigated. A straightforward extension of the
present work would be to study the gravitational dual of charged perfect Lifshitz fluids via the
addition of other U(1) fields to the theory, for which the boundary theory that one might need
to study would be that of non-relativisitc electrodynamics coupled to torsionless Newton-Cartan
theory, as explored in [37]. Another extension would be to carry out the analysis performed in this
paper on theories with a non-trivial coupling between the dilaton and cosmological constant, that
is, moving hyperscale-violating Lifshitz geometries, and study the resulting thermodynamics.

Lifshitz holography is still a relatively unexplored area as compared to it’s relativistic coun-
terpart. Following the work done in [22] where the complete first-order energy-momentum tensor
in curved space-time for a fluid without boost symmetry was computed, one can now consider
trying to find the hydrodynamic modes of Lifshitz fluids from quasinormal modes and compare the
results. In this study, we have concentrated on perfect fluids without impurities or lattice effects

which break translational invariance. Physical systems that break boost invariance, however, often
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also exhibit other spontaneous symmetry breaking patterns. While the main objective of the work
carried out in [38] was to provide a general hydrodynamic framework for fluids that break boost
symmetry, it also offers a controlled framework for studying other patterns of symmetry breaking.
It would be of interest to study Lifshitz gravity duals that could model this behaviour, in order
to better understand their microscopics. With the current holographic model for a moving Lif-
shitz fluid established, one can also proceed to calculate two point correlation functions related to
transport and other quantities of interest from a gauge-gravity perspective.
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