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Synopsis

Gauge/Gravity duality is a broad framework in theoretical physics in which strong cou-
pling phenomena in gauge theories for large rank of the gauge groups are mapped to
the dynamics of classical gravity in one higher dimensional space-times with prescribed
asymptotic boundary conditions. This thesis explores how this duality helps us to un-
derstand strongly coupled nonequilibrium physics and improves our understanding of the
phenomenology of nonequilibrium phenomena in general. Though at present we do not
know whether the gauge/gravity duality could apply to an arbitrary consistent four di-
mensional gauge theory, we can indeed hope to achieve a deep understanding of universal
phenomena in strongly coupled conformal gauge theories with gravity duals. We can also
argue that we can use this understanding to create useful phenomenological models for
general nonequilibrium phenomena like decoherence, relaxation and hydrodynamics at
sufficiently strong coupling.

The broader significance of the study comes from the fact that the gravity description
allows us to obtain the exact nonequilibrium evolution in the microscopic theory where av-
eraging is done only over the environmental degrees of freedom or the boundary conditions
but no approximation is done for the microscopic degrees of freedom and their dynamics.
Typically, we do not know how to refine the kinetic description systematically even when
it is valid, for instance we do not know how to evaluate the corrections to the relativistic
semiclassical Boltzmann equation systematically in case of gauge theories. Therefore, the
gauge/gravity duality indeed gives us an opportunity to gain novel understanding into
the origin of irreversibility in microscopic theories in terms of five-dimensional geometry.

Under the gauge/gravity duality five dimensional static black holes with appropriate
masses and charges in the classical theory of gravity map to equilibrium states of the dual
gauge theories at corresponding temperatures and chemical potentials. The temperature
of the equilibrium configuration in the gauge theory is actually identified with the Hawking
temperature of the black hole horizon and the chemical potential is precisely related to
the corresponding charge of the black hole. The thermodynamics of the black holes gives
us the phase diagrams of the dual gauge theories. The gauge/gravity duality also implies
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that any solution of the classical theory of gravity which has a regular future horizon
maps to an appropriate non-equilibrium state of the dual gauge theory with the final
equilibrium condition being given by the asymptotic static black hole geometry.

The fundamental requirement for setting up an instance of gauge/gravity duality
is a well-defined holographic renormalization prescription. In this prescription the fifth
dimension in the theory of gravity is interpreted as the scale of the dual gauge theory
and a formulation is developed through which we can extract the space-time dependent
expectation values of gauge-invariant local operators of the dual (nonequilibrium) state
from the corresponding five-dimensional geometry. This further allows us to define a
scheme for calculating how the anomalous dimensions of these operators and various
couplings run with the scale. Particularly, if the dual gauge theory is conformal, the
geometry in five dimensions is required to be asymptotically locally AdS. Under the
holographic renormalization scheme, the boundary metric becomes the four dimensional
metric in which the dual gauge theory lives while the boundary stress tensor becomes the
energy-momentum tensor of the corresponding state. The classical equation of motion
of gravity allows us to calculate the conformal (or Weyl) anomaly and also implies the
conservation of the energy-momentum tensor.

Gauge/gravity duality for conformal gauge theories defines a universal sector for
large rank of the gauge group and strong 't Hooft coupling. This follows from the fact
that any two derivative theory of classical gravity which admits AdSs x X as a solution
with X being a Sasaki-Einstein manifold, has a consistent truncation to just pure Ein-
stein’s gravity in AdSs;. Moreover, if the five-dimensional solution of pure gravity has a
regular future horizon, it also has a regular future horizon when lifted to the correspond-
ing solution of the untruncated theory. The universal sector in gauge gravity duality can
be defined as the dual of pure Einstein’s gravity in AdSs. Here the dynamics is universal
though the embedding of this sector in the dual gauge theory depends on the details of
matter content and couplings. It has been shown that solutions of pure gravity in AdSs
captures a huge range of strongly coupled nonequilibrium phenomena in the dual gauge
theories like decoherence, early time nonhydrodynamic behavior and also late time hydro-
dynamic behavior in the deconfined plasma phase. The underlying equations governing
these phenomena have to be universal for conformal gauge theories with gravity duals.
However, since gauge fields in the theory of gravity are turned off the dual states have
zero chemical potentials throughout their evolution.

In the first work described in this study, I have explored with Rajesh Gupta which
data in the gauge theory determines the dual five-dimensional spacetime geometry in
the universal sector. We have shown that when the boundary metric is flat, the bound-
ary stress tensor uniquely determines the regular geometry. Holographic renormalization
then implies that if the dual conformal gauge theory is living in flat space, all states in
the universal sector will be determined uniquely by the expectation value of the energy-
momentum tensor and its time evolution. This has not been completely obvious since the
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boundary stress tensor is not Cauchy data from the geometric point of view. However,
we have proved that in the Fefferman-Graham coordinates the boundary stress tensor de-
termines the dual geometry in a power series expansion in the radial coordinate. Further,
there can be two distinct type of pathological boundary stress tensors. The first type
which we call abed (asymptotic boundary condition destroying) stress tensors are those
where in a radial tube the power series expansion can have zero radius of convergence. In
the other case, the power series expansion in the radial coordinate has a finite radius of
convergence but has a naked singularity where the Fefferman-Graham coordinate system
breaks down. When we have a regular geometry, the metric has only coordinate singular-
ity in the Fefferman-Graham coordinates such that at late times the limit of the domain
of validity of these coordinates coincides with the future horizon. This coordinate sin-
gularity can be sufficiently removed by translating to an appropriate coordinate system,
such that the full geometry now has a regular future horizon, which thus gets determined
uniquely by the energy-momentum tensor of the dual state.

In earlier works, it had been shown that one can get non-linear hydrodynamics
in the universal sector of the dual gauge theory from pure gravity in AdSs. This had
been achieved by constructing "tubewise black brane solutions” in gravity, in which in
a given radial tube ending at a given patch in the boundary the geometry locally is a
boosted black-brane parametrized by the local hydrodynamic variables and this solution
is constructed in the derivative expansion where the expansion parameter is the ratio
between the typical spatio-temporal scale of variation of the hydrodynamic variables and
the mean free path given by the temperature of final equilibrium. The constraints in
Einstein’s equations gives us the non-linear hydrodynamic equations of the gauge theory
which contain systematic corrections to the conformal relativistic Navier-Stokes equation.
The transport coefficients appearing at all orders in the expansion can be fixed by requiring
that these solutions have regular future horizons. These solutions had been constructed
in the Eddington-Finkelstein coordinates where they are manifestly regular at the future
horizon.

In our work, we reproduce these solutions in the Fefferman-Graham coordinates.
The comparative advantage is that the constraints simplify and the construction of these
solutions is also manifestly Lorentz covariant. Moreover, one can construct these solutions
for an arbitrary conformal purely hydrodynamic energy-momentum tensor which can be
shown to be free of abed type of pathology. One can also show by translating our solutions
to Eddington-Finkelstein coordinates in a manifestly Lorentz covariant way that for a
unique choice of transport coefficients at every order in the derivative expansion, the
solutions are free of naked singularities at the future horizon. Thus one can conclude
that we have states in the universal sector which are purely hydrodynamic such that the
energy-momentum tensor can be parametrized by the hydrodynamic variables which thus
uniquely specify the state and the dynamics even far away from equilibrium is described
by hydrodynamic equations of motion alone. Our method has been elegantly adapted by
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others in some non-conformal versions of gauge/gravity duality.

The second work described here and done in collaboration with Ramakrishnan Iyer,
has been motivated by the question how does the energy-momentum tensor alone deter-
mines the states and their dynamics in the universal sector. We first try to construct
such states in the weakly coupled regime using well-established techniques. It has been
shown earlier that perturbative nonequilibrium dynamics in gauge theories at high tem-
peratures can be reproduced exactly by a relativistic semiclassical Boltzmann equation
whose collision kernel involves fragmentation and two-body scattering phenomena. We
show that we can indeed construct special solutions of the Boltzmann equation which
are determined exactly by the energy-momentum tensor and its time evolution. We call
these conservative solutions. In fact these are generalizations of normal solutions which
are determined by hydrodynamic variables alone and had been constructed earlier in the
case of the Boltzmann equation and in more refined kinetic theories.

We then argue that these conservative solutions should exist even nonperturbatively
and also when we refine our description such that we are averaging only over the environ-
mental degrees of freedom and the boundary conditions specifying the radiation at infinity
but not doing any approximation for the microscopic degrees of freedom and their dynam-
ics. We also naturally identify the conservative solutions with the universal sector at large
't Hooft coupling and rank of the gauge group as that explains why the states there are
determined by energy-momentum tensor alone. We also confirm that using gauge/gravity
duality one can indeed construct states which are determined by the energy-momentum
tensor alone perturbatively in 1/y/X and 1/N, where X is the 't Hooft coupling and N is
the rank of the gauge group, away from the universal sector limit.

We further reinterpret the tubewise black brane solutions as the duals of normal
solutions at large 't Hooft coupling and rank of the gauge group. Using this, we are
then able to build a complete framework for the entire range of phenomena constitut-
ing the universal sector by systematically constructing the equation of motion for the
energy-momentum tensor which supplementing the conservation condition gives its com-
plete evolution. Any solution to this equation which is conserved can be claimed to give
geometries in the bulk which have future horizons regular up to given orders in two ex-
pansion parameters which measures generic departure from equilibrium for conservative
solutions. This framework has sufficient predictive power to determine all states in the
universal sector (even beyond hydrodynamics) given that the purely hydrodynamic states
up to second order in the derivative expansion are known. We also make preliminary
studies on how irreversibility emerges through the gravity description for long time scales
of observation.

In the third work, described here we shift our focus to a novel nonrelativistic limit
of the gauge/gravity duality. Nonrelativistic versions of the gauge/gravity duality had
been proposed earlier with the hope of being able to design or simulate simple systems
where gauge/gravity duality may actually work concretely. In the same vein, it may be
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useful to obtain some universal features of nonequilibrium nonrelativistic dynamics in
these systems. Here we focus on a particular nonrelativistic scaling limit of the relativis-
tic conformal group which retains the same number of generators, permits an infinite
dimensional extension and is called the Galilean Conformal Algebra (GCA). This algebra
had been obtained in this way earlier and some attempts had been made to construct
Newton-Cartan like gravity which may give duals of GCA invariant microscopic theories.

In this work, we show how one can construct higher derivative hydrodynamics which
is covariant under GCA. From our analysis of the dependence of the shear viscosity and
the higher hydrodynamic transport coefficients on the temperature and pressure, we are
also able to glean important insights into the structure of GCA invariant theories which
allow usual thermalization and how they may be obtained from relativistic conformal
theories or their dual classical theories of gravity. In the future, the analogue of the
universal sector in these dynamical systems obtained by taking the limit of gauge/gravity
duality correctly could be easier to solve due to the appearance of infinite dimensional
symmetry, so this work may be an important step in this direction.

After presenting these works, we would mention future directions of research which
could be immediately attempted and where we may hope to gain valuable insights into
broader aspects of the origins of irreversibility based on the novel questions and more
sharply defined older questions unraveled by our investigations.
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Chapter 1

Introduction

1.1 Motivation

String theory is a very promising candidate for quantum theory of gravity. Probably,
more correctly string theory promises us a complete, unified and simplified microscopic
foundation for the relatively macroscopic theories like the standard model and Einstein’s
theory of gravity which explain most of the phenomena observed today. Over the last
two decades we have indeed tested the mathematical framework of string theory very
stringently, for instance we have successfully counted the degrees of freedom in order to
explain the entropy of certain black holes in terms of an appropriate ensemble of states.
However, we have yet to understand what quantizing gravity really means or how string
theory solves conceptual problems like information loss through Hawking radiation which

occur when quantum mechanics confronts Einstein’s theory of gravity.

String theory, has however expanded the horizons of theoretical physics, by giving
us new frameworks to deal with a variety of many longstanding problems in quantum field
theories and has also given us new insights into nonperturbative aspects of quantum field
theories. Recently, we have found out that there are also sufficient grounds to believe that
string theory will give us new insights into a variety of new and old open problems like
understanding non-Fermi liquids, high temperature superconductivity and turbulence. In
this thesis, we will be concerned with how string theory gives us new frameworks and

tools to deal with many fundamental problems of nonequilibrium physics, for instance



CHAPTER 1. INTRODUCTION

the origin of irreversibility. We will be mostly concerned with nonequilibrium physics of
a certain class of gauge theories, however we will argue that we would be able to obtain a

broader picture of the phenomenology of nonequilibrium phenomena through our study.

Nonequilibrium phenomena of Quantum Chromodynamics (QCD), the microscopic
theory underlying nuclear physics, has recently been accessible experimentally through
Relativistic Heavy Hadron Collider (RHIC). There are strong indications, as we will dis-
cuss later that string theory will be able to give us the underlying fundamental equations
for nonequilibrium processes that have been observed here and will be observed in future
experiments. At present, in fact, there is no other tool to even model real time phenom-
ena in gauge theories in the regime of strong coupling. The quark-gluon plasma that
has been experimentally observed at RHIC at a temperature of about 4 trillion degrees
Celsius, which is higher than the temperature needed to melt protons and neutrons into
a soup of quarks and gluons, behaves like a strongly coupled nearly conformal fluid with
surprisingly small viscosity. The tools offered by string theory are certainly relevant for

these and some other future experiments.

There is, in fact, an even more deeper reason to take the tools offered by string the-
ory to study nonequilibrium phenomena very seriously. For very few systems in nature,
we can develop successful quantum kinetic descriptions to describe nonequilibrium pro-
cesses even if the microscopic constituents of the system are weakly coupled to each other.
In particular, for gauge theories we do not know how to refine the kinetic description of
nonequilibrium dynamics beyond the relativistic semiclassical Boltzmann equation, which
can be shown to be exactly equivalent to the perturbative microscopic description. At
strong coupling, a kinetic theory becomes even harder to construct because often we do
not know the quasiparticles which are the sufficiently stable weakly interacting micro-
scopic states, in terms of which we can obtain such a description. String theory, through
gauge/gravity duality gives us exact equations underlying nonequilibrium processes of a
large class of conformal gauge theories. We will also argue that we can use this to construct
phenomenological equations underlying nonequilibrium processes such that they will be

equivalent to an exact microscopic treatment for a broader class of theories like the QCD.



1.1. MOTIVATION

By being equivalent to exact microscopic treatment we mean that we will only average over
environmental degrees of freedom or boundary conditions specifying exchange of energy,
momentum and charge, but not over the microscopic degrees of freedom or dynamics like
in the case of kinetic approximations. It is therefore, no surprise that we get new insights
and also able to sharply define some old questions pertaining to the origin of irreversibility

in general, through our study.

Gauge/gravity duality is one of the major developments in string theory in the last
decade. Gauge/gravity duality is a concrete realization of the holographic principle which
states that the degrees of freedom of quantum gravity reside at the boundary of spacetime
and has been invoked earlier to solve many puzzles of quantum gravity conceptually.
When the 't Hooft coupling and rank of the gauge group of the gauge theory become
large, the gauge theory becomes intractable by traditional methods of quantum field
theory. However, by gauge/gravity duality, states in the gauge theory get mapped to
smooth solutions of classical gravity in one higher dimensional spacetimes with specific
asymptotic behavior. This theory of classical gravity is given by Einstein’s equation with
usually minimally coupled matter, the content of which depends on the details of the dual

gauge theory.

We will use the framework of gauge/gravity duality to study nonequilibrium physics
of a class of strongly coupled conformal gauge theories. We will be able to obtain a geo-
metric description of nonequilibrium processes of these theories in terms of nonequilibrium

dynamics of black holes in certain class of five dimensional spacetimes.

The plan for rest of this chapter is as follows. We will first introduce the reader
to gauge/gravity duality, in particular how it enables us to obtain the dynamics of the
energy-momentum tensor exactly in nonequilibrium states. Then we will briefly discuss
how equilibrium states are described by stationary black holes and obtain first-order
transport coefficients in the gauge theory through long wavelength and low frequency
fluctuations of these black holes. We will follow this by a discussion on how we can obtain
a universal sector in this class of gauge theories and describe how the dynamics in this

universal sector of states features almost all basic nonequilibrium processes. Finally, we
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will outline the rest of the thesis in which we will study the universal sector in detail to
obtain the fundamental equations underlying basic nonequilibrium processes in these and

other theories.

1.2 Gauge/gravity duality : Dictionary and holographic
renormalization

Gauge/gravity duality in the regime of strong ’t Hooft coupling and for large rank of the
gauge group maps states in the field theory to classical solutions of gravity in one higher
dimension. Holographic renormalization gives us a scheme for defining the spacetime
dependent expectation values of operators in the dual states along with the sources which
couple these operators to the parent theory. This is necessary and sufficient to define the

dual gauge theory through gravity in this regime.

In the setting of holographic renormalization, one may visualize the field theory
state to be living in the boundary of space-time with the radial direction being the scale
of the field theory. Moreover, as we get closer to the boundary we go towards the UV
regime of the field theory while going inwards would be approaching the IR regime of the
field theory. In fact this simple picture often serves as a useful guide for modeling classical
geometries dual to the vacua of some confining gauge theories including QCD, when we
lack a fundamental derivation. Such a picture is also useful in the context of nonrelativistic
versions of gauge/gravity duality. In terms of the on-shell action of classical gravity which
typically diverges, putting a cutoff in the radial coordinate near the boundary includes
more volume of the spacetime, so it follows from the identification of the radial coordinate
with the scale of the field theory that UV divergences of the field theory correspond to
IR divergences of the dual theory of gravity and vice versa. So, gauge/gravity duality is
an instance of UV /IR duality between two theories.

Here we will confine our discussion mainly to conformal gauge theories with gravity
duals. For conformal gauge/gravity duality the classical solutions of gravity dual to field
theory states are required to be asymptotically AdS spacetimes. This conformal version

of the gauge/gravity duality, which historically had been developed first, is also called as
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1.2. GAUGE/GRAVITY DUALITY : DICTIONARY AND HOLOGRAPHIC
RENORMALIZATION

the AdS/CFT correspondence.

A complete prescription for holographic renormalization has now been developed
for these asymptotically AdS spacetimes which are dual to the CFT states at strong
't Hooft coupling and large rank of the gauge group. In conformal field theories, scale
transformation along with Poincaré transformations form a larger group which is called
the conformal group. At the quantum level, the conformal symmetries could be realized
in the theory in a subtle manner which involves adding central charges to the conformal
algebra and allowing anomalous transformation of the energy-momentum tensor under the
conformal algebra. We will also see how holographic renormalization allows us to obtain
these quantum effects in the boundary conformal field theory through solutions of classical
gravity. In our discussion we will focus mostly on the dynamics of the energy-momentum

tensor operator.

1.2.1 Asymptotically anti-de Sitter spacetimes

Five dimensional anti-de Sitter (AdSs) spacetime is a maximally symmetric solution of

Einstein’s equation in presence of a negative cosmological constant,

1
RMN — §RGMN = AGMN, (11)

in five spacetime dimensions. It has constant negative curvature such that,

1
Rpgrs = ﬁ(GPRGQS — GpsGagr), (1.2)

where [ is called the radius of AdSs5 and is related to the cosmological constant through

the relation
6

~%

A= (1.3)

The AdSs metric can be written in the Fefferman-Graham coordinates as follows

l2
ds* = o (dp” + nudztdz") . (1.4)

In these coordinates AdSs space is conformal to the five dimensional upper half plane

(UHP) with the radial coordinate p satisfying p > 0 and p = 0 being the boundary. It is

7



CHAPTER 1. INTRODUCTION

conformal to the UHP, in the following sense that the metric has a second order pole at
the boundary and does not yield an induced metric at the boundary. However one can
define a conformal structure at the boundary by using a defining function r(p, z) which
is positive definite in the interior but has a first order zero at the boundary. Since this
defining function could be otherwise arbitrary, one can define a boundary metric g up

to conformal transformations through the relation

gy = T2G‘p:0- (15)

For instance, if one chooses r = p, then g (2) = . On the other hand, pe??) also
satisfies the property of a defining function and yields g (2) = 62“’(2)77,“,. We can thus

see that we can define the boundary metric only up to conformal transformations.

We define asymptotically AdSs spacetime [1, 2] as a spacetime where the metric

takes the following form in the Fefferman-Graham coordinates,

I y
ds® = ; (dp2 + g (2, p)dzt'dz ) , (1.6)
such that this metric is non-singular upto a finite radial distance from the boundary.
Here non-singular implies even absence of coordinate singularities. Further, g,.(z,p)
should have a smooth limit at the boundary where p — 0 and should take the following

form,

9u(2,0) = 9 (2) + 92w (2)P° + gy (2)p" + Guywp'log (0*) + ... (1.7)

It can be shown that the form of the metric above yields a solution to Einstein’s equation

in presence of a negative cosmological constant in five dimensions.

The above definition of asymptotically AdS5 spacetime can be motivated from the
fact that in such spacetimes one can make a precise one-to-one correspondence [3, 4]
between conformal transformations at the boundary and bulk diffeomorphisms which pre-
serve the form of the metric given by Eqgs. (1.6) and (1.7). Under such diffeomorphisms,
the g, in the five dimensional Fefferman-Graham metric (1.6) transform infinitesimally

as

0guv (2, p) = 20(2)(1 = pd,) g (2, p) + Vypau (2, p) + Viau(z, p), (1.8)

8



1.2. GAUGE/GRAVITY DUALITY : DICTIONARY AND HOLOGRAPHIC
RENORMALIZATION

where V is the covariant derivative constructed from the metric g and a, = g,.a” is

determined by o(z) through the following relation

1

p
a"(z,p) = 5/ dp 9" (z,p)0u0(2,p). (1.9)
0

We can check that under these bulk diffeomorphisms, the boundary metric gy undergoes

a Weyl transformation given by

5g(O)MV(Z) - 20<Z>g(0)uu<z)- (110)

Therefore in asymptotically AdSs spacetimes we can realize the SO(4,2) conformal sym-
metries of the boundary theory kinemetically as the asymptotic symmetry group. For
instance, the uniform scale transformation z — Az, at the boundary with A being a

constant gets lifted to p — Ap, 2 — Az in the bulk.

Henceforth, we will also choose our units such that [ = 1, for the sake of convenience.

1.2.2 Fields in asymptotically AdS; spacetimes

We begin to study gauge/gravity duality at the dynamical level by looking at behavior
of fields in asymptotically AdS; spacetimes. In the Fefferman-Graham coordinates in-
troduced in the previous subsections any field ®(p, z) in the bulk is required to have an

asymptotic expansion of the following form

®(z,p) = p*(P(0)(2) + P2y (2)p” + oo + Pany (2)p™ (1.11)
+B(2n) (2) ™" log (p?) + ...).

We note that the above simply generalizes the asymptotic form of g, (z, p) in the full five

dimensional metric.

Now we may impose the equations of motion on the bulk fields ®(z, p) which in-
clude g, (p, ) in the Fefferman-Graham metric. These equations of motion could be just
linearized perturbation about the AdS5 background or it could be the full nonlinear equa-
tions of classical gravity. In either case, the field equations of motion are second order

differential equations in p, so we have two independent solutions which have asymptotic

9
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a+2n respectively at the leading orders. In most of the examples

behaviors as p* and p
we will be discussing here, n and 2a are non-negative integers, though we can readily

generalize beyond these cases.

The asymptotic form (1.11) of the bulk fields ®(z,p) including g¢,,(z,p) in the
Fefferman-Graham coordinate system is consistent with the field equations of motion
whether we consider the linearized perturbations about the AdSs background or the full

nonlinear equations of the theory of gravity. The universal features are

e All the coefficients in the asymptotic expansion (1.11), ®(oxy(2), for 0 < k < n are
determined algebraically in terms of the coefficients ®(py(2) and their finitely many

derivatives up to order 2k.

e The coefficient ®(2,)(2) of the asymptotic expansion remains undetermined by the
equations of motion. For the linearized equations of motion, this simply follows
from it being the leading term in the solution which is linearly independent of the

one whose leading behavior is p®.

e The coefficient ®s,)(2) is also an algebraic function of ®(g(z) and its derivatives.
Henceforth, we will call

o d(()(2) as the non-normalizable mode,
o ®(9,)(2) as the normalizable mode, and

e D3, () as the anomaly coefficient.

We have made slight abuse of notation here because we are using the word mode for
coefficients of an expansion and not for solutions of the linearized equation of motion, but
indeed the non-normalizable and the normalizable modes give the leading terms of the
asymptotic expansion of two linearly independent solutions of linear perturbations about

AdS5 spacetime.
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In the case of g,,(p, z) in the Fefferman-Graham metric, for instance, the boundary
metric go)uw(2) is the non-normalizable mode, g).,(2) is the normalizable mode and

Gy W(z) is the anomaly coefficient.

The other very important general observation is that, for linearized perturbation
around AdSs, the normalizable mode gets fixed in terms of the non-normalizable mode if
we demand regularity of the solution in the interior of AdSs. However, the normalizable
mode is not a local functional of the non-normalizable mode. This is also true if we solve
the equations of motion order by order in perturbation in some bulk coupling constant.
There is an appropriate generalization of this result when we solve the full non-linear
equations of motion by perturbing around a non-trivial background like the AdS black

brane, but we will come back to this later.

1.2.3 The dictionary of gauge/gravity duality

The fundamentals of the gauge/gravity dictionary were developed originally in [5, 6, 7].

This dictionary can be built around the following tenets :

1. For every bulk field ® there exists a corresponding gauge invariant local operator
in the gauge theory, which we denote as Og. In particular, the metric in the bulk
corresponds to the energy-momentum tensor of the gauge theory and the bulk gauge
fields correspond to the boundary symmetry currents. This one-to-one correspon-
dence between the bulk field and the local gauge-invariant operator can be made
from pure kinematic considerations by studying how they belong to representations
of the SO(4,2) group, and the specific identification of conformal transformations
at the boundary with the appropriate generators of asymptotic symmetry group of

asymptotically AdSs spacetimes discussed earlier.

2. The value of the non-normalizable mode ®g)(z) of the asymptotic expansion of
the bulk field ®(p, z) is identified with the source which couples the operator Og
with the parent gauge theory. The boundary metric, for instance being the non-
normalizable mode for g,,(p, z) in Fefferman-Graham metric, is identified as the

metric on R(3,1) where the gauge theory lives.

11
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3. The partition function of the theory of gravity with the non-normalizable modes
®(0)(2) specified as boundary condition for all the bulk fields ®, corresponds to the
generating functional of correlation functions of all local gauge-invariant operators
Og. We can put this compactly as

ZString [(I)(O)] - /

@%@(0)

D® exp(—S[P]) =< exp (—/CD(O)O@) >orr - (1.12)

Further at strong 't Hooft coupling and for large rank of the gauge group, the dual
string theory can be approximated by a classical theory of gravity which is usually

a supergravity theory, so that the relation above in this limit reduces to

SSupergravity,on—shell [(I)(O)] ~—<exp (_ / CI)(O)O‘I)) >QFT . (113>

Since this saddle point approximation becomes exact at strong 't Hooft coupling and
large rank of the group, any smooth asymptotically AdSs solution of the equations

of motion of gravity will be dual to an appropriate state in the gauge theory.

These tenets, however, are not sufficient for gauge/gravity duality. One important reason
for insufficiency is that the on-shell bulk action of gravity is usually divergent. To give
meaning to the gauge/gravity duality we have to now implement holographic renormal-

ization.

1.2.4 Holographic renormalization : General procedure and re-
sults

We now outline the general procedure for holographic renormalization [8, 9, 10, 11, 12]
which makes the gauge/gravity dictionary mentioned in the previous subsection concrete

(please see [13] for a review). This procedure consists of the following steps.

1. Regularization : The most convenient way to regularize the on-shell classical
action is to evaluate the Lagrangian density and the volume density of spacetime
in Fefferman-Graham coordinates and restrict the range of integration of the radial

coordinate p, for p > €, with €/l being a small parameter. We would like to remind
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the reader that the classical action of gravity also should contain boundary terms
so that we can define a variational principle for the bulk fields ®(z, p) with the
Dirichlet boundary condition at the boundary schematically denoted as ® ~ @
and has been mentioned in the previous subsection as a basic requirement of the
gauge/gravity dictionary which relates the on-shell bulk action of gravity with the
generating functional of QFT correlators. For example, in case of the bulk metric
we require the Gibbons-Hawking term. These boundary terms have to be evaluated

at p = € for this regularization procedure.

The full classical on-shell action with the boundary terms will now have a finite

number of pieces which will diverge as ¢ — 0 and these can be organized in the form

Sreg,on—shell [(I)(O)(Z)v 6] = / d42\/ 9(0)(Z)[5_Va(0)(2’) (1.14)
p=¢€

+€_V+1(I(2)(Z) + ... —loge a@,(2) + O(eo)],

where v is a positive number that only depends on the scaling dimensions of the
dual operators. Further,

(a) a(ar)(2) are algebraic functions of the non-normalizable modes ®(g)(2) and their
finitely many derivatives,

(b) these divergences do not depend on the normalizable modes (9, (2).

The logarithmically divergent term can be shown to be related to the conformal

anomaly of the dual field theory.

. Functional inversion : In this step we invert the asymptotic series (1.11) func-
tionally to obtain the non-normalizable mode ®(g)(2) as a functional of ®(z,€). This
is clearly possible only up to certain orders of € as ®(z, €) is also determined by the
normalizable mode ®(2,)(2). Up to certain orders of e the functional inversion will
always be possible and further all the coefficients of expansion in € will be algebraic

functions of the non-normalizable modes ®(g)(2) and their finitely many derivatives.

. Getting counterterms : We can finally remove all the pieces of the on-shell action

which diverge as e — 0 by rewriting all the divergent coefficients a(ax)[P()(2)] as
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a@m|[P(2,€), €| and then adding the counterterm action to the regularized action

which removes all the divergent pieces. This counterterm action should simply be
Set[P(z,€), €] = —divergent terms of Sregon—sheu[P(0)(2); €. (1.15)

This counterterm action thus lives on the regulated surface p = € where the induced
metric is 7, = ¢, (%, €)/e. Further this action by construction is covariant and can
be expanded in powers and logarithm of the scale € with the coefficients being local
functionals of the fields living on the regulated surface. This exactly captures the
nature of the counterterm action of the dual field theory which can also be expanded
into powers and logarithm of the scale with the coefficients being local covariant
functionals of the operators defined at the same scale. The scheme dependence also
arises in both cases through the freedom of adding local covariant terms of O(€?)
such that they give finite contributions when the cutoff is removed by taking the

limit € — 0.

4. Defining the renormalized action by taking limit and removing cutoff :
The final step of the procedure is to define the renormalized on-shell bulk action
which is now identified with the generating functional of QFT correlators giving the
expectation values of local gauge-invariant operators in CFT states and correlation
functions in a well defined scheme. This renormalized action can be defined as
follows. We first denote the cutoff-dependent action subtracted of the divergent

pieces as S, such that
Seub|P (2, €); €] = Sregon—sheu[P0)(2); €] + Set[P(2, €); €] (1.16)
Now the renormalized action can be defined as

Sren|P(0)] = lir% Ssun|P (2, €); €. (1.17)
€E—

To obtain expectation values of operators and correlation functions we actually need both

S.up Which is a functional of the bulk fields and S,.,, which is a functional of the sources
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because we need to perform functional differentiations before taking ¢ — 0 limit. The

precise gauge/gravity dictionary is now

Sren[(b(O)] =—<exrp (—/‘I’(o)Qb) >QFT - (1-18)

The general results for expectation values of operators and n-point correlation func-

tions obtained through holographic renormalization are.as follows.

1. Expectation values of local gauge-invariant operators : It follows from (1.18)
and the first basic tenet of the gauge/gravity dictionary that
L 05ren

VIO 0P

< Op >=

(1.19)

Using the relation (1.17) it follows that

) 11 6Sew
< Op >= 11_1)% (64_0‘ﬁ5@(z’6)) . (120)

Explicit evaluation yields
< Ogp >= Z@(gn)(z) + C(Q(o)(z)). (1.21)

Here Z is a numerical coefficient which is scheme independent and C(®(y) is a
scheme dependent local functional of the sources ®(g) so that it yields contact terms
to multiple point correlation functions which can be obtained by further functional
differentiation with respect to the sources ® . This is true whether we are studying
linearized fluctuations in response to sources about the AdS5 spacetime correspond-
ing to the vacuum of the dual theory, or an arbitrary smooth asymptotically AdSs

solution of classical gravity dual to a state in the CFT.

In particular, it turns out that by an appropriate choice of scheme [9],

3 1

<tw >= gy + 59w — g90wl(Tr 92)° = Tr gy (1.22)
1 1
_§<g(22))/u/ + Zg(Z)HVTT 92,

where all traces involve appropriate raising or lowering with the boundary metric

g(oyuw OF its inverse. Using equations of motion g(2),,, and gy, get determined as
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a local covariant functional of g(g),., the explicit forms of which will be given soon.

ma
The above also needs to be multiplied by 1/47G y, but we will drop this prefactor.
This will contribute to the dependence of the energy-momentum tensor on the rank
of the gauge group. We observe that < ¢,, > indeed conforms with the general form

of < Og > as given in (1.21).

2. Correlation functions : The correlation functions can be obtained from the exact
one-point function by functional differentiation. Using (1.21),we obtain,

1 0P 2n)(2)
(=1) Z(gcpo(g;l)...é@(o) ()

< O¢(21)...09(x,) >= lpg—0 + contact terms, (1.23)

where the contact terms are scheme dependent.

We can determine the vacuum expectation value of ®(,,) as a functional of the
source @) using bulk perturbation theory through the solution for ®(p,z) which
is determined in the bulk using an arbitrary source ®()(z) and requiring it to be
regular in the interior. At each order in the perturbation expansion, the asymptotic
form of ®(p, z) takes the same form as in (1.11), however the functional dependence
of ®(9,) on @ (g is truncated up to a given polynomial order in @ . To obtain two-
point function for example, it would be sufficient to know the linear dependence of
the expectation value of the operator on the source. In fact, the two point function
would basically be the ratio of the normalizable and the non-normalizable mode in

the solution of the equations of linearized fluctuation about AdSs.

1.2.5 Trace anomaly and the Ward identity for energy-momentum
conservation

The dynamics of the energy-momentum tensor operator in conformal field theories has
a lot of subtleties at the quantum level. At the classical level, the energy-momentum
tensor transforms homogeneously under conformal transformations but at the quantum
level it picks up inhomogeneous pieces which are just c-numbers (spacetime functions).
Also, the energy-momentum tensor in conformal field theories is classically traceless, but

at the quantum level it is not and its trace is called the trace anomaly. These have their
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origins in the fact that the conformal algebra at the quantum level itself gets modified
by central charges. The central charges fix the transformation of the energy-momentum
tensor. Conversely we can know the central charges by obtaining the trace anomaly.
The conformal algebra for four dimensional quantum field theories can have two central
charges. In four dimensions, further, the inhomogeneous pieces in the transformation of
energy-momentum tensor and the trace anomaly occur only when appropriate curvature
invariants constructed from the background metric do not vanish. It is remarkable that
all these subtleties can be reproduced by classical gravity in five dimensions holographi-
cally. The conservation of energy and momentum, however, usually does not suffer from

anomalies in quantum field theories and this is also reproduced unaltered holographically.

We will first obtain the trace anomaly and the Ward identity for energy-momentum
conservation holographically. These follow from solving the equations of motion of g,, in
the Fefferman-Graham metric asymptotically. The general result is that the Ward iden-
tities, with or without anomalies, can always be determined by solving the equations of
motion asymptotically. In the previous subsection we have mentioned that we can always
find a scheme such that
<t >= guyw + a local covariant functional of the boundary metric.

We have also mentioned in subsection 2 that solving the equations of motion asymptoti-
cally do not determine g(4),,, completely, but they do determine the trace and divergence
of gy Thus we obtain the trace anomaly and the Ward identity for conservation of

energy and momentum respectively.

As we will see in detail in Chapter 3, equations of motion of classical gravity for g, in
the Fefferman-Graham metric can be decomposed into a equation for the radial evolution
in the boundary metric, which is two-derivative with respect to the radial coordinate and
a pair of constraints which are scalar and vector in structure and single-derivative with
respect to the radial coordinate. We use the power series ansatz (1.7) for g, and expand
the constraint equations order by order in powers of the radial coordinate. If the equations

of motion are just Einstein’s equations with a negative cosmological constant, the first
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non-trivial equations in the Taylor expansion of the radial evolution equation yields [9]

1 1
9guw = 5 (R;u/ - éRg(O)uu> . (124>

The radial equation also determines the anomaly coefficient g4 as [9]

_ 1 L1 1
9(4)/“, = gR#ypng + EVHVVR - 1—6sz“1, (125)
1 1 1 1
——RR,, + (—=V?’R+ —R*>—- —R,,R"” )
24t + (g V R+ G610 = g5 e B )g000

The radial equation leaves g(s),, undetermined. The first non-trivial equations in the
Taylor expansion of the vector and scalar constraints give the divergence and trace of
G(a)w respectively. Using (1.22) we can convert these to obtain the divergence and trace

of t,, which are [8, 9]

Vot = 0, (1.26)
1
Tri=ZUTr go)* =T giy); (1.27)

where T'r implies appropriate raising or lowering with the boundary metric g, or its
inverse, V is also the covariant derivative constructed from g),, and g(z)u, is as given
by (1.24). The first equation above implies the Ward identity for energy-momentum

conservation. We can rewrite the second equation as,

1
where
1 vV po 174
E, = 6l (R*" Ryypy — AR R,,, + R?) (1.29)

is the Euler density in four dimensions and

1 Vpo 4 1
I, = _6_4 (R“ P R,ul/po — 2R" RHV -+ §R2) , (130)

is a four dimensional conformal invariant. The coefficients of each of these terms yield the
appropriate central charges which turn out to be exactly the same as in weakly coupled

N = 4 super Yang-Mills theory, indicating a non-renormalization theorem for protection
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of these central charges for this theory, and universality for all conformal field theories

with gravity duals at strong 't Hooft coupling and large rank of the gauge group.

To obtain the transformation of the energy-momentum tensor under S0(4,2) trans-
formations we first simply calculate how the coefficients of asymptotic expansion of
g, transform under bulk diffeomorphisms which preserve the asymptotic form of the
Fefferman-Graham metric (with (1.8) and (1.9) as consequences) and then obtain the

transformation of < ¢, > using (1.22). Doing these we obtain [9],

1 1
0 <ty >= =20 <ty > =200y, + ZVPU[V,,R,W - §(VMRW +V,R,,) (1.31)
1 1 1
_BRQ(O)W] + E(VMUVVR +V,oV,R) + ER<VMVVU - VQUQ(O)/W)

+é(RWV2‘7 — (R,V, Vo + RV, V,0) + g0 R VIV ).
Finally, substituting (1.25) above in (1.31), we obtain the conformal transformation of
the energy-momentum tensor. We readily see that if the boundary metric is flat, the
energy-momentum tensor transforms homogeneously under conformal transformations.
The above transformation is just the four-dimensional generalization of the relatively well
known result for the two dimensional conformal energy-momentum tensor in conformal

field theories given by
§ <ty >= T(;(v#vya — Gy V20), (1.32)

where c is the central charge of the Virasoro algebra and gy, is the background metric

on which the two dimensional theory lives.

Specializing to scale transformations so that o appearing in (1.31) is a constant,
we obtain the renormalization group flow of the energy-momentum tensor. The same
procedure can be applied to all other operators. That we need to solve the equations
of motion only asymptotically should have been obvious in hindsight, because we only
need the ultraviolet behavior of the theory to obtain renormalization group flow and the

ultraviolet in the field theory corresponds to the asymptotic region in the bulk.
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1.3 Gauge/gravity duality at finite temperature : Equi-
librium, quasinormal modes and transport coef-
ficients

Gauge/gravity duality at finite temperature is, in principle, derivable from the dictionary
at zero temperature discussed in the previous section. However, it is possible to approach
this more intuitively from the gravity point of view and then verify or test the consistency
of the rules at finite temperature. We can also generalize to the case where we have finite

chemical potential however we will not have much to say about this here.

We know that stationary black holes classically behave like thermodynamic objects
such that one can define thermodynamic functions and identities on the space of stationary
black hole solutions [14, 15]. For stationary black holes which are solutions of Einstein-
Maxwell theory, the surface gravity on the black hole horizon can be identified with the
temperature, the area of the horizon can be identified with the entropy, the mass of the
black hole can be identified with the total internal energy. Moreover, these black holes
also behave very much like equilibrium states dynamically. For instance, for all dynamical
processes in which the black hole interacts with gravitational radiation or minimally
coupled well behaved matter, the event horizon can only increase in area monotonically, in
perfect agreement with the fact that it can be identified with the entropy. Similarly, for any
dynamical process at sufficiently late times the black hole hole event horizon should have
uniform surface gravity, which we can reword as coming to thermal equilibrium. These
thermodynamic properties also belong to black holes in asymptotically AdS5 spacetimes
which are solutions of Einstein’s gravity with a negative cosmological constant, minimally
coupled to well behaved matter. It would thus be natural to identify these five-dimensional

black holes with equilibrium states of the dual gauge theory.

Five dimensional black holes in asymptotically AdSs spacetimes can have many
horizon topologies. It turns out that the horizon topology is the same as the topology
of the boundary. Gauge/gravity duality fixes the topology of the boundary to be R(3,1)
and boundary metric to be the Minkowski metric 7,, because here we are interested in

studying the dual gauge theory in Minkowski space time. So, the appropriate black hole
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solution is

2 4
b (de? + dy? + d2?), f(r)=1-—"2 (1.33)

)
7,4

dr
r2f(r)

where r = r( is the location of the three dimensional planar horizon at a given moment of

ds* = —r?f(r)dt* +

time. One can consider a larger family of solutions by boosting the boundary coordinates
(t,z,y,2). We can replace dt by u,dz", where u/ is a timelike unit vector in Minkowski
space such that wu”n,, = —1, so that we achieve Lorentz covariant parametrization.
We can construct a covariant projection tensor, P,, = u,u, + 1,,, which projects in the
spatial slice orthogonal to u*. Using these, we can readily construct a larger family of

solutions given by

dr?
r2f(r)

This family of solutions for reasons we will not mention here, are known as boosted black

4
+ 7"2PWdz“dx”, fry=1- :—2. (1.34)

ds® = —r* f(r)u,u,detdx” +

brane solutions. One can easily see why such a family of solutions parametrized by three
velocities in the boost u* and ry exist in the following way. For large r which is the
asymptotic region, f(r) ~ 1 and the solution (1.33) becomes pure AdS; space. The
full SO(4,2) asymptotic symmetries are broken to SO(3), the group of spatial rotations
in x,y,2z coordinates in the interior. Among the symmetries broken by the solution,
the boost and the scale transformation form the generators of the mazimally commuting
subgroup of broken symmetries. We can thus form a family of solutions by applying
boost and scale transformations to the solution (1.33). Applying scale transformations
(r — r/X\ zt — Az#), we generate a solution which takes the same form as (1.33) with
the new horizon at ro/A. On applying boost to the boundary coordinates, we arrive at

the most general form of the metric given by (1.34).

We can convert the boosted black brane metric (1.34) into Fefferman-Graham co-
ordinate system, in which the metric has no coordinate singularity till the horizon. We
will give explicit form of this metric in Chapter 3. We also note that when the boundary
metric is 7),,, the expectation value of the energy-momentum tensor as given by (1.22)
is £, = g(4)w- From the metric in Fefferman-Graham coordinates we can extract gy, .

After doing an appropriate uniform scaling which preserves the Fefferman-Graham form
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of metric, we obtain from (1.34),

= (0T) (g, + ). T =22, (1.35)
In the above form, the energy-momentum tensor is exactly the form as that of thermal
blackbody radiation and in fact, in any conformal theory, one can define the temperature
T such that it takes this form. When w* = (1,0,0,0), i.e. when we consider (1.33),
we have t,, = diag(e, P, P, P), with the energy density ¢ = 3(xT)* and the pressure
P = (xT)* This gives support to our contention that (1.34) is the gravity dual of the
thermal equilibrium state. We emphasize here that in this solution the normalizable
and non-normalizable modes of all fields except the non-normalizable dilaton which is
set equal to a constant equal to the Yang-Mills coupling, vanishes by the holographic

renormalization scheme discussed earlier.

We will describe the elegant prescription suggested in [16] for obtaining thermal
retarded correlators. Retarded correlators, as we know, measures the causal response
to a source in a field theory such that it vanishes outside the future light cone. The
most intuitive way for ensuring causal response in the theory of gravity is to replace
the condition for regularity of solutions in the interior of AdSs; with the incoming wave
boundary condition at the horizon. We know that black holes should indeed only let probe
waves to fall inside realistically and never come out, if we choose the direction of time !
such that the gravitating system of the black hole and the waves reach thermal equilibrium
corresponding to a stationary black hole for large times. This boundary condition at the
horizon now determines the normalizable mode in terms of the non-normalizable mode.
The two point function then by the application of the remaining usual rules to be applied
to the asymptotic form of the solution as described before, turns out to be the ratio of the
normalizable and the non-normalizable mode. To be more concrete, the general solution

for a bulk field ®(r, ¢, z,y) corresponding to a linearized perturbation around (1.33) is,

d(r,t,z,y) = Alw, q) exp(—iwt +iq.x)r 2= (1+...) + (1.36)
B(w, q) exp(—iwt 4 iq.x)r 2+ (1 4 ...),

IThe time reverse of this situation will correspond to a white hole.
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with A_ < Ay and A, > 0. In Fefferman-Graham coordinates p = 1/r + O(1/r?), 2** =
x* 4+ O(1/r), this implies that A(w, q) is the non-normalizable mode or the source and
B(w, q) is the normalizable mode or the response. The incoming wave boundary condition
at the horizon uniquely determines B(w, q) as a function of A(w, q). Further the two point
retarded thermal correlator in Fourier space is

B(w, q)

< 0404 >Rp= Z.A(w,q)

+ contact terms, (1.37)

where Z is a scheme independent constant. One can also prove that the retarded correlator

has a pole only when A(w, q) vanishes [20].

From the point of solution of linearized perturbation about the black brane, the
vanishing of the non-normalizable mode A(w, q) and the incoming wave boundary condi-
tion at the horizon give very special solutions for ®(r,¢,z,y, z). Such solutions are called
quasinormal modes. Therefore, by the prescription mentioned above, the poles of the
retarded correlators of the boundary theory occur if and only if the dispersion relations

corresponding to quasinormal modes are satisfied.

We will concentrate here on the quasinormal modes of the metric with the underlying
bulk theory of gravity being just Einstein’s equation of motion with a negative cosmo-
logical constant. The features we are going to describe will persist even when we couple
matter minimally to Einstein’s equation for pure gravity. In any physical system capable
of equilibration, the long wavelength and low frequency perturbations about equilibrium
correspond to hydrodynamic dispersion relations, leading order terms of which can be
obtained from the Navier-Stokes equation. The hydrodynamic dispersion relations are of
two types, one corresponds to the sound branch which is longitudinal to the direction of

propagation and is given by
w = Fv,q +ils¢* + O(¢?), (1.38)

and the other one corresponds to the shear branch which is transverse to the direction of
propagation and is given by

w = —img’ + O(¢°). (1.39)
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Here, v, is the speed of sound, I' is called the sound diffusion constant and -, is called
the momentum diffusion constant. I'y and ~, are related to the bulk viscosity ¢ and shear

viscosity 7 through
1 1 4 n

o p Ty T E

Now the quasinormal modes of the metric, using symmetries preserved by the black

(1.40)

brane, tracelessness, and conservation of energy and momentum can be divided into a
scalar channel, a longitudinal sound channel and a transverse shear channel [20]. Each
channel corresponds to a linear combination of various combinations of the components of
metric perturbation such that they are invariant under diffeomorphisms at the linearized
level. The scalar channel has no branch which can have both low frequencies and long
wavelengths. The sound and shear channels remarkably have a branch each of the forms
(1.38) and (1.39) respectively [17], with

1 1 1

s — T —» Fs:_7 = - 1.41
T 6r7° " 4xT (141)

We can identify these quasinormal modes with the hydrodynamic branches of the dual
conformal field theory. The speed of sound is 1/v/3 of the speed of light in any conformal
field theory and simply follows from the Euler equation obtained by taking the divergence
of the energy-momentum tensor (1.35) at local equilibrium where 7" and w,, are functions
of space and time and demanding that it should vanish owing to energy-momentum con-
servation. The energy-momentum tensor should receive higher derivative corrections but

this does not alter the speed of sound. Using (1.40) further we obtain from (1.41) that
(=0, 1=~ (1.42)

where s is the entropy density defined through the thermodynamic relation s = OP/0T =
47473, The vanishing of the bulk viscosity again follows from conformal invariance. The
result /s = 1/4m, conveniently for a dimensionless quantity, can in principle depend on
the gravity theory in the bulk concerned. However, one can prove that n/s = 1/47 is
true for any two-derivative theory of gravity [21]. This result for n/s is thus universal

for all strongly coupled gauge theories with gravity duals for large ranks of the gauge
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group.? The charge diffusion constants and all other first order transport coefficients can
be similarly obtained from appropriate low frequency and long wavelength quasinormal

modes of bulk gauge fields and metric.

The quasinormal modes of the metric in all the three channels have infinite branches
of higher overtones in the lower half plane, i.e. with negative imaginary values of frequen-
cies, as well [20]. The presence of infinite tower of overtones is a generic feature of
quasinormal modes. The meaning of the higher overtones is not clear. We will argue
in chapter 3 that these higher overtones should be excised and have no interpretation
as constituting the spectrum of the boundary theory with the thermal open boundary
condition. However, we will also argue that they could be interpreted as peculiar kind of

resonances in a certain precise sense that needs explicit confirmation in the future.

In any case, the hydrodynamic branches of excitations, can be obtained from solu-
tions of the full non-linear equations of motion, just like the equilibrium energy density
and pressure. This follows from the obvious generalization of gauge/gravity duality to
the case of finite temperature. Any solution of the equations of motion of the classical
theory of gravity which has a regular future horizon and is an asymptotic AdSs space-
time with appropriate behavior for all fields will be dual to a specific non-equilibrium
state of the gauge theory at strong 't Hooft coupling and large rank of the gauge group,
where the saddle point approximation in gravity becomes exact. The final temperature of
the horizon is identified with the temperature of the gauge theory. We will describe the
solutions which reproduce hydrodynamic behavior in the boundary in the next section.
The transport coefficients which can be defined through linear response theory calculated
from solutions of the full non-linear equations of motion of gravity, agree with the results
obtained from dispersion relations of quasinormal modes. We will investigate the reason

for this agreement in chapter 2.

2There is also a conjecture [18], which can be motivated from the uncertainty principle, that 1/4r is
the lowest possible value for n/s. For a review, please see [19].
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1.4 Universal nonequilibrium phenomena in gauge/
gravity duality

In all instances of gauge/gravity duality which have concrete embedding in string theory,
the gauge theory is supersymmetric with at least A/ = 1 supersymmetry and the theory
of gravity in the bulk is a ten dimensional supergravity which needs to be reduced to
five dimensions. If the gauge theory is conformal as well, the Poincaré algebra gets
enhanced to superconformal algebra in which the R symmetry subgroup needs to be
included for closure. This superconformal algebra needs now to be the super isometries of
the ten dimensional background dual to the vacuum of the gauge theory generalizing the
realization of the conformal algebra as the asymptotic symmetry group of asymptotically
AdS5 spacetimes. Such backgrounds are of the form of AdSs; x X, with X being a Sasaki-

Einstein manifold, whose isometries generate the R symmetry subgroup.

When the supergravity is reduced to AdSs, the five dimensional reduced theory is
a gauged supergravity, where the R symmetry group forming the group of isometries of
X, is gauged. The gauge transformations in the bulk get mapped to global symmetries
in the boundary in the usual way. We will be mainly interested in such ten dimensional
supergravities which contains AdSs; x X as a solution, with X being a Sasaki-Einstein
manifold. We will show that the class of superconformal gauge theories which can be
holographically defined at strong 't Hooft coupling and large rank of the gauge group
through five dimensional gauged supergravities obtained by dimensional reduction of such
ten dimensional supergravities having AdS; x X as a solution, contains a universal sector
of dynamics 3.

The universal sector can be obtained as follows *. One can prove that all ten
dimensional supergravities mentioned above has a consistent truncation of their equations

of motion, to pure gravity described by Einstein’s equation with a negative cosmological

3The universality can happen even when we have nonconformal versions of AdS/CFT or consider
specific 1/N and finite coupling corrections in the conformal case [22, 23].

4This should not be confused with the same term used in some other contexts in string theory, like
the universal sector in open string field theories which are studied in the context of tachyon condensation
[24].
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constant in five dimensions. However, this by itself is not enough. We know by the
gauge/gravity dictionary we need solutions of gravity to have regular future horizons in
order to map to states in the gauge theory. So, we require that all such smooth solutions
of pure gravity in five dimensions must lift to smooth solutions in ten dimensions. This
indeed turns out to be the case as the lift of the metric from five to ten dimensions
do not involve any warping. Thus we can define a universal sector for the entire class
of superconformal gauge theories mentioned at strong 't Hooft coupling and large rank
of the gauge group as the dual of pure gravity described by Einstein’s equation with a
negative cosmological constant in five dimensions. The embedding of the universal sector
in the full theory will depend on the details of the theory but the dynamics for all states

within this sector is exactly the same in all theories within this class.

Solutions of five dimensional pure gravity described by Einstein’s equation with a
negative cosmological constant, with regular future horizons, have been shown to capture
a whole range of nonequilibrum behavior like hydrodynamics, relaxation and decoherence
(for a recent review please see [29].). The most studied class of solutions are boost-
invariant and it has recently been shown that such solutions qualitatively capture both
the non-hydrodynamic early time evolution [28] and the late time hydrodynamic evolution
[25] of the QCD quark-gluon plasma formed at RHIC. However, we still lack precise
tools to decode nonequilibrium behavior in the gauge theory from the five dimensional
geometry mainly because the phenomenology of generic nonequilibrium processes is not
well developed. One of the aims of this thesis is to make concrete progress in this direction
by postulating the most general phenomenological equations of nonequilibrium processes
in the universal sector. At the intuitive level, we know for instance, horizon formation in
the bulk should describe decoherence in the gauge theory ®, but we do not know how to
demonstrate this concretely in a very generic way. The most remarkable advance recently

made has been to understand how generic hydrodynamic behavior in the gauge theory

5An example of interest is the formation of quark-gluon plasma through collisions of gold nuclei at
RHIC, which happens spontaneously without the direct influence of environment. Strictly speaking,
such systems are never isolated since they may lose energy through low energy radiation and we need to
average out the boundary conditions determining the radiation escaping to infinity appropriately, so that
the final equilibrium state is specified.
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can be reproduced by solutions of pure gravity (for a review please see [27].). We will now

describe these solutions briefly. We will call these tubewise black brane solutions.

These solutions, first obtained in [26], are manifestly regular at the horizon in ingo-
ing Eddington-Finkelstein coordinates and can be constructed in the so-called derivative
expansion. We start from the boosted black brane solution in Eddington-Finkelstein
coordinates and then make the four-velocity u* and the temperature 7' functions of the
boundary coordinates. This metric no longer is solution of Einstein’s equation however we
can correct the metric order by order in derivatives of the four-velocity and temperature
with respect to the boundary coordinates. These solutions thus approximate a boosted
black brane at every radial tube emanating from a patch in the boundary and the local
values of the velocity and temperature parametrize local equilibrium of the boundary fluid.
The dimensionless parameter controlling the derivative expansion is the ratio of typical
spatio-temporal scale of variation of the hydrodynamic variables and the temperature of

final equilibrium.

At the first order in the derivative expansion, the solution in ingoing Eddington-

Finkelstein coordinates is

ds® = —2u,dz"dr + G, dx"dx”, (1.43)
1
G = 1P, + (—7’2 + W) w,u, + 2r°bF (br)o,, —

r ((u.a)uﬂuy - guuuv(a“)) ’

(log ((“ e + ”) —2arctan(:c)+7r),

F(x) =

R

x4

with b(z) = 1/(7T'(x)) = 1/r¢(x) and o, being the relativistic hydrodynamic shear-stress

tensor whose explicit form is

1 1
Ouw = QPMQPVB(aaUﬁ + Ogua) — §P;waoc“a' (1.44)

Further, the hydrodynamic variables constituted by the four-velocity and temperature

should satisfy the relativistic Navier-Stokes equation and can be written in terms of the

28



1.4. UNIVERSAL NONEQUILIBRIUM PHENOMENA IN GAUGE/ GRAVITY

DUALITY
expectation value of the energy-momentum tensor as
0"ty =0, (1.45)
e 1
O T

The relativistic Navier-Stokes equation above follow from components of Einstein equa-
tions which could be interpreted as constraints, while the dynamical equation is a two-
derivative equation describing evolution of G, in (1.43), purely in the radial coordinate.
The metric and the fluid dynamical equations receive systematic higher derivative cor-
rections order by order in the derivative expansion. The metric and the fluid mechanical
equations are explicitly known up to second order in the derivative expansion. At each
order in the derivative expansion, the dynamical equation of pure radial evolution remains
the same, however the source term in the right hand side of this equation changes. We will
have more to say about the structure of the metric and higher derivative Weyl covariant

hydrodynamics we thus obtain later.

We readily see from (1.45) that the bulk viscosity of the hydrodynamics in the gauge
theory vanishes and the dimensionless ratio of the shear viscosity and the entropy den-
sity, /s is 1/4m. We thus reproduce the first order hydrodynamic transport coefficients
obtained in the previous subsection. However, this method of obtaining higher derivative
hydrodynamics from the tubewise black brane solutions is more powerful as we can gen-
erate the full non-linear equations of hydrodynamics of the gauge theory while obtaining
those higher order transport coefficients which cannot be defined through linear response
theory. Further, these hydrodynamic equations are universal for this class of gauge the-
ories at strong 't Hooft coupling and large rank of the gauge group, as they have been

obtained from solutions of pure gravity holographically describing the universal sector.

We also find a very generic feature here which we will prove in the case of hydro-
dynamic stress tensors in the next chapter. The phenomenological transport coefficients
appearing in the expansion of the energy-momentum tensor in the most general hydrody-
namic ansatz consistent with Weyl covariance, get fixed uniquely by requiring the solution
to have a regular future horizon. We will make a more general claim for solutions dual to

nonequilibrium states which end up in thermal equilibrium in chapter 3 which will apply
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to even nonhydrodynamic states.

The dimensionless quantity n/s for the QCD quark-gluon plasma formed at RHIC
is about 0.3 which is tantalizingly close to 1/4m. It remains to be seen if the higher order

transport coefficients are close to the values of the same for QCD quark-gluon plasma

formed at RHIC.

1.5 Plan of the rest of the thesis

The plan for rest of the thesis is as follows. In Chapter 2, we will prove some general results
about states in the universal sector. Here we will mainly use methods of gravity. We will be
able to prove that the states in the universal sector and their dynamics can be completely
determined by the expectation value of the energy-momentum tensor alone. Further,
studying the structure of tubewise black brane solutions we will show that there are
purely hydrodynamic states in the universal sector which can be completely characterized
by hydrodynamic variables, and their dynamics can also be completely determined by the

equations of fluid mechanics, even far away from equilibrium.

In chapter 3, we will try to obtain effective equations of motion for all states in the
universal sector and argue that these equations are sufficient to model basic nonequilib-
rium processes even for states outside of the universal sector. We will show that we can
construct these equations systematically in two expansion parameters. Here, we will use
results from chapter 2, however we will mainly be using kinetic theory methods. We will
also obtain conjectures for the regularity condition on all asymptotically AdS5 solutions

of pure gravity such that they will have regular future horizons.

In chapter 4 we will investigate a novel non-relativistic limit of gauge/gravity duality
for conformal cases particularly to find out if hydrodynamics can be contained in this limit.
In the process, we will obtain valuable clues of how to take this limit dynamically so that
we get hydrodynamic behavior after the limit is taken. This chapter is a slight departure
from the general theme of the thesis, but has been included with the hope that it can
have some relevance for a tabletop experiment or a simulated system in the future. It may

also turn out that the universal sector in this dynamical limit can be solved sometime in
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the future by appropriately exploiting the infinite-dimensional symmetry which appears

in this limit, so the results here could be important steps taken in this direction as well.

Finally, we end with discussions on future work that needs to be done based on the
results of chapters 2 and 3. In particular, we will focus on how we can investigate some
novel questions and sharply defined older questions regarding the origin of irreversibility

unraveled by our investigations.
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Chapter 2

The energy-momentum tensor, the
universal sector and purely
hydrodynamic states

2.1 Introduction

Using gauge/gravity duality, we have defined the universal sector of conformal gauge the-
ories with strong 't Hooft coupling and large rank of the gauge group as the set of states
dual to solutions of pure gravity which are asymptotically AdS5 spacetimes and have reg-
ular future horizons. The states constituting this sector are generically nonequilibrium
states. Moreover, all basic nonequilibrium phenomena like decoherence, relaxation and
hydrodynamics feature in the dynamics of these states. The strongly coupled nonequilib-
rium dynamics for states constituting this sector is the same for all theories in the class

of conformal gauge theories with gravity duals.

In this chapter, we will try to address what kind of data characterizes the states of
the universal sector when the gauge theory is l7ving in Minkowski spacetime. This question
is equivalent to asking what kind of boundary data uniquely characterizes the solutions
of pure gravity in asymptotically AdSs spacetimes with regular future horizons, when the
boundary metric is flat. We will prove that all such solutions are determined uniquely by
the boundary stress tensor, or equivalently, the expectation value of the energy-momentum

tensor of the dual field theory state. This is not so obvious as the boundary stress-tensor
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is not Cauchy data for pure gravity in asymptotically AdSs spacetimes. In fact, we
will need to use regularity in a perturbative sense as a very crucial input to show that
the boundary stress tensor uniquely determines the solution. This result is even more
surprising from the field-theoretic point of view because the expectation value of a single
operator, namely the energy-momentum tensor determines the dual state in the universal
sector and its dynamics. We will try to attain a field-theoretic understanding of this result

in the next chapter.

A theorem due to Fefferman and Graham [1] states that for any solution of Einstein’s
equation which is an asymptotically AdSs spacetime, we can always use the Fefferman-
Graham coordinate system previously defined within a finite radial distance from the
boundary. We will prove that the solution in these coordinates is given by a power
series with no log terms when the boundary metric is flat. We will also argue using
gauge/gravity duality that regular solutions should be given by a power series with no log
terms in Fefferman-Graham coordinates whenever the Weyl anomaly of the gauge theory
vanishes. A special case of this claim for even dimensional asymptotically AdS spacetimes
has already been obtained by Fefferman and Graham [1]. Our argument suggests that
asymptotically AdS5 spacetimes which are regular solutions of even a higher derivative
gravity theory with holographic CFT desciption, should also be given by a power series
with no log terms in the Fefferman-Graham coordinates, when the boundary metric is

flat.

The power series solution for asymptotically AdSs spacetime, as we will also prove,
exists for any traceless boundary stress tensor where energy and momentum are conserved.
However, any arbitrary traceless and conserved stress tensor will not correspond to the
expectation value of the energy-momentum tensor of a CFT state. Gauge/gravity duality
implies this can happen if and only if the solution is regular. Mathematically speaking
the solution has to be regular in the five-dimensional UHP with possible real singularities

only at infinity, that is for infinite value of the radial coordinate.

We will show that in the gravity solutions either of two distinct pathologies can

occur. For stress tensors with pathology of the first kind the reverse question of finding

36



2.1. INTRODUCTION

the corresponding gravity solution will be ill posed. For such stress tensors, the formal
power series solution of the metric in Fefferman-Graham coordinates will exist but this
power series will have zero radius of convergence in the radial coordinate along radial
tubes starting from certain patches in the boundary. These pathological stress tensors
will be of the “asymptotic boundary condition destroying”, or, in short, of “abed” type.
The other distinct set of pathological stress tensors will produce naked singularities in the
bulk. *

We will argue that “abed” type of stress tensors can be avoided if we construct the
solution in a perturbation expansion about the final stationary late-time configuration. In
pure gravity, it is expected that any solution at late time will settle down to a stationary
single black brane. Multi black brane static solutions will not occur if there are no p-form
gauge fields as is the case in pure gravity. Further, metastable configurations like small
black holes do not occur if the boundary metric is flat. The perturbation expansion about
the final stationary configuration can be more general than the derivative expansion used
for constructing gravity duals of purely hydrodynamic states, which we have mentioned
in the previous chapter and will soon have more to say about. In the following chapter,

we will make claims about the most general nature of this perturbative expansion.

We will show that for such perturbative solutions the solution in Fefferman-Graham
coordinates will break down for a particular value of the radial coordinate which is the
location of the late-time horizon. Here we may either have a coordinate singularity or a
real curvature singularity. Further, if it is a curvature singularity, this singularity is naked,
i.e. not covered by a horizon. The naked singularity happens for pathological boundary

stress tensors of the second type.

We will examine these issues by constructing gravity solutions with boundary stress

tensors which can be parametrized purely hydrodynamically. We will construct these

'We expect that such pathologies will occur for stress tensors which are physically not viable, for
instance, t,, = (7T1)*(du1,uty + nu) + (7T2)* (4us,uy + 12,0), such that the flows uy, and us, are not
parallel to each other. This example represents a stress tensor of two fluids at different temperatures
flowing in different directions without reaching mutual thermal and mechanical equilibrium. This is
certainly impossible in any realistic theory. On the other hand, the second type of pathology will occur
for stress tensors which are physically viable but have wrong values of various parameters, for instance,
a hydrodynamic stress tensor for which 7/s is different from 1/4r.
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solutions in the derivative expansion, about which we have mentioned in the previous
chapter. We will see that indeed all these solutions are free of abcd type of pathology. We
can systematically transform these solutions to Eddington-Finkelstein coordinate system
order by order in the derivative expansion and then the regularity or the irregularity of
these solutions will become manifest. We will see that when all the transport coefficients
of the purely hydrodynamic Weyl covariant stress tensor of the most general form are
correctly chosen order by order in the derivative expansion, the solution is free of naked
singularities and coincides with the tubewise black brane solutions originally obtained
in [26]. We will explicitly demonstrate this by constructing the solution in Fefferman-
Graham coordinates up to first order in the derivative expansion for an arbitrary n/s,
then transforming this solution to Eddington-Finkelstein coordinate system such that
the regularity at the future horizon is manifest when 7/s is 1/47 and the irregularity is

manifest otherwise.

The derivative expansion in the Fefferman-Graham has some advantages over the
same expansion in Eddington-Finkelstein coordinates developed in [26]. The first advan-
tage is that the constraints simplify and just reduce to the tracelessness of the energy-
momentum tensor and conservation of energy and momentum. Tracelessness simply fol-
lows from the construction of the energy-momentum tensor, and the conservation of en-
ergy and momentum just gives us the desired equations of fluid dynamics. The dynamical
equation is, as usual an ultralocal equation and is basically just the radial evolution of
the boundary metric along a radial tube emanating from a patch on the boundary given
by a second order ordinary differential equation. The second advantage over the per-
turbation in Eddington-Finkelstein coordinates is that here the whole procedure will be
Lorentz-covariant, whereas in the Eddington-Finkelstein coordinates we had to decom-
pose all terms into tensors, vectors and scalars of SO(3). In fact, the translation to
Eddington-Finkelstein coordinates also preserves manifest Lorentz covariance. The third
advantage is that we can also manifestly preserve the asymptotic boundary conditions and
is therefore suited to generalizations like in non-conformal cases. In fact, this feature has
already been exploited in the literature [23]. Given these features, one can think of the

Fefferman-Graham coordinate system as the “Coulomb gauge” in the context of finding
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out metrics corresponding to arbitrary hydrodynamic stress tensors.

Our method will be shown to be equivalent to the procedure discussed in [26] in
Eddington-Finkelstein coordinates. However, because our method allows us to construct
gravity solutions corresponding to arbitrary hydrodynamic energy-momentum tensors and
also prove that for a unique choice of transport coefficients at every order in the derivative
expansion these solutions are regular, we can demonstrate that
(a) there are states with energy-momentum tensors which are purely hydrodynamic in
the universal sector of the dual gauge theory, such that these can be determined by
hydrodynamic variables alone even far away from equilibrium, and

(b) regularity of the future horizon determines all the hydrodynamic transport coefficients.

The organization of this chapter is as follows. In section 2, we show how the metric
is determined by the boundary stress tensor. In section 3, we translate some known
solutions like the tubewise black brane solutions in Fefferman-Graham coordinate system
in a power series expansion as an illustration of general properties of the metric near
the boundary. In section 4, we will set up and elucidate the derivative expansion in
the Fefferman-Graham coordinates and establish that all hydrodynamic stress tensors
preserve asymptotic AdSs boundary condition. In section 5, we will do the regularity
analysis of our solutions. The proof of the existence of power series solutions and the
technical issue of the futility of using curvature invariants to determine the regularity of
solutions in perturbative expansion will be discussed in the Appendices A and B, which

will be referred appropriately in this Chapter.

2.2 How the boundary stress tensor fixes the solution

In this section we will restrict our attention mainly to a five dimensional asymptotically
AdS space with flat boundary metric, though we will indicate in the end that our results
may be sufficiently generalized. We will soon explain what is meant by the boundary

metric for asymptotically AdS spaces.

The Einstein-Hilbert action on 5-dim manifold M, with an appropriate counterterm
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to have a well defined variational principle with Dirichlet boundary condition is

5= 1673GN - /M d%@(R+§—3)— /8 2K, (2.1)

where K is the extrinsic curvature and + is the induced metric on the boundary. We are
using the convention of [9] in which the cosmological constant A of AdSgy; is normalized

to be —d(gl_zl), hence for AdSs we have A = —3.

We want to solve Einstein’s equation

1 6
RMN — §RGMN = l—zGMN, (22)

subject to the condition that the solution is asymptotically AdS with a given conformal
structure at the boundary. Fefferman and Graham have shown that for such solutions
we can use a specific coordinate system called the Fefferman-Graham coordinate system

near the boundary. In this coordinate system, the metric takes the following form,
2 MNP
ds® = Gyndzdx" = F[d,o + g (p, 2)dz"dz"]. (2.3)

In the expression above the indices (M,N) run over all AdS coordinates and the indices

(p, v) run over the four field theory coordinates. The boundary metric gy, is defined as

9w (2) = 1im g, (2, p)- (2.4)

Let this boundary metric have a conformal structure. Then it can be shown that any
conformal transformation of the boundary coordinates (z) can be lifted to a bulk diffeo-
morphism of the Fefferman-Graham coordinates which preserves the form of the metric
(2.3) [3, 4]. Under this bulk diffeomorphism, the boundary metric undergoes the same
conformal transformation. The simplest case for instance will be a scale transforma-
tion, z — Az, of the boundary coordinates for which the corresponding bulk diffeo-
morphism will be p — Ap (note that in the case of the bulk diffeomorphism, the field

theory coordinates z do not transform at all so that the boundary metric g(g),, scales like

9oy (2) = A2 goyuw(2)).
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In the Fefferman-Graham coordinate system the various components of Einstein’s

equation reads as [9]: 2

1 " 3 / 1 /-1 7 1 —1 .\ ./ . 1 -1 7

—g - 24— = -T - R S -0 2.5

29 5,0 T 3999 +7 (g~ 9")g ic(g) 2 (g g")g =0, (2.5)
V. Tr(g"'¢) = Vg, =0,

B 1. 1,
Trig—'g"] — ;Tr[g 91 =5Trlg 9’9" g1 =0,

Here “(")” denotes a derivative with respect to p and V, is the covariant derivative
constructed from the metric g,,. Also in the above equations we have set our units

such that 1, the radius of AdS is set to unity.

When the boundary metric is flat, we will argue that we can expand g,,(z, p) in a
simple integer power Taylor series of p with coefficients which are functions of z. Since we
have chosen the boundary metric to be flat, the leading term has to be 7,,. Our power

series ansatz will be
guu<za /)) = N + 2?:29(2n)uV(Z>p2n- (2‘6>

We have written down only even powers of p in the above expansion because it follows
from a result due to Fefferman and Graham [1] that the power series (2.6) should be an
even function of p. * The only even term which is absent is g2),,(z) which follows as an

easy consequence of the equations of motion (2.5).

It is not obvious that this power series ansatz will indeed provide us a solution,
so we will give a simple argument why this works.This argument will hold for smooth
solutions of classical gravity which are dual to the states in the CFT at zero or finite

temperature. This argument will also apply when the theory of classical gravity receives

2The (minor) difference with the system of equations given in this reference will be that we will use
the original Fefferman-Graham radial coordinate p, whereas there the radial coordinate is chosen to be
the square root of ours. Also, the reference uses a definition of the Riemann tensor such that the scalar
curvature of AdS comes out to be positive.

3The existence of power series solution has been proved by Fefferman and Graham for all even di-
mensional asymptotic AdS solutions and in case of odd dimensional asymptotic AdS solutions they also
argued that if the solution is a power series it should be even. The Fefferman Graham coordinates are
however unique only up to diffeomorphisms which are the lifts of the boundary conformal transformations
into the bulk. Although, it is not obvious, it can also be shown [1] that the evenness of the series (2.6)
is independent of the choice of any particular Fefferman-Graham coordinate system.
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higher derivative corrections through which we take into account the corrections in square-

root of the inverse 't Hooft coupling and inverse of the rank of the gauge group.

By AdS/CFT correspondence any solution of the bulk equations of motion would
give us a state in the CFT, so the coeflicients of the Taylor series expansion in (2.6) should
be functions of the expectation values of the local operators in the dual CF'T state. We
will explicitly see below that all these coefficients are just functions of the expectation
value of the energy-momentum tensor in the CF'T state. It is possible to see the effect of
space-time independent scale transformation on the CFT operators from g, (2, p). To do
this we have to lift the scale transformation to a bulk diffeomorphism so that the form of
the metric (2.3) remains the same and the boundary metric also remains flat. This lift,
as mentioned before, is achieved by p — Ap. In the most general case it has been shown
[13] that the form of the ansatz (2.6) should be modified by terms like p"(log(p))™ with
non-negative n and m. To illustrate our argument we will consider just two such possible

terms
9y (2)p" + hiny(2)p"log(p).

Under the bulk scaling transformation p — Ap,

Iy (2) = )\”_2g(n)(z) — log()\)/\"_Qh(n)(z). (2.7)

We find the above transformation by checking the new coefficient of p" in g,, after the
scale transformation. In a CFT any local operator simply scales like a power of A, the
power being given by the conformal dimension of the operator. A log(\) term is present
only when the Weyl anomaly doesn’t vanish. In flat space the Weyl anomaly vanishes and
since we have chosen the boundary metric to be flat the log term in (2.7) should not be
present as g is a function of the expectation values of local operators. The absence of
the log(A) term in a scale transformation applies not only to primary operators but also
to their descendents. So we can argue that terms like p™(log(p))™ should be absent and

g, should be given by a simple power series of p.

This argument for why the power series ansatz should work will also apply when the
theory of classical gravity receives higher derivative corrections through which we take

into account the corrections in square-root of the inverse 't Hooft coupling and inverse of
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the rank of the gauge group. We have just used the fact that a conformal transformation
in the boundary should have an appropriate lift to a bulk diffeomorphism consistent
with the transformation of CFT operators. The transformation of the CFT operators
under conformal transformations, as well, is independent of the value of the coupling or
the rank of the gauge group. In fact one can readily check that exact static black hole
solutions of Gauss-Bonnet gravity which are asymptotically AdS [31] or tubewise black
brane solutions in higher dervative gravity [32] have power series expansion when written

in Fefferman-Graham coordinates.

However, our argument, of course, breaks down when we consider an arbitrary
solution of Einstein’s equation with a negative cosmological constant, i. e. if the boundary
stress tensor does not correspond to any CFT state. In Appendix A, we have given the
general proof of the existence of the power series solution for AdSs; asymptotics, so that
even for such cases we can state that the solution, is indeed, a power series. In fact we
will explicitly see, that for all hydrodynamic stress tensors, whether they do or do not

correspond to CFT states, the solutions are always power series.

Now we will substitute our ansatz (2.6) in the equations of motion (2.5) and solve
them order by order in powers of p. It is known from earlier work of Skenderis et.al. [9]
that the first term g4)u, (%) is just the expectation value of the stress tensor. Briefly this
is how it comes about to be so. Upto this order the first equation (the tensor equation)

identically vanishes while the second and third equation of motion give

Tr(ge) =0, (2.8)
o g(4) pr = 0.
Since the equations of motion by themselves cannot specify g4y we need a data from the
CFT to specify it subject to the above constraints. Most naturally g is the traceless
conserved stress tensor of the CF'T. However we can also explicitly check this. An explicit

calculation shows that g is indeed the Balasubramanian-Kraus stress tensor [?] which

could be defined for any asymptotically AdS space. Hence we may write

9w = t,uzw (29>
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With our ansatz (2.6) it turns out that all the other coefficients g,y (n > 2) are
fixed uniquely by the equations of motion in terms of g(4) and its derivatives (or in other
words the stress tensor and its derivatives). We observe that the first and the third of the
equations of motion (2.5) (i.e. the tensor and the scalar equations) are sufficient to solve
for g(n). All the higher powers of the second of the equations of motion (2.5) (i.e the vec-
tor equation) identically vanishes on imposing the constraints (2.8) i.e. by imposing the
tracelessness and the conservation of the stress tensor. It is not difficult to argue that this
should be the case because it can be shown [9] that the second (i.e the vector) equation
of motion simply implies the conservation of the Brown-York stress tensor (which when
regulated becomes the holographic boundary stress tensor discussed in the Introduction)
for an arbitrary constant p hypersurface. Now the conservation of the Brown-York stress
tensor at a given hypersurface is not independent of the same requirement for another
hypersurface, because in the ADM-like formulation of the Einstein’s equations if we sat-
isfy our constraints at a given hypersurface in which our initial conditions are given the
evolution (here in the radial coordinate p) automatically satisfies the constraints. The
conservation of the Brown-York stress tensor at the boundary is already forced at leading
order in p of the vector equation of motion through (2.8). Hence we should expect that
the vector equation should not impose any new constraints on the stress tensor given that
the tensor and scalar equations specify all the coefficients uniquely and this is exactly
what is borne out. In our proof in Appendix A, we show how the tensor, vector and
scalar equations of motion turn out to be consistent with each other when we employ the

power series ansatz.

Below we give the a few of the the coefficients g,

1

1 o 1
9@&)uw = §tuptpl/ - ﬁnm/(t ﬂtozb’) + @D%uw
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Here, as before in (2.5) the boundary indices are raised and lowered by 7, and O is the
Laplacian in flat space. Let us observe and explain certain simple features of the results
above. The first observation is that every term in the RHS of the above equations contain
only even number of derivatives. This is so because the terms containing derivatives
originate only from Ric(g) in the first of the equations of (2.5). The second observation
is that the terms independent of the derivatives appear only for g,). This is so because
if we omit Ric(g) in the first of the equations of (2.5), then the solution is a power series
in p*" as the first non-trivial term in the series is gu). So for a solution where the stress
tensor is uniform (like in the case of a static black brane solution), g has an expansion

containing only p*" terms.

With our argument that the ansatz (2.6) should give us a consistent solution, it
is obvious that the stress tensor, which appears as g in g uniquely specifies the solu-
tion because all the higher coefficients are fixed uniquely in terms of g4 with no new
constraints like (2.8) appearing for gu). This completes the argument that when the
boundary metric is flat we should have a solution uniquely specified locally by the stress
tensor alone. This statement readily generalizes to other dimensions in the case of a flat
boundary metric and most likely also generalizes when the boundary metric is not flat.

The general validity could be argued for on the basis of the equations of motion (2.5)
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which are second order (specifically in derivatives of p). Intuitively the boundary metric
and the stress tensor specifies all the initial data we need for a unique solution, however
a concrete demonstration of this would probably require methods beyond what we have

employed here.

The argument we have given above, however, cannot be reversed to argue that a
solution with asymptotic AdSs boundary conditions exists for any arbitrary stress ten-
sor. The reason that we can’t reverse the argument is that the series (2.6) for g, exists
only formally. The coefficients g(,) may not be well behaved at large n, for an arbitrary
stress tensor. We will give a simple example to show what can go wrong. For a specific
choice of stress tensor, we may find that gu)., = f(n)s. plus other terms. Here s, is
a specific term in the stress tensor. If, for instance, the series X, f(n)p" has zero radius
of convergence, g, will not be a meaningful series of p as it will also have zero radius of
convergence in p. Such boundary stress tensors, for which g,, has zero radius of conver-
gence in p, could be appropriately called, “asymptotic boundary condition destroying”
stress tensor or in short “abed” stress tensor. We will have more to say about such stress

tensors in section 4.4

2.3 Mutual translation between Eddington-Finkelstein
and Fefferman-Graham coordinates

In the previous section, we have seen that, the Fefferman-Graham coordinate system is
good for finding a solution to Einstein’s equation with a negative cosmological constant
when the corresponding boundary stress tensor is specified. However the solutions are
usually found in other coordinate systems. For instance, the static black brane solution
is usually described in the Schwarzchild-like coordinate system and the hydrodynamic
metric of [26] has been found in the Eddington-Finkelstein coordinate system. It would

be useful to see how we can rewrite these solutions in the Fefferman-Graham coordinate

4Interestingly, Fefferman and Graham have shown in [1] that for even dimensional asymptotic AdS
solutions, g,, always has a finite radius of convergence in p. However their argument does not readily
generalize to the odd dimensional case.
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system asymptotically. We will demonstrate a novel technique towards this end for the
boosted black brane and the hydrodynamic metrics. In both cases we will see that we
can achieve a mutual translation between Eddington-Finkelstein coordinate system and
Fefferman-Graham coordinate system by using a power series ansatz similar to (2.6) and
we can solve this ansatz algebraically order by order. We expect this method to work
for all solutions in which the boundary metric is flat, or more generally when the Weyl
anomaly vanishes.

The general procedure is as follows. In the Eddington-Finkelstein coordinates (z*, 1)

the metric takes the form
ds® = —2u,(x)dztdr + G, (z,r)dr"dx". (2.11)

Here we are using ingoing Eddington-Finkelstein coordinate system, so that u* is a four-
velocity (hence u,u,n" = —1) such that it is directed forward in time. We will express
the general structure of coordinate transformation from the Eddington-Finkelstein coor-

dinates (z#,r) to Fefferman-Graham coordinates (z*, p) as below

dp = pu(r, z)dx" + q(r, x)dr, (2.12)
dzt =mt,(r,x)dz” + nt(r,x)dr . (2.13)

We substitute the above in the Fefferman-Graham form of the metric (2.3) to get

1
ds® = ;[(pupu + gne(p, 2)m",m®, ) datdz” + 2(puq + geo (p, 2)m® ,n°)datdr (2.14)
+(@* + g (p, 2)nn”)dr?).
Comparing the above with the Eddington-Finkelstein form of the metric (2.11), we get

the following set of equations,

(a(x,7))* + guw (p, 20" (, )0 (z,7) = 0, (2.15)
2p, (2, 7)4(2,7) + gap(p, 2) (m®, (w, 1)’ (2,7) + m” (2, r)n® (2, 1)
= —2u,(z)(p(x,7))*,
D, )P (@, 7) + gap(p, 2)m (2, r)m” (. )

= G (,7)(p(,7))".

47



CHAPTER 2. THE ENERGY-MOMENTUM TENSOR, THE UNIVERSAL SECTOR
AND PURELY HYDRODYNAMIC STATES

So we have a scalar, a vector and a tensor equation and three unknowns to solve for. The
unknowns are a scalar p(x,r), a vector z*(z,r) and the tensor g,,(z, p) which appear in
the Fefferman-Graham metric (2.3). It is clear from the definitions (2.12) of q, etc. that
they are just various partial derivates of (p, z), for instance ¢ = 0,p, etc. We will make
the following general ansatz to solve the above equations. The ansatz for p and z* will
be that they will be an integer power series of the inverse of the Eddington-Finkelstein

radial coordinate r.

L pa(w) | ps(o)
p= Tt : (2.16)
2P =t + Z?(:L’) zl;(f) + .....
T

To solve the equations of transformation (4.53), the above should be supplemented with
the ansatz (2.6) for the g,,(z, p) in the Fefferman Graham metric. The expressions for

the partial derivatives like g, etc. then turn out to be as below:

1 2py  3ps
q:ﬁrp:—ﬁ—ﬁ—ﬁ ...... s (217)
aup2 aup?)
Pu=0up =5+ 5 T
K K
B 21 2%
nt @z“ = —ﬁ — 7 — s

One thing to be kept in mind is that when we substitute our ansatz (2.16) to solve the
equations of transformation (4.53), ¢,.(p, 2) should be re-expressed as functions of (x,r).
Below, we just give the first three terms which appear after it is rewritten as functions of
(x,1).

(4patyn + (21-0)tw) (@)

tw ()
v = N + Mr4 +

TR (2.18)

We now consider a boosted black brane metric in Eddington-Finkelstein coordinate

ds® = —2u,datdr — r* f(br)u,u,dz"dz” + r* P, dxtdx?, (2.19)
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where
1
flr)=1--7, (2.20)
1
uw = ——, (2.21)
V1=
wim P (2.22)
V1= 05
and the temperature is T' = % and the three-velocity (; are all constants, and
P;w = UyUy + Nuv (223)

is the projector onto the spatial hypersurface orthogonal to the four velocity u*. This
metric can be obtained by applying a boost parameterized by the three-velocity 3; and a
scaling by b to the usual AdS black hole with unit temperature where the time coordinate
t is itself a Killing vector. In this case actually the exact transformation from Eddington-
Finkelstein to Fefferman-Graham coordinate system can be exactly worked out easily and

it is given by:

V2b

p= : (2.24)
N e
2 =k + utbk(br),
1 +1
k(y) = —(log(y—) — 2arctan(y) + ).
4 y—1
The solution for g, in the Fefferman-Graham metric (2.3) for the boosted black brane is
given by:
gu(2,p) = (L + ,0_4)77 vt —4/)4 Uy Uy (2.25)
A 47 4t 4 pt

The boundary stress tensor could be easily read off by looking at the coefficient of p*
after Taylor expanding the RHS of the above expression. The stress tensor turns out to

be that of an ideal conformal fluid (like that of a gas of photons)

1
tO/.u/ = 9(4)W = @[415/4“1/ + TIWL (226>

where the temperature is T' = % The horizon in the Fefferman-Graham coordinates is at

p = V/2b and at the horizon g, given by (2.25) is not invertible as g,,(p = v/2b, 2) = 2P,,.
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So clearly the Fefferman-Graham coordinate system has a coordinate singularity at the
horizon. Also it is easy to check from (2.24) that the change of coordinates also becomes

singular at the horizon.

Now we turn to the hydrodynamic metric found in [26] which is a solution to Ein-
stein’s equation upto first order in the derivative expansion and has a regular horizon.
Here the “maximally commuting Goldstone parameters” of the boosted black brane solu-
tion, the velocities 3° and the temperature T" are functions of the field theory coordinates
(x). The G, in the Eddington-Finkelstein form of the metric (2.11) is:

G = TQPW + (—7‘2 + b4—17?2)uuuy + 2T2bF(br)ch — r((w.0)u,u, — guuuy(ﬁ.u)), (2.27)

with
(r+1)%(x* + 1)

xrd

F(z) = }l(log( ) — 2arctan(z) + ). (2.28)

In this case we will solve the set of equation (4.53) by putting in our ansatz (2.16). We

", At each order we have to solve algebraic

solve order by order for each power n in r~
equations and remarkably the equations can be consistently solved at each order. It is
important to throw away all the terms which have two x-derivatives or more and solve
the series for p and z# given in (2.16) and the series for g,, given in (2.6) only up to first
derivative order. This is justified because the hydrodynamic metric above in Eddington-
Finkelstein form is a solution to Einstein’s equation only up to first order in z-derivatives
and hence it can have a Fefferman-Graham expansion near the boundary only upto first

derivative order. The results of the non-vanishing terms in the expansion for p and z* in

(2.16) upto r~? order are given below:

1 1 13(8.u) 7
P2 3(8 U),p5 8b47P6 120b4 y P9 128b87 ( 9)
7 pon Lo p_ U
2 =ut, 2 = gu (O.u), 2t = B
i ut(0.u) + 7(u.0)ut i ut
6 60b* O g8

We can easily observe some patterns in the results above. Firstly the terms without

4dn—1

any derivatives only appear as coefficients of r~ . These are precisely the terms that

appear in the expansion for the case of the boosted black brane as given in (2.24). This
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is because the original black brane solution in Fefferman-Graham coordinates as we know
from (2.25) is a series with “gaps” of four (which means only the fourth next term is
non-zero). So the solution of (4.53) should provide a series for p and z* in gaps of four
as well. Secondly, it also turns out that the terms which have first derivative pieces occur
for pa, pe, 24, 2§, etc. again in gaps of four. We obtain the coefficients of the series for g,,
given in (2.6) which was part of our ansatz. The second non-zero term in the series gives
us the boudary stress tensor

N + 4u,u, 1
by = Y@y = % ~ oy (2.30)

where

(0% 1 (07
ow =P, Puﬁa(auﬁ) 3 0ot (2.31)

This is stress tensor for a relativistic conformal fluid satisfying Navier-Stokes’ equation

and with /s = 1/47. The next non vanishing term in the series for g, is:

Uply Oy
9®uw = — Zfbs - 8_;;7 (232)
We can check that the expression for g(s) is given by the general results of the the previous

section when we substitute the dissipative stress tensor (2.30) in (2.10).

In this section we have worked out the case for a specific “hydrodynamic metric”
given in [26]. This metric has no naked singularities and this corresponds to the choice
of n/s = 1/4x in the dissipative stress tensor (2.31). However we will see in section 5
that our ansatz (2.16) for translation between the Eddington-Finkelstein and Fefferman-
Graham coordinates will work even when the above is not the case, i.e the metric contains
naked singularities. In what follows we will reverse the translation. That is, we will work
out the Fefferman-Graham form of the metric exactly upto first order in derivatives first
and then find out the Eddington-Finkelstein form of the metric also exactly upto first
order in derivatives. We will see that the power series ansatz (2.16) is consistent for any

metric corresponding to an arbitrary hydrodynamic stress tensor.
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2.4 The derivative expansion in Fefferman-Graham
coordinates

We have already seen that the Fefferman-Graham form of the metric is the ideal one to
use if we are asking given a boundary stress tensor what the corresponding solution of
Einstein’s equations of motion should be. The most general hydrodynamic stress tensor

for a conformal fluid (in the Landau gauge) upto first order in derivatives is as below

N + 41, (2)u, (2) gl
b (2) = 4b(z) N 2b<z)3”“”<z)’

(2.33)

with 0,,(2) given by (2.31), b related to the temperature through b = 1/77 and ~ an
arbitrary constant. However here, unlike in the case of the specific solution (without naked
singularities) we considered in the previous section, /s = /4w and hence is arbitrary.

We now ask what would be the corresponding solution for this arbitrary case.

Before we get into this specific case, we will show that we can get some insights
into the reverse question from some generally known facts and our previous results given
in section 2. We have seen, briefly, at the end of section 2 that the reverse question
is ill posed for an abed (asymptotic boundary condition destroying) stress tensor, for
which the formal power series (2.6) for g,, has zero radius of convergence in p. One
must devise a strategy in which such stress tensors do not appear at all. To this end we
may always exploit a general property of solutions of Einstein’s equation that in the long
run the solution always becomes stationary. For the moment let us further restrict to
those solutions which have no (ADM) angular momentum or any other (ADM) conserved
charges (like the R-charge). These will, in the long run, settle down to the known boosted
black brane solution (2.19). Static multi black brane like solutions do not appear if we
turn off p-form gauge fields, so if more than one black brane are present they eventually
will collapse to form a single black brane. A good strategy to recover all solutions will
be to perturb around the late-time static black brane and build up all solutions in a
systematic derivative expansion. Since any solution would eventually become static (or

equilibrate) this strategy should always work at sufficiently late times.

Since the approach to equilibrium at long time scales and length scales can be natu-
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rally described by hydrodynamics, one can intuitively expect that the late time behavior
of the solutions will correspond to a hydrodynamic description in terms of the boundary
theory if the equilibrium can be described in terms of a perfect fluid. The boundary stress
tensor of a boosted black brane indeed corresponds to that of a perfect conformal fluid
like that of photons in pure QED. Our expectation is indeed borne out by the fact that all
solutions in the derivative expansion correspond to a traceless conserved hydrodynamic
boundary stress tensor, but with arbitrary number of derivatives. We will see that in the
derivative expansion at each order the solutions always have finite radius of convergence
away from the boundary, so we can conclude that all hydrodynamic stress tensors are

asymptotic boundary condition preserving.

In fact, it is also easy to argue that whenever we construct the solutions of the full
non-linear equations of motion of gravity perturbatively such that the dynamical equation
at each order in the expansion will become ultralocal, i.e. an ordinary differential equation
in the radial coordinate, we should have the feature that these solutions at every order in
the expansion will be free of abed type of pathology. This will remain true even beyond
the hydrodynamic regime. The dynamical equation will be the same at every order in the
expansion but the source term will differ. If the source is well behaved, the solution has
a singularity at the location of the unperturbed horizon. This singularity can be just a
coordinate singularity or a true curvature singularity. If it is not a true singularity, it has
to be naked singularity, because at late time the singularity coincides with the original
horizon, which should have coincided with the actual future event horizon in case the
solution had a smooth future event horizon. In the next chapter we will argue that all
such solutions can be constructed in two expansion parameters, one of which will be the

derivative expansion parameter of hydrodynamics.

The fact that all hydrodynamic stress tensors preserve the asymptotic AdS boundary
condition should have a certain measure of validity even for solutions with net angular
momentum. In fact in [33], it has been shown that a large class of rotating black holes
in AdS can be described by perfect fluid hydrodynamics. However, we do not know how

general the result is. For any solution if the hydrodynamic description holds for the
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stationary solution to which a given solution eventually equilibrates, it can be expected
to hold for sufficiently late times as well. Hence solutions can be constructed in the
derivative expansion. Therefore, certainly a large class of solutions even in the sector
with net angular momentum which can be constructed by perturbing around certain

stationary solutions, will have a hydrodynamic description at least at late times.

To build up a solution corresponding to an arbitrary hydrodynamic stress tensor, we
will work in the Fefferman-Graham coordinate system as we have said before and we will
construct the solution exactly order by order in the derivative expansion. To develop the
derivative expansion we follow the same method which the authors of [26] followed but
now in the Fefferman-Graham coordinate system. In fact, based on the results of section
2, we will see that their method simplifies in these coordinates. We take the boosted
black brane solution with g,, of the form of (2.25), but now the “maximally commuting
Goldstone parameters” (u*, b) are arbitrary functions of z. We will call this the zeroth
order metric gy which is no more a solution to Einstein’s equation, so we need to correct
this with g; which will now depend on the first derivatives of the “maximally commuting
Goldstone parameters” (u*, b). This correction g; can be found substituting g = go + ¢1
in our equations of motion (2.5) and retaining only terms which have no more than one

derivative of z.

The first of the equations of motion (2.5), i.e the tensor equation gives us a source

free linear equation for g; which is second order in the derivatives of p and has no z-

derivatives.
1 4 39/ 1. 1/ 1 ro_q 1 r_ 1
591 — ==L 59190 190 — 59090 191 + =909 19190 190
2 2p 2 2 2 (2.34)
1 ny NG G0 1 g ¢
+ B <T7"(90 191) - TT(QO 19190 190)) (30 - ;) + §TT(90 190)(51 - ?) =0.

At the first order in derivative expansion, the only term which can provide a source term
is Ric(g) since it has no derivatives of p. However Ric(g) contains at least two derivatives

of z, so at this order the source vanishes.

At the first order the second of the equations of motion, which is a vector equation
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gives us the following:

VOuTT(g()_lgé) - vgg,Ouu = 07 (235>

where V| is the covariant derivative constructed from go.The major simplification which
occurs in the Fefferman-Graham coordinates is the general observation in section 2, that
this gives us nothing but the conservation of the stress tensor. It may be checked that if
we choose to solve this vector fluctuation equation order by order in powers of p, like we
did in section 2, at the leading order we would get 0"t,,, = 0, where ty,, is the perfect
fluid stress tensor (2.26) and all the coefficients of the higher powers of p will vanish
identically once the leading order condition is imposed. This simplification will happen
at every order in the derivative expansion, which means that if ¢,,_; is the stress tensor
upto n-1 th order in the derivative expansion, at the n-th order the second equation will
simply imply the conservation of ¢, .

At the first order in the derivative expansion the third equation of motion vanishes
identically. It is easy to see why this will happen. Again we go back to the general obser-
vations of section 2. If ¢, = ¢ + t1,, With to,, given by the perfect fluid stress tensor
(2.26) and ty,,, is the first order correction to the stress tensor satisfying the tracelessness
and the Landau gauge u*t;,,, = 0 conditions, then the correction to the coefficients of the
power series expansion g,y (some of which are listed in (2.10)) is simply proportional to
t1- The first order derivatives of (,, doesn’t appear because, as we have observed the
general expressions for g(,) must contain even number of derivatives of t,,. It follows that
the correction to the zeroth order metric, g1, is proportional to t;. It also follows from the
the tracelessness of ¢; and the Landau gauge condition that the third equation vanishes
identically as all traces appearing in the equation vanish. We will soon see that, this

simplifying feature also, remarkably generalizes to all orders in the derivative expansion.

In the Fefferman-Graham coordinates the first order correction to the metric ¢y
is, therefore, proportional to the first order correction to the stress tensor which is pro-
portional to o, and therefore g; takes the form of v'bo,, f(p), where 4" is an arbitrary

constant. Substituting this in the tensor equation (2.34), we find that f(p) satisfies the
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following differential equation

(120* — p*) (4b* + 3p)
p(16b% — p®)

1"

, 1285b%
=7

(4b* + p*)(160% — p®)

+f — 0. (2.36)

We already know that the solution is a power series in p*, so we change our variable p to

x = p*. The equation now reads

" / 8b4 8b4

f=1 1668 — 22 + f(4b4 + 2)(16b°% — 22) = 0. (2.37)

The solution of this differential equation which vanishes at the boundary (after re-substituting
x with p?) ® is
4 p*
p 1 - 4
(1+-7)log (—4) : (2.38)
4b 1+ £z
The metric in Fefferman-Graham coordinates up to first order then is

2 _ dp? + gu(p, 2)d2tdz"

ds 7 ,
1 4 4 _
_ P 4p ' P I — &
Guv(p,z) = (1 + 4_b4)n’“’ + W4 et + 7 bo (1 + 4_b4)l09 <@ - (239)

To read off the stress tensor upto first order, we simply need the p* term in the Taylor

expansion of g,,. We get
N+ du,u, 'y/
7272 4b4 - 2_b30-’u,1/~ (240)

Comparing with (2.33) we get that we must set 4 =+ in the first order metric (2.39) to

t

get the desired solution corresponding to the boundary stress tensor.

One very interesting feature of our solution at the first order can be found out
by putting 4 = 4 = 0. This implies that our zeroth order solution itself, now with
velocities and temperatures satisfying the relativistic Euler equation, is an exact solution
of Einstein’s equations up to first order. Such is never the case in Eddington-Finkelstein
coordinate system where as we will see we need to correct the zeroth order solution even
for a dissipation-less stress tensor so that the solution is exact up to first order. We do

not understand any deep reason for this feature of our solution.

5The other solution is fo =1 + %
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Now we can proceed to examine the higher orders in the derivative expansion.
Though we will postpone explicit solutions beyond the first order for a future publi-
cation, here we will show that it is trivial to satisfy the vector and scalar constraints at
each order in perturbation theory. The tensor equation takes the following form at each
order in perturbation theory:

D gy + Da(Gnpuptt i + Growpt” ) + D3(Grpo™ ) + Da(grpon” )iy -

+ D5(Gnpot”u” )Ny + Do (Gnpett’ v )uutty, = Snuw (2, p), (241)
where Dy, D,, etc. are linear differential operators involving derivatives in the radial
coordinate only and s,,,(z,p) is the source term which is a (nonlinear) function of the
corrections to the metric up to n-1 th order in the derivative expansion. The left hand
side of the above equation is in fact the same as in (2.34) with g; replaced by the n-th
order correction to the metric g,, but now source terms are present on the right hand side.
Also the differential operator D; is the same as the operator which acts on f in (2.36) at
every order in the derivative expansion. We dropped the operators D,, D3, etc. at the
first order, i.e. for g;, because as we saw the general results of section 2 (equations in
(2.10) for instance) forced it to be proportional to be stress tensor and hence be traceless
and vanish when contracted with the four velocity. However, from the second order in
the derivative expansion onwards, the general results of section 2 do not imply this to be
true for the correction to the metric and in fact the source terms which appear on the
right hand side of the equation indeed do not have this property. All the other operators

except Dy, however, involve no more than one derivative in the radial coordinate.

We have to choose a particular solution to the above equation. We can always
choose the particular solution to be such that it vanishes at the boundary like p% so
that it doesn’t contribute to the stress tensor (as the coefficient of its p* term vanishes).
One can explicitly check this, however, more efficiently we can prove it as follows. The
source term for the n-th order correction clearly is determined by various terms of the
stress tensor up to n-1 th order, so it follows from the general results of section 2 that
the particular solution can be chosen to be independent of ¢,,,, which is the n-th order
correction to the stress tensor. In that case the p* term should be absent. For instance,

based on the results like those in (2.10), we can write down the Taylor series expansion
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in the radial coordinate for the particular solution for g, as below.

p° sl p 1 po
g2,uzz = _EDtONV + P [Etlutlpu - ﬂnuu(tl tlpo‘)]

1, . N
+ plo[_ﬂ(tou DthV + tol, Dthu)
1

— 0t Otoas + —1570,0,t00 0, 0atopy + 0y0at
+ 1gg o 06+36 0 008 ~ 510 o7 ( 08y + 06y

1 1

— 1280, 05t 0y — 8t°‘56ta Ot 0% D,uta" Dutopy + 0,5 Ot
60 0 BLou 180 0 O0af + 720”# OB’Y 120( 0 03 + 0 Oﬂu)

@aatoﬁaﬂtgy} o
(2.42)

More generally, the particular solution for g, is uniquely determined once we specify that
it vanishes at the boundary like —(1/12)p°0¢,_o. Then it follows that it is independent

of t,, and doesn’t contribute to the stress tensor at the n th order.

Now the particular solution at every order in the derivative expansion should by itself
satisfy the scalar constraint. Let us see it explicitly for the particular solution for g,. The
particular solution chosen to vanish at the boundary like —(1/12)p°0¢t, has an expansion
of the above form (42). So by this choice, the coefficients of the Taylor expansion (now
fixed by the source) will automatically agree with the general formula, like those in (2.10).
These general formula are automatically consistent with the scalar constraint. The scalar
constraint also will be a linear differential equation for g, with a source term. The source
term again is a (nonlinear) function of the corrections to the metric up to n-1 th order
in the derivative expansion. The particular solution by itself will satisfy this equation.
So the homogeneous solution of the tensor equation for g, must also be a homogeneous

solution of the scalar constraint.

The homogeneous solution of the tensor equation for g, which will be consistent
with the scalar constraint is simply —2b*f(p)t,.., with f(p) being given by (2.38) and
tnuw being an arbitrarily chosen correction to the hydrodynamic stress tensor involving
n derivatives of the field theory coordinates z. However t,,, must be traceless and also
satisfy the Landau gauge condition. Let us illustrate again by explicitly doing the Taylor

series expansion of the homogeneous solution to g which is —2b*f(p)t,,,. The Taylor
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2.4. THE DERIVATIVE EXPANSION IN FEFFERMAN-GRAHAM COORDINATES

expansion is as below

4 p° p'?
= tow(pt+ o+ L),
Gour = b (07 i + g )

Using the tracelessness and Landau gauge condition for ¢5, one can check from the general

formula like those in (2.10) that this is just the part of the metric determined by ¢, at the

(2.43)

second order. Hence this should be the only homogeneous solution that is consistent with
the scalar constraint. Similarly at each order one can see that the part of the solution
for g, which contains ¢, is proportional to ¢, and since the particular solution by choice
contains all other terms, the homogeneous solution should be always proportional to ¢,.
Then the tensor equation fixes the radial part of the homogeneous solution so that it

should be —2b* f(p)t -

The vector constraint, at the n-th order in the derivative expansion, as we have

argued before simply implies the conservation of the stress tensor up to n-1 th order.

To summarize, these are the features of the derivative expansion in the Fefferman-

Graham coordinates.

e At every order in the derivative expansion, the tensor equation for g, is a linear dif-
ferential equation of the form of (2.41) involving derivatives in the radial coordinate
only. The operators Dy, D-, etc are the same at every order, while the source term

Sp is a nonlinear function of the various corrections to the metric up to n-1 th order.

e The particular solution to the tensor equation for g, can be chosen to vanish at the
boundary like —(1/12)p%¢,_». With this choice the particular solution automati-

cally satisfies the scalar constraint.

e The homogeneous solution to the tensor equation which is consistent with the scalar
constraint is —2b* f ()t at very order, with f being given by (2.38) and ¢, being
an arbitrary n th order correction to the stress tensor which satisfy the tracelessness

and the Landau gauge condition conditions.

e The vector constraint at the n-th order just implies the conservation of n-1 th order

stress tensor.
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e We can keep manifest Lorentz covariance at each order in the derivative expansion.

e We can construct a solution corresponding to an arbitrary stress tensor because
the homogeneous solution of the tensor equation for g, at the n-th order is simply
proportional to an arbitrarily chosen n-th order correction to the stress tensor. At
every order in the derivative expansion for any choice of the hydrodynamic stress
tensor, the solution has finite radius of convergence away from the boundary, so all

hydrodynamic stress tensors preserve the asymptotic AdS boundary condition.

2.5 Getting rid of naked singularities

The comparative advantage of solving Einstein’s equation of pure gravity in Fefferman
Graham coordinates in the derivative expansion over doing the same in Eddington-
Finkelstein coordinate system is that the constraints simplify dramatically and also we
do not need to split the terms into tensors, vectors and scalars of SO(3), thus preserving
manifest Lorentz covariance. The comparative disadvantage of the Fefferman-Graham
coordinate system is that the regularity analysis is not straightforward. At the first order
in the derivative expansion, the metric in Fefferman-Graham coordinates (2.39) has a
singularity at p = v/2b. This is the location of the horizon at the zeroth order and the

zeroth order metric itself is not invertible here.

The first order perturbation has a log piece which also blows up here. This singu-
larity could be just a coordinate singularity in which case it could be removed by going
to a different coordinate system as it happened for the boosted black brane, or it could
be a real singularity. If it is a real singularity, it is naked because it coincides with the
original horizon at late time. At late times the solution approaches a boosted black brane
but since the horizon coincides with a real singularity, no infalling observer can continue

life after reaching the horizon.

To analyse the singularity in the Fefferman-Graham coordinates we will simply
translate the metric to Eddington-Finkelstein coordinates (r,x). It will be of course

suffice to change our coordinates near p = /2b, however, for the sake of completeness
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and better general understanding we will do the change of coordinates exactly up to first
order in the derivative expansion. The Eddington-Finkelstein metric which we will get as
a result of this translation will also be an exact solution of Einstein’s equation up to first
order in z-derivatives. We now return to the equations (4.53) in section 3 which gives
the translation between the two coordinate systems. We still treat the Fefferman-Graham
coordinates (p(z,r), z*(x,r)) as unknowns, but the third unknown is now the G, (z,r)
which appears in the Eddington-Finkelstein metric (2.11). The zeroth order solutions to
these three are known and are given in (2.19) and (2.24). To find the corrected solutions
due to change in the Fefferman-Graham metric at first order it is straightforward to
perturb these equations and solve them exactly at first order. The complete solutions to

the three unknowns exact up to first order are

p= V20 (1 + bk(br);u) ,
N RN 3

M= 2" + u'bk(br) + u“%kaA(br) + (u.0)u"b*kp(br), (2.44)

1 2
G =r’P,, + (—r2 + W) uw, + 2r*0F (br)o,, — ((u.a)(uuuy) - §uuu,,(8.u))

(v—1)b 1
+ Tr2log 1— i | O

where,
1 r+1
= — -2 24
k(x) 1 (log (az — 1) arctan(z) + 7T) : (2.45)
1 )22+ 1
F(z) == <l0g ((m 1) gx i )) — 2arctan(x) + 7r) :
4 x
and k4 (z), kp(x) satisfy the following differential equations
dk 4 x? x
= — k —_— 2.46
dx x4—1<(x>+ x4—1)’ (2:46)
dkp 1 k(z)a?

dz x\/:(;4—1_$4—1.
with the boundary condition that they vanish at z = co. One may easily check that if
we do the Taylor series expansion of p, z* in 1/r, we can reproduce the results (2.29) of

section 3 in which we have solved these equations using a power series ansatz.
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The crucial point, as realized by authors of [26] is that in the Eddington-Finkelstein
coordinates if there is a blow-up in G, (x,r) it should be a real singularity. For a general
conformal fluid at first order with /s = «/4m, the corresponding solution in Eddington-
Finkelstein coordinates has G, (z,r) given by (2.44). Except for the log term which
appears in the last line, all other terms are well behaved for r > 0 and the [og term blows
up at 7 = 1/b, the location of the unperturbed black brane horizon. Only when v = 1, the
coefficient of the [og term vanishes and so the naked singularity at » = 1/b is absent. For
this value of v we have in fact reproduced the G, of the Eddington-Finkelstein metric

given by the authors of [26].

We learn the following general facts. The translation to Eddington-Finkelstein coor-
dinates exists for an arbitrary solution in the Fefferman-Graham coordinates irrespective
of whether there is any naked singularity or not. Also the Fefferman-Graham coordinates
have a power series expansion in terms of the inverse of the radial Eddington-Finkelstein
coordinates for all cases. For all cases, the change of coordinates also become singular
at the location of the original horizon in the Eddington-Finkelstein coordinates which is
r=1/b.

We can continue the regularity analysis to higher orders in the derivative expansion
by solving the equations (4.53) for translating the solution from the Fefferman-Graham co-
ordinates to Eddington-Finkelstein coordinates order by order in the derivative expansion
as well. In this way at each order we will be able to determine what values the coefficients
in the terms of the hydrodynamic stress tensor should have so that a naked singularity
is avoided. It would be interesting to see if we can understand the values of these coef-
ficients of the hydrodynamic stress tensor, more directly in terms of the geometry of the

unperturbed boosted black brane horizon.

We will conclude this section by emphasizing certain points.

e We can think of translating to outgoing Eddington-Finkelstein coordinates also as
an attempt to remove the singularity and then as expected the situation will be
time-reversed. We will now need v = —1 for regularity. In the boundary theory, all

fluid dynamical solutions will then be time-reversed and our gravity solutions will
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be perturbed white-hole solutions exact up to first order in the derivative expansion.

We could have attempted to fix v by studying regularity at the horizon by computing
curvature invariants (like Ry, ,,R**?). However, we do not know, if for these space-
times, checking that a finite number of curvature invariants do not blow up at the
horizon will suffice to demonstrate regularity. So the best strategy is to translate
to a coordinate system where the solution is explicitly regular up to first order
in the derivative expansion and this is what we have done here. For the sake of
completeness, however, we have studied a few curvature invariants and have found
that the leading singularity of R, ,, ?*"? at second derivative order vanishes for the
right choices of v which are 1 and -1, the details of which are presented in Appendix
B. Here we have also pointed out the dangers of using curvature invariants for

regularity analysis at higher orders in the derivative expansion.

The manifest regularity in the ingoing Eddington-Finkelstein coordinates can be
thought of as generalization of the incoming wave boundary condition at the hori-
zon in case of the linearized solution, at the non-linear level. This in fact is the un-
derlying reason why the transport coefficients obtained in this more robust method
agrees with the values obtained from the dispersion of long wavelength and low fre-
quency quasinormal modes. For nonhydrodynamic configurations, the regularity of
the solutions need not manifest in the ingoing Eddington-Finkelstein coordinates,
so the dispersion relations of nonhydrodynamic quasinormal modes may at best be

only approximate regular solutions at the non-linear level.

A special case of our metrics are the solutions corresponding to the Bjorken flow
found in [25]. With our method we find the solutions for arbitrary slowly varying
velocity configurations at each order in the derivative expansion. Our method clar-
ifies the issues raised in [34] regarding finding the solutions in Fefferman-Graham

coordinates by implementing a systematic derivative expansion.

The derivative expansion in Fefferman-Graham coordinates is equivalent to the same

in Eddington-Finkelstein coordinates to all orders in the derivative expansion even
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when the solutions do not have a regular horizon. This is so because the equations
(4.53) for translating Fefferman-Graham coordinates to Eddington-Finkelstein co-
ordinates can always be solved order by order in the derivative expansion as well.
In fact, this is natural, because any asymptotic AdS solution can be written in the

Fefferman Graham coordinates.

e Using our method we can construct solutions in the Fefferman-Graham coordinates,
corresponding to an arbitrary hydrodynamic energy-momentum tensor with arbi-
trary first order and higher order transport coefficients. It is also possible to translate
these solutions to ingoing Eddington-Finkelstein coordinates up to any given order
in the derivative expansion. At any given order the solution is linear in the highest
order transport coefficients. The solution is also manifestly regular or irregular in
Eddington-Finkelstein coordinates. If the transport coefficients at the lower orders
are fixed to values such that the solutions at all lower orders are regular, then the
solution at the highest order when singular, contains the same log singularities as in
the case of the first-order solution when 7/s is different from 1 /4, because the singu-
larity comes from translating the homogeneous solution in the Fefferman-Graham
coordinates which alone can depend on the highest order transport coefficients.
These log divergences being linear in the highest order transport coefficients, can
always be fixed to values such that they disappear. Therefore, we conclude, all hy-
drodynamic transport coefficients can be determined by requiring the reqularity of the
solution up to required orders in the derivative expansion. Moreover, the solutions,
when regular, corresponds to a purely hydrodynamic energy-momentum tensor. So,
we can demonstrate, that purely hydrodynamic states which can be characterized
by hydrodynamic variables alone and whose evolution can be completely determined
by a higher derivative hydrodynamic equation, exist at strong 't Hooft coupling and
large rank of the gauge group, in the universal sector of conformal gauge theories

with gravity duals.
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Chapter 3

Phenomenological description of
basic nonequilibrium processes and
pure gravity

3.1 Introduction

In the previous chapter, we have established that the expectation value of the energy-
momentum tensor uniquely characterizes all states in the universal sector of gauge/gravity
duality and determines their dynamics. A generic conformal energy momentum-tensor
has nine independent components, therefore should require nine field variables for being
parametrized. We have also established in the previous chapter that there are purely
hydrodynamic states in the universal sector, which can be characterized by four hydrody-
namic variables, namely the local velocity and temperature even far away from equilib-
rium. The four equations of conservation of energy and momentum give us the equations
of fluid dynamics and completely determine the dynamics of the purely hydrodynamic
states. Regularity of the future horizon in the dual gravity solutions require systematic
corrections to the energy-momentum tensor in the derivative expansion giving systematic
Weyl covariant higher derivative corrections to the relativistic Navier-Stokes’ equation.
Further, all the higher order transport coefficients also get determined by requirement
of regularity of the future horizon in the dual gravity solutions order by order in the

derivative expansion. The derivative expansion is under control when the hydrodynamic
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variables are slowly varying both spatially and temporally with respect to the temperature

in the final configuration.

In this chapter, we will attempt a field-theoretic understanding of how the expecta-
tion value of the energy-momentum tensor characterizes states in the universal sector and
determines their dynamics. Moreover, we will also seek to understand the whole range
of phenomena in the universal sector. Clearly, the four equations of energy-momentum
conservation will not suffice generically to determine the evolution of the nine independent
components of the energy-momentum tensor. In this chapter, we will use field-theoretic
insights to understand how pure gravity in asymptotically AdSs spacetime gives us the
evolution of a generic energy-momentum tensor for a state in the universal sector through
the requirement of regularity of the future horizon. This will lead us to make conjecture
about regularity condition of asymptotically AdS5 spacetimes which are solutions of Ein-
stein’s equation. This conjecture can be verified by constructing solutions in a general

perturbation expansion and doing analysis of regularity for the given orders of expansion.

The broader result of this study is that we will be able to develop a complete frame-
work for the whole range of phenomena in the universal sector including decoherence,
relaxation and hydrodynamics. We will argue that all these phenomena even beyond
the universal sector can be effectively described by just nine phenomenological equations
giving the evolution of the energy-momentum tensor which can be systematically con-
structed in two expansion parameters and reduce to fluid dynamical equations in special
cases. The description of the states in terms of these equations become exact for states in
the universal sector. We will be also be able to argue that a generic state even away from
the regime of strong 't Hooft coupling and large rank of the gauge group can be approxi-
mated at sufficiently late time by an appropriate state where the dynamics will be exactly
given by the energy-momentum tensor alone. We will also see how we will be able to use
this framework to establish concretely which features in the five dimensional geometry
determine nonequilibrium phenomena like decoherence and attain a deeper understanding

of irreversibility.

Here we will address the question of how energy-momentum tensor characterizes
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the states; first in the regime of weak coupling, so that we can employ the quasiparticle
description and also use kinetic theories, which are coarse-grained descriptions of micro-
scopic laws. Specifically, we use the Boltzmann equation which has proven useful [35, 36]
in determining the shear viscosity, higher order hydrodynamic transport coefficients and
the relaxation time in weakly coupled gauge field theories. It has also been shown that
an effective Boltzmann equation can be used to study nonequilibrium phenomena in high
temperature QCD and is equivalent to an exact perturbative treatment [35]. Despite
being a coarse-grained description, the Boltzmann equation retains the power to describe
nonequilibrium phenomena far away from the hydrodynamic regime and at length scales
and time scales shorter than the mean-free path and the relaxation time respectively.

However it is not applicable to phenomena at microscopic length and time scales.

We prove that there exist very special solutions of the Boltzmann equation which are
functionally determined by the energy-momentum tensor alone. We call such solutions
“conservative solutions”. These solutions, although very special, constitute phenomena
far away from equilibrium and well beyond the hydrodynamic regime. The existence of
conservative solutions can be conveniently proven for nonrelativistic monoatomic gases
using some basic structural properties of the Boltzmann equation and can be easily ex-
tended to include relativistic and semiclassical corrections. We show that these solutions
can be constructed even for multicomponent systems relevant for relativistic quantum

gauge theories.

It will thus be natural to make the assumption that the conservative solutions con-
stitute the universal sector of strongly coupled gauge theories with gravity duals. This
will explain why the states in the universal sector are determinable functionally by the
energy-momentum tensor alone. This assumption, through the gauge/gravity duality, will
have powerful consequences for gravity. The same condition on the energy-momentum
tensor,required to make the state in the field theory a conservative solution, will now be
required to make the dual solution in gravity have a smooth future horizon. In other
words, the conservative condition on the energy-momentum tensor in field theory should

now transform into the regularity condition in gravity.
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The plan of this chapter is as follows. In Section 2 we outline the conservative
solutions in the Boltzmann equation. We then state and investigate our proposal for the
regularity condition on the energy-momentum tensor for pure gravity in Ad.Ss in Section 3.
The proof of existence of the conservative solutions in the Boltzmann equation is slightly
technical and elaborate. So, this proof will be presented in full details in the Appendix C

in a self-contained manner and will referred appropriately in this Chapter.

3.2 The conservative solutions of the Boltzmann equa-
tion

The study of equilibrium and transport properties of dilute gases through the dynamics of
one-particle phase space distribution functions was pioneered by Maxwell [38] and further
developed by Boltzmann [39] in the 19th century. The Boltzmann equation provides a
successful description of nonequilibrium phenomena in rarefied monoatomic gases. It is
an equation for the evolution of the one-particle phase space distribution function. It can
successfully describe nonequilibrium phenomena in rarefied gases, even at length scales
between the microscopic molecular length scale and the mean-free path, and time scales
between the time it takes to complete binary molecular collisions ! and the average time

between intermolecular collisions.

The Boltzmann equation is neither microscopic nor phenomenological, but a re-
sult of averaging the dynamics over microscopic length scales and time scales. Unlike
phenomenological equations, it has no undetermined parameters and is completely fixed
once the intermolecular force law is known. The structural details of the molecules are
however ignored and effectively they are taken to be pointlike particles. The hydrody-
namic equations with all the transport coefficients can be determined from the Boltzmann

equation.

We start with a brief description of the conservative solutions of the Boltzmann

!Classically this is just the typical time it takes the trajectories of the molecules to straighten out
after collision; a good estimate of this is r/cs, where r is the range of the force and ¢, is the thermal
speed (the average root mean square velocity of the particles).
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equation for a system of pointlike classical nonrelativistic particles interacting via a cen-
tral force. As mentioned in the Introduction, the proof of existence and uniqueness of
such solutions is detailed in the Appendix in a self-contained manner. This is followed by
a discussion on how to generalize our construction of conservative solutions to the semi-
classical and relativistic versions of the Boltzmann equation. Finally we show how our
results apply to multicomponent systems relevant for relativistic gauge theories. These
generalizations are straightforward and the discussion on the nonrelativistic Boltzmann

equation will be convenient for a first understanding of the conservative solutions.

3.2.1 The conservative solutions in brief

A generic solution of Boltzmann equation (6.19) is characterized by infinite number of
local variables. In general, these could be chosen to be the infinite local velocity moments

(f™(x)’s) of the one-particle phase space distribution f(z,¢), given by

Falxt) = [d e, fix6) (3.1)

where ¢; = & — w;(x,t) with u;(x,t) being the local average velocity.

However the first ten velocity moments suffice to parametrize the energy-momentum
tensor. The conservative solutions, which are determined by the energy-momentum tensor
alone, are thus a very special class of solutions obtained when the initial value data satisfy

certain constraints.

Another special class of solutions to the Boltzmann equation is actually well known
in the literature. These are the normal solutions, where the local hydrodynamic variables
given by the first five velocity moments of f suffice to describe the solution even when
it is far from equilibrium. Our conservative solutions are a generalization of these nor-
mal solutions. We review the normal solutions below before describing the conservative

solutions.
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The hydrodynamic equations and normal solutions

It is well-known that the first five velocity moments of the Boltzmann equation (6.19),
obtained by multiplying with (1,&;,£?) and integrating over &, give the hydrodynamic
equations as

dp

EjLaxT(puT) = 0 |,

ot +“Taxr p or, -0 >
dp 0 2 o 105 _
AR (U O ret el

where the hydrodynamic variables (p, u;, p) are respectively the local density, components
of local average molecular velocity and the local pressure of the gas defined in terms of

the average root mean square kinetic energy. In terms of the velocity moments

pict) = [ ric

1
wixd) = - / Gfde (3.3)
pxt) = 5 [ e

The local temperature is defined through the local equation of state, (RT = p/p) %. The
shear-stress tensor p;; and the heat flow vector S; (defined through S; = S;;xd;x) are

related to the velocity moments by
bi; = /(Cicj - RT5ij)fdf )
Sijk = /Cz‘CjCkfdf ; (3.4)

where ¢; = & — ;. It can be easily seen from the definition that p;;d;; = 0.

The collision term J(f, f) (as defined in (6.20)) does not contribute when deriving
the hydrodynamic equations (3.2) from the Boltzmann equation. The first five velocity

2If we refine the kinetic description beyond the Boltzmann equation, we need to refine this equation of
state which holds for ideal gases. The gaseous equation of state assumes that the potential energy density
is negligible compared to the kinetic energy density which could be true only if the number density of
particles is sufficiently small.
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moments of J(f, f) are zero owing to particle number, momentum and energy conservation

as proven in the Appendix.

It must be emphasized that, in the hydrodynamic equations (3.2), the shear-stress
tensor p;; and the heat flow vector S; are functionally independent of the hydrodynamic
variables. However there exist unique algebraic solutions to these and all the higher mo-

ments f ()

11...in

(x,t), which are functionals of the hydrodynamic variables. These functional
forms contain only spatial derivatives of the hydrodynamic variables and can be system-
atically expanded in the so-called derivative expansion discussed below. This leads to the
construction of the normal or purely hydrodynamic solutions of the Boltzmann equation,
which we discuss below. For a generic solution of the Boltzmann equation, the higher
moments of f will have explicit time-dependent parts which are functionally independent

of the hydrodynamic variables.

The normal solutions of the Boltzmann equation [40, 41, 42] have been extensively
discussed in [43]. These solutions can be determined in terms of the five hydrodynamic
variables (p,u;,p) alone. They describe situations far away from equilibrium, such that
observables which vanish at equilibrium do not vanish anymore but are functionally deter-
mined in terms of the hydrodynamic variables and their spatial derivatives. The existence
of such solutions follows from the existence of unique algebraic solutions (as functionals
of the hydrodynamic variables) to the equations of motion of the higher moments. The

functional forms of the shear-stress tensor and the heat flow vector, for instance, are given

by

2 2
n i D 1
Pij = MNoi; + 51?(8 U)o+ 525 <E0ij —2 <0ik0kj — g@jazmmm))
2 2

1 2
"‘53;,—7_, (8,8]T - géz]DT) + 54]91;_T (azpajT + @p&T - §5zjazp5zT>

2

1

Si = x0T+ ... |
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with the convective derivative D/Dt = 0/0t + u;0;, and

2
Oij = ain -+ 8jui — géma uo,

P 15R

where n and &, appearing as in the Navier-Stokes equation and the Fourier’s law of heat
conduction, are the shear viscosity and heat conductivity respectively. B® is a specific
function of the local thermodynamic variables determined by the collision kernel of the
Boltzmann equation. The f(!s are pure numbers that can be determined from the Boltz-
mann equation. The time derivative in D/Dt can be converted to spatial derivatives
using the hydrodynamic equations of motion; in fact, up to the orders shown above, we

can assume that the Euler equation is valid and that the heat conduction is adiabatic.

The functional forms can be expanded systematically in the derivative expansion,
which counts the number of spatial derivatives present in the expansion. The expan-
sion parameter is the ratio of the typical length scale of variation of the hydrodynamic
variables with the mean-free path. This is true for all the higher moments of f. The func-
tional forms of p;; and S; (3.5), when substituted into the hydrodynamic equations (3.2),
give us systematic corrections to the Navier-Stokes equation and Fourier heat conduction

respectively which can be expanded in the derivative expansion scheme.

The hydrodynamic equations are now the only dynamical equations. The higher
moments are given algebraically in terms of the hydrodynamic variables and their spatial
derivatives. The phase space distribution function f is completely determined by the
hydrodynamic variables through its velocity moments. The hydrodynamic equations thus
form a closed system of equations and any solution of this system can be lifted to a unique

solution of the full Boltzmann equation.

Stewart has shown [44] that such normal solutions exist even for the relativistic and

semiclassical Boltzmann equations.
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The conservative solutions

We are able to prove that a more general class of special solutions to the Boltzmann
equation - which we call conservative solutions - exist. Here we outline these solutions,
leaving the details of the proof to the Appendix. These solutions can be completely deter-
mined in terms of the energy-momentum tensor, analogous to the normal solutions being
completely determined in terms of the hydrodynamic variables. The energy-momentum

tensor (as shown later) can be parametrized by the first ten moments of f :

e i) the five hydrodynamic variables (p, u;, p), and

e ii) the five components of the shear-stress tensor p;; in a comoving locally inertial

frame.

Importantly, for a generic conservative solution the shear-stress tensor is an independent
variable unlike the case of normal solutions, where it is a functional of the hydrodynamic

variables.

These ten independent variables satisfy the following equations of motion

dp 0

§+a$r(pu7‘) = O )

E—i_m@xr—i_/} ox, =0
op 0 2 Ou; 105,
E + %(Urp) -+ g(p&r + pir)a—xr + g axr =0 s (36)
8]?,']‘ 0 8Sijr 1 6ST
TR T U Pest L
_|_auj o+ % N 25 %
8% Pir 8wrp]7“ 3 ijPrs 8335
ou; Ou; 2. Ou, >
(gt 5t = S0 ) = > B (0, T) £ £

ox; Ox; 370z,

p,q=0;p>q;(p,q) #(2,0)

+B® (p, T)pij

where Bi(ff;’q) are determined by the collision kernel in the Boltzmann equation. v and p

indicate abstractly all the p and ¢ indices of the moments f® and f(@, respectively.
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The above equations are now a closed system of equations, just like the hydrody-
namic equations were in case of the normal solutions. All the higher moments appearing
in the above equations are given as functionals of the hydrodynamic variables and the
stress tensor. These functional forms are unique and special algebraic solutions of the

higher moments of f. For instance, the heat flow vector can be determined from

15pR OT 3 Opir or  2p; Op
= ———+ ——— | 2RT ; —
Si 2B2) 9z, * 2B(2) ( r ox, + T hEpr ox, p Ox, +

The functional forms of all the higher moments, as for the heat flow vector above, can be

(3.7)

expanded systematically in two expansion parameters € and §. The parameter € is the old
derivative expansion parameter — the ratio of the typical length scale of spatial variation to
the mean-free path. The new parameter ¢ is an amplitude expansion parameter, defined
as the ratio of the typical amplitude of the nonhydrodynamic shear-stress tensor with the

hydrostatic pressure in the final equilibrium.

The closed system of ten equations (3.6) are thus the only dynamical equations and
any solution of this system can be lifted to a full solution of the Boltzmann equation

through the unique functional forms of the higher moments.

The normal solutions,being independent of the stress tensor, are clearly a special
class of conservative solutions. There is another interesting class of conservative solu-
tions which are homogeneous or invariant under spatial translations. The phase space
distribution function f is a function of v only for these homogeneous solutions and the
hydrodynamic variables are constants both over space and time [this can be easily seen
from (3.6)]. The shear-stress tensor and consequently all the higher moments are func-
tions of time alone. Such solutions have dynamics in velocity space only and describe

relaxation processes.

In a generic solution of the Boltzmann equation, the dynamics at short time scales
is more like the homogeneous class, where the initial one-particle distribution relaxes to
a local equilibrium given by a local Maxwellian distribution parametrized by the local
values of the hydrodynamic variables. At long time scales the dynamics is more like the
normal solutions, where the system goes to global equilibrium hydrodynamically. Thus

conservative solutions, despite being mathematically special, capture both relaxation and
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hydrodynamics which constitute generic nonequilibrium processes in a phenomenological
manner. In other words, the dynamics of the energy-momentum tensor alone given by

(3.6) captures both relaxation and hydrodynamics in a systematic fashion.

3.2.2 Relativistic and semiclassical corrections to conservative
solutions

The proof for existence of conservative solutions in the nonrelativistic classical Boltzmann
equation can be readily generalized to its semiclassical and relativistic versions. This is
because all the properties of the collision term J required for the proof of the existence

of conservative solutions carry over to the semiclassical and relativistic versions as well.

Let us consider the semiclassical version of the collision term which takes into ac-

count quantum statistics. This was first obtained by Uehling and Uhlenbeck [45] to be

o) = [T6e)BO.VEdeas
TEE) = [1:E)glx €)FOGE) ~ F(x,O)g(x, €V F(E)G(EN] .

o = (145250, so- (1525 39

where the + sign applies for bosons, the — sign for fermions and s is the spin of the
particles comprising the system. The final velocities & and ¢* are determined by the
velocities £ and &* before the binary molecular collision according to the intermolecular
force law. Importantly, now J(f, f) vanishes if and only if f is the Bose-Einstein or the
Fermi-Dirac distribution in velocity space for bosons and fermions respectively, instead of

being the Maxwellian distribution 3.

The proof for the existence of conservative solutions in the nonrelativistic classical
case does not require any explicit form of the collision kernel J. Only certain key properties

suffice, as will be evident from the proof. We can pursue the same strategy with the

3The proof follows along exactly the same lines as shown in Appendix. The Boltzmann equation still
takes the same form as in (6.19). The semiclassical form of J then readily follows from (6.27), which
in turn follows from (6.25) and (6.26), all of which are true for the semiclassical form of J too. The
hydrodynamic equations will take the same form as before and the shear-stress tensor, p;; and the heat
flow vector S; can be defined as before.
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semiclassical corrections as well 4.

One has to employ the Sonine polynomials, which are generalizations of Hermite
polynomials, to find solutions of the required algebraic solutions of the higher moments
as in [46]. The main objection could be that for the proof of existence of solutions, we
use a theorem due to Hilbert which is explicitly stated for the nonrelativistic classical J.
However the details are exactly the same as that for constructing the normal solutions. It
has been seen that normal solutions can indeed be constructed in the semiclassical case
[44], so there ought to be no obstruction to the construction of conservative solutions also.
Indeed, our proof shows that we can construct the conservative solutions given that the

normal solutions exist.

The generalization in the relativistic case again holds on similar grounds as above.
It is more convenient to use a covariant description now. Normal solutions of the semi-
classical relativistic Boltzmann equation have also been constructed [44]. So there should

be no obstruction in constructing conservative solutions as well.

In fact the same arguments could be used to state that any solution of the relativistic
semiclassical Boltzmann equation at sufficiently late times can be approximated by an
appropriate conservative solution, since the maximum speed of propagation of linearized

modes increases monotonically [47] as more and more higher moments are included.

3.2.3 Multicomponent systems

So far we have pretended as if our system is composed of only one component or particle.
However gauge theories have many species of particles and internal degrees of freedom,

hence we need to understand how to extend our results to multicomponent systems.

Let us consider the example of N/ = 4 super Yang-Mills theory. In the weakly cou-
pled description we need to deal with all the adjoint fermions and scalars along with the
gauge bosons; all these particles form a SUSY multiplet. We note that in the universal

sector all charge densities or currents corresponding to local (gauge) and global [SO(6)g]

4The explicit solutions in the recursive expansion series will be more complicated now. In the nonrel-
ativistic proof, one uses the Hermite polynomials which can no longer be conveniently employed.
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charges are absent. Similarly we should not have any multipole moments of local or global
charge distributions, because in the gravity side we have pure gravity only. Therefore,
most naturally we should have that all members of the N' = 4 SUSY multiplet, distin-
guished by their spin, global charge and color, should be present in equal density at all
points in phase space. So we are justified in our analysis in dealing with a single phase
space distribution f. The Boltzmann equation we have considered above is obtained after

summing over interactions in all possible spin, charge and color channels.

The situation should be similar in any other conformal gauge theory. We can still
treat the spin, color and charge as internal degrees of freedom owing to mass degeneracy
even though the particles do not form a SUSY multiplet. In the absence of any chemical
potential, there should be equipartition at all points in phase space over these internal
degrees of freedom. This should be the most natural weak coupling extrapolation of the
situation in the universal sector, dual to pure gravity, where gravity is blind to all the

internal degrees of freedom of the particles.

3.3 Regularity condition of solutions of pure gravity
in asymptotically AdS spacetimes

We will now argue that conservative solutions should exist even in the exact microscopic
theory. In the exact microscopic theory, we do not make any approximation over the
microscopic degrees of freedom and their dynamics unlike the Boltzmann equation, though
an appropriate averaging over the environmental degrees of freedom is required to get the

final equilibrium configuration.

To begin with, consider the BBGKY heirarchy of equations [48] which describes a hi-
erarchy of coupled semiclassical nonrelativistic equations for the evolution of multiparticle
phase space distributions. This hierarchy is useful for developing kinetic theory of liquids.
If the hierarchy is not truncated, then it is equivalent to the exact microscopic descrip-
tion. It has been shown that normal or purely hydrodynamic solutions to the untruncated
hierarchy exist. These solutions lead to the determination of viscosity of liquids which

behave correctly as a function of density and temperature [49]. It is therefore likely that
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the conservative solutions also exist for this system which means they are likely to exist
for the microscopic nonequilibrium theory of nonrelativistic classical systems constituted

by pointlike particles.

Experiments at the Relativistic Heavy Ion Collider (RHIC) suggest that the evolu-
tion of quark-gluon plasma (QGP) can be well approximated by hydrodynamic equations,
very soon after its formation from the fireball [50]. Given that the perturbative nonequi-
librium dynamics of hot QCD for temperatures greater than the microscopic scale A is
equivalent to a relativistic semiclassical Boltzmann equation [35], we know perturbatively
normal or purely hydrodynamic solutions exist for these microscopic theories. In fact any
generic solution of the relativistic semiclassical Boltzmann equation can be approximated
by an appropriate normal solution at a sufficiently late time. The quick approach to al-
most purely hydrodynamic behavior for the strongly coupled QGP in RHIC suggests that
even nonperturbatively a normal solution should exist which could approximate the late-
time behavior for any generic nonequilibrium state. It is also true that not all transport
coefficients of generic conformal higher derivative hydrodynamics can be defined through
linear response theory. The plausible route of defining these higher order transport coeffi-
cients could be through the construction of normal solutions in nonequilibrium quantum
field theories. Extremely fast relaxation dynamics in quark-gluon plasma similarly sug-
gest that conservative solutions should capture generic nonequilibrium behavior. This is
because in such systems the approach to the conservative regime, where the dynamics
is given in terms of the energy-momentum tensor alone, should be faster than in weakly
coupled systems, where even the corrections to Navier-Stokes hydrodynamics are hard to

determine experimentally.

If we accept that conservative solutions exist in the exact microscopic theory, it is
only natural to identify the conservative solutions with the universal sector at large N
and strong coupling in gauge theories with gravity duals. Such an identification explains
the dynamics in the universal sector being determined by the energy-momentum tensor
alone. We emphasize, however, that the conservative solutions become universal only at

strong coupling and large N.
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An appropriate AdS/CFT argument can also be provided for the existence of con-
servative solutions for finite N and coupling. In such cases, we need to consider higher
derivative corrections to Einstein’s equation and the full ten — dimensional equations
of motion. There is no guarantee of a consistent truncation to pure gravity anymore.
However, we can use holographic renormalization with Kaluza-Klein reduction to five di-
mensions [51] to argue that we can readily extend the solutions in the universal sector,
perturbatively in the string tension (=~ 1/v/A in appropriate units) and string coupling
(whose N dependence is 1/N). This can be done by turning off the normalizable mode
of the dilaton while keeping its non-normalizable mode constant, turning off the normal-
izable and non-normalizable modes of all other fields while keeping the boundary metric
flat and perturbatively correcting the energy-momentum tensor to appropriate orders of
the string tension and string coupling, so that the gravity solution still has a future hori-
zon regular up to desired orders in the perturbation expansion. These solutions, again
by construction, are determined by energy-momentum tensor alone. Our claim that the
conservative solutions exist in the exact microscopic theory at any value of coupling and

N 1is therefore validated.

The identification of conservative solutions with the universal sector at strong cou-
pling and large N for conformal gauge theories with gravity duals allows us to create a
framework for solutions of pure gravity in AdS with regular future horizons. We first
study the parametrization of the boundary stress tensor which will allow us to make the
connection with nonequilibrium physics. Then we will proceed to give a framework for
regular solutions, with the only assumption being the identification of conservative solu-
tions with the universal sector at strong coupling and large N. Finally we will make some

connections with known results.

3.3.1 The energy-momentum tensor and nonequilibrium physics

A general parametrization of the energy-momentum tensor allows us to connect gravity
to the nonequilibrium physics of conformal gauge theories. This parametrization has been

first applied in the AdS/CFT context in[37]. The energy-momentum tensor is first written

79



CHAPTER 3. PHENOMENOLOGICAL DESCRIPTION OF BASIC
NONEQUILIBRIUM PROCESSES AND PURE GRAVITY

as

t'm/ = t(o),w + Ty (39)

where (g, is the part of the energy-momentum tensor in local equilibrium. It can be
parametrized in conformal theories by the hydrodynamic variables, the timelike velocity

(u*) and the temperature (7'), as

tow = (PT) (4w, +nw) (3.10)

and 7, is the nonequilibrium part of the energy-momentum tensor.

If we define the four velocity u* to be the local velocity of energy transport and
the temperature 7" such that 3(7T)* = u”u”t,, is the local energy density, then in the
local frame defined through u*, the energy-momentum tensor must receive nonequilibrium

contributions in the purely spatial block orthogonal to the four velocity. This means
wm, =0 . (3.11)

The constraints in Einstein’s equations impose the tracelessness and conservation

condition on the energy-momentum tensor so that

oMt =0 = o ((7TT>4(4UMUV + nw,)) = —0mu
Tr(t)=0=Tr(r) = 0 . (3.12)

In the second equation above, the implication for the tracelessness for m,, comes from the

fact that the equilibrium energy-momentum tensor as given by (3.10) is by itself traceless.

In the dual theory these conditions are satisfied automatically owing to the full
SO(4,2) conformal invariance. Note that the first of the equations above is just the forced
Euler equation and can be thought of as the equation of motion for the hydrodynamic

variables.

We can reinterpret a class of known solutions of pure gravity in AdS as the duals
of the normal solutions in the exact microscopic theory at strong coupling and large N.

These solutions are the ”tubewise black-brane solutions” [26] which, in any radial tube
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ending in a patch at the boundary, are approximately boosted black brane solutions cor-
responding to local equilibrium and can be parametrized by the hydrodynamic variables
corresponding to the patch at the boundary. These solutions can be constructed pertur-
batively in the derivative expansion. The expansion parameter, being the ratio of length
and time scale of variation of the local hydrodynamic parameters and the mean-free path
in final equilibrium, simply counts the number of boundary derivatives. We can iden-
tify these solutions as duals of normal solutions because the nonequilibrium part of the
energy-momentum tensor m,, can be parametrized by the hydrodynamic variables and

their derivatives alone.

The complete parametrization of the purely hydrodynamic 7, in any conformal
theory is known up to second order in the derivative expansion.In this parametrization,
aside from the shear viscosity four higher order transport coefficients appear [37, 26],
which can be fixed by requiring the regularity of the future horizon giving us the tubewise

black-brane solutions [26].

Let us define the projection tensor P,, which projects on the spatial slice locally

orthogonal to the velocity field, so that
P, = uyuy, + 1y

The hydrodynamic shear strain rate o, is defined as

1 1
o = SPY P (g + Ogua) — =P u) (3.13)

We also introduce the hydrodynamic vorticity tensor,
v 1 16]
wh = éP”O‘P (Oaup — Optn) - (3.14)

The purely hydrodynamic 7, up to second order in the derivative expansion, for

the tubewise black-brane solutions, with all nonvanishing transport coefficients fixed by
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regularity is

T = =2(xT)3 "

+(2 — In2)(7T)? [(u -0)ot + %0’“’(8 cu) — (uot +uto"?)(u - O)ug

1
+2(7T)? (Jo‘“aa” — §P’“’0a500‘6>

+(In 2)(7T)* (0™ w,” + c*w,”) + O(0*u) . (3.15)

Having identified the normal solutions in the universal sector with a class of solutions
which could in principle be constructed up to any order in the derivative expansion, we
will now naturally extend this observation to a framework which captures all regular

solutions in certain expansion parameters.

3.3.2 The complete framework

In the hydrodynamic case we had four hydrodynamic variables, so the conservation of the
energy-momentum tensor alone is sufficient to determine the evolution in the boundary.

However in the generic case we need an independent equation of motion for .

The regularity condition must be an equation for the evolution of 7, similar to the
last equation of (3.6), This is because, as per our argument, the conservative solutions
should be identified with the universal sector at large N and strong coupling. However
Eq. (3.6) came from an underlying Boltzmann equation. At strong coupling, we have no
kinetic equation to guide us because a valid quasiparticle description at strong coupling is
not known even for N' = 4 supersymmetric Yang-Mills theory. Moreover an entropy cur-
rent cannot be probably constructed beyond the class of purely hydrodynamic solutions,
hence we cannot use any formalism like the Israel-Stewart-Muller formalism [52] to guess
an equation for m,,. This is because we should not expect a monotonic approach to equi-
librium, as in the case of the Boltzmann equation, when we go to the exact microscopic

description °.

®Even in the purely hydrodynamic context of ”tubewise black-brane solutions,” the Israel-Stewart-
Muller formalism is not valid. This has been discussed with references later in the text.
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The safest strategy therefore, will be to use only the following basic inputs without

resorting to guesswork.

e The first input is that the equation for 7, has to be conformally covariant because

the dual gauge theory is conformal.

e The second input is that the solutions in the purely hydrodynamic sector are known
exactly up to second order in the derivative expansion and, being identified with the
normal solution, should be special cases of our complete framework. The equation
for m,, must therefore have (3.15), the purely hydrodynamic energy-momentum
tensor known up to second order in the derivative expansion, as a solution up to

those orders.

With only these inputs, we will be able to propose the equation for m,, only up to
certain orders of expansion in both the hydrodynamic and nonhydrodynamic expansion
parameters about the equilibrium state. However we should consider the most general
equation for m,, which satisfies the above criteria. The expansion parameters are again
the derivative expansion parameter (as in the purely hydrodynamic sector, but with the
spatio-temporal variation of 7, taken into account additionally) and the amplitude ex-
pansion parameter, which is the ratio of a typical value of 7, divided by the pressure in

final equilibrium.

Our proposal then amounts to the following equation of motion for ,,, whose
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solutions should give all the regular solutions of pure gravity in AdSs :

(1—X3) {(u Q) + gﬂ’”(@ cu) — (7*Pu” 4 7Pt (u - 0)u5]

27T
(2—-1n2)

™ 4+ 2(7T)* o™

~A3(2 —In2)(7T)? ((u -0)ot” + %o‘“’(a u) — (uo® 4+ uto?) (u - 8)u5>

~M(In 2) (7T (0w, + o™ w,)
1
—2\ (7 T)? (aa"a”a - gP“”aa'Baa5> ]

n2

—(1=) (2 —In2)

(i + ™)

2)\2 1 o v va 1 v«
_<2——h’12) |:§(7TM g o + 7 O"ua) — gpu m ’Bga5:|

1—X— X o v L _op
e DICOE (” Mo = gl m g
+0 (7r3, 7o, 01, w2 0u, 10%u, 0*w, 0u, (Ou)(0*u), (8u)3) . (3.16)

where the O(73, 70, ...) term indicates the corrections which lie beyond our inputs.

The corrections can only include terms of the structures displayed or those with more
derivatives or containing more powers of m,, or both. We cannot say much about these
corrections because for purely hydrodynamic solutions, they contribute to the energy-
momentum tensor at the third derivative order only and the general structure of the
hydrodynamic energy-momentum tensor at third order in derivatives is not known. The
four A\;’s (i = 1,2, 3,4) are pure numbers. Though we have not been able to specify their
values, they are not free parameters. Once their values are fixed by regularity of the
future horizon for certain configurations, they should give the complete framework for the
whole class of regular solutions.

As we have already mentioned, this equation of motion (3.16) for the shear-stress
tensor 7, has to be supplemented by the conservation of energy-momentum tensor in the
form given in (3.12) so that we have nine equations for the nine variables (including the

hydrodynamic variables) parameterizing the general nonequilibrium energy-momentum
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tensor. The tracelessness of the energy-momentum tensor begets the tracelessness of 7,
as in (3.12) and this, as we have mentioned before, has led to the requirement that our

equation of motion for m,, should be Weyl covariant.

This equation is thus a phenomenological framework for the universal sector as
a whole up to certain orders in perturbation about the final equilibrium state. This
framework governs both hydrodynamic and nonhydrodynamic situations and goes much
beyond linear perturbation theory. This is however, only valid within the universal sector.
Beyond this sector we need many other inputs other than the boundary energy-momentum

tensor to specify the boundary state or the solutions in gravity.

3.3.3 Checks, comparisons and comments

We will begin with a couple of comments. The first comment is that our Eq. (3.16)
does not hold well at early times in the generic case. At early times the terms with time
derivatives of various orders coming from the higher order corrections to our equation
would become important. We will soon see the effect of such time-derivative terms in a
simple example. We give an argument why such terms with time-derivatives must appear
in the higher order corrections 6. Any data at early times in the bulk, which will result in
smooth behavior in the future, should get reflected in terms of an infinite set of variables
in the boundary. The only way we can represent this in terms of the energy-momentum
tensor alone is to include its higher order time derivatives in the initial data, so the
equation for evolution of the energy-momentum tensor should contain higher order time

derivatives.

The second comment is that, in the particular case of boost-invariant flow, we have
a better structural understanding of the hydrodynamic behavior at higher orders in the
derivative expansion [53]. We can, in principle, use our procedure to give a framework for
general boost-invariant flows at late times. However we will leave this for future work.
Moreover, the basic logic of our proposal is to use the purely hydrodynamic behavior as an

input and then extend this to the complete framework. So our proposal and its extension

6We thank Shiraz Minwalla for discussion on this point.
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at higher orders, by construction, reproduce the hydrodynamic sound and shear branches

of the quasinormal modes.

We now develop a straightforward strategy to check our proposal. We could look
at simple nonhydrodynamic configurations first and construct the bulk solution pertur-
batively in the amplitude expansion parameter to determine some of the A’s. Once these
have been determined, we can construct bulk solutions corresponding to a combination
of hydrodynamic and nonhydrodynamic behaviors perturbatively in both the amplitude
and derivative expansion parameters and then check if the regularity fixes those \’s to

the same values.

The simplest nonhydrodynamic configurations are the analogs of homogenous con-
servative solutions of the Boltzmann equation we have mentioned before and which de-
scribe pure relaxation dynamics. Such configurations are homogeneous in space, but time
dependent and satisfy the conservation equation trivially. In such configurations the flow
is at rest, so that w* = (1,0,0,0) and the temperature T is also a spatiotemporal con-
stant. The nonequilibrium part of the energy-momentum tensor satisfies the following
conditions
(i) the time-time component 7y, and the time-space components my; for i = 1,2, 3 vanish
and
(ii) the space-space components 7;; for ¢, j = 1,2, 3 are dependent only on time.

The above conditions on m,, result in the conservation equation being trivially

satisfied. Tt follows from our proposal (3.16) that regularity in the bulk implies that

m;; satisfy the following equation of motion :

dm;s 27T 1—X — Xo 1 dP7;;
I—A -/ ij "k — =04 T T | = O(—~
A= X) G + G ™ ~ B2 (T (” ¥TTkj = 30T T ) )
(3.17)
If we look at the linearized solution, we have
t 2—1In 2
my = Ageap(=—), T = (1= M) (3.18)

where A;; is a spatiotemporally constant matrix such that A;;6;; = 0. This implies that we

have a nonhydrodynamic mode such that when the wave vector k vanishes, the frequency
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liew= —ir ! ask — 0. There is however,

w becomes purely imaginary and equals —¢7,
no such mode in the quasinormal spectrum of black branes [20]. This makes us conclude

that A3 = 1, so that at the linearized level the only solution of (3.17) is m;; = 0.

However, at the nonlinear level we still have nonhydrodynamic solutions given by

d27TZ'j
dt?

27T 1—A — A 1
— (mmrkj— ) . (3.19)

2—n2) 7" 2= n2)(xT)? 5‘5’7’%%) = Ol

In fact, up to the orders explicitly given above, the equation is nondynamical and predicts
that we should, at least perturbatively, have tensor hair on the black-brane solution in
pure gravity in AdS. This gives us the simplest nontrivial test of our proposal and also a

means of determining A + .

In this connection, we also note that the possible second order in the time-derivative
correction in (3.19) implies that we need not have a monotonic approach to equilibrium

as we should have in the presence of an entropy current.

We end here with some comments on the issue of connecting our proposal with
physics of quasinormal modes of the black brane. The linearized limit of the conservation
equation, along with our proposed Eq. (3.16), supports at most three branches of lin-
earized fluctuations. We have further argued that the third branch giving pure relaxation
dynamics is not present. However, we know that the quasinormal modes have infinite
branches of higher overtones other than the hydrodynamic sound and shear branches.
This naive comparison is somewhat misplaced, 7 because, as we know, nonlinearities do
affect linearized propagation in quantum field theories. Since our equations are actually
equivalent to the nonequilibrium field theory equation of motion of the state in the gauge
theory, we must take into account nonlinearities of our equation in the propagation of the

energy-momentum tensor before making any comparison. We leave this for future work.

We would also like to mention here that it is only natural that the higher over-
tones are more like resonances and are built out of the dynamics of the nine degrees of
freedom of the conformal energy-momentum tensor, as it would have been surprising if

infinite branches in the spectrum in the universal sector would have been blind to the

"We thank A. O. Starinets for discussion on this point.
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microscopic details of the theory like the matter content and couplings. Our framework
suggests that these infinite branches could be obtained from the nonlinear dynamics of
the energy-momentum tensor. However we should exhibit caution here because although
these nonhydrodynamic higher overtones of quasinormal modes are indeed regular linear
perturbations of the black brane, it is yet to be demonstrated that these can be developed

into complete regular solutions of Einstein’s equation non-linearly.
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Chapter 4

The covariance of Navier-Stokes
equation and invariance of theories
under the infinite dimensional
Galilean Conformal Algebra

4.1 Introduction

In this chapter, we will investigate a novel non-relativistic limit of gauge/gravity duality
for conformal cases particularly to find out if hydrodynamics can be contained in this
limit. In the process, we will obtain valuable clues of how to take this limit dynamically
so that we get hydrodynamic behavior after the limit is taken. This chapter is a slight
departure from the general theme of the thesis, but has been included with the hope
that it can have some relevance for a tabletop experiment or a simulated system in the
future. It may also turn out that the universal sector in this dynamical limit can be solved
sometime in the future owing to the infinite-dimensional symmetry which appears in this
limit, so the results here could be important steps taken in this direction as well.

A new non-relativistic extension of gauge/gravity duality became possible when
it was shown [56, 57] that a non-relativistic conformal algebra could be obtained as a
parametric contraction of the relativistic conformal group. This contraction retained the

same number of generators as the relativistic conformal group. It was also found out by the
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authors of [57] that an infinite-dimensional extension of the finite non-relativistic algebra
was possible and following them, we call this algebra the Galilean Conformal Algebra,
in short GCA. In the context of developing the version of gauge/gravity duality for this
non-relativistic symmetry, important steps were also taken in [57] and later these have
been extended in [58, 59] (for some related work, please also see [60] !). The development
is still under progress 2, however it has been realized that this is different from the case
of the non-relativistic Schrodinger group. The Schrodinger group, has the advantage
that, it can be embedded in the relativistic conformal group of two higher dimensions, so
gauge/gravity duality in this case, can be developed on lines closer to the conventional
relativistic setting, though in two higher dimensions [66]. In the case of the Galilean
Conformal Algebra, however, it seems that the dynamics in the bulk involves a degenerate

limit, which is possibly a Newton-Cartan like gravity involving an AdS, factor [57] 3.

To get a better understanding, it will be useful to understand the pure gravity
sector first and in this sector, the gravity duals of hydrodynamic flows ubiquitously plays
a very special role, because of the conceptual clarity of their construction (for a review,
see [27]). However, even before constructing gravity duals, it is important, to understand
the role of the full Galilean Conformal Algebra as symmetries of the hydrodynamics of
the boundary theory. In the original work [57], it was shown that the Euler equation for
incompressible flows was invariant under some of the elements of the Galilean Conformal
Algebra. However, the hydrodynamics in any physical theory, should have a non-zero
viscosity and moreover there are typically higher derivative corrections to all orders. Here,
we will investigate how the Galilean Conformal Algebra can act as symmetries of the

Navier-Stokes equation and also its role in constraining higher derivative corrections.

The important point of our approach will be that we will be looking for covariance
rather than invariance, in close analogy with the case of relativistic conformal hydrody-
namics where the relativistic Navier-Stokes equation and its higher derivative corrections

can be made covariant (not invariant) under the relativistic conformal group [37]. An ele-

!Superconformal extensions have been dealt with in [72].

2For 2D CFTs, this nonrelativistic limit has recently been taken even dynamically [61]. However, in
this limit we do not obtain hydrodynamics.

3For an interesting earlier work, please look at [62] and a recent work in this direction is [63].
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ment in GCA may take a Galilean inertial frame to a non-inertial one. After covariantizing
under GCA, as expected, the equation will take its usual form in an inertial frame, but in
a non-inertial frame it will assume a non-standard form. In our case, the covariantizing
will involve novel features, like the absolute (time-dependent) acceleration and absolute
(time-dependent) angular velocity of the non-inertial frame,which are not non-relativistic
degenerations of the relativistic covariant form.. The basic reason for the appearance of
novel features is straightforward, the infinite GCA has no relativistic analogue (for a lucid
description of non-relativistic degenerations of relativistically covariant hydrodynamics,
etc, please see [67]). Also, in non-relativistic dynamics, the absolute acceleration or the
absolute angular velocity of a non-inertial frame are the more natural objects to be used
for covariantizing rather than ”connections”. Since our approach involves covariantizing
the usual Navier-Stokes equation for incompressible flows which holds in inertial frames,

it is very different from that in [70]*.

We will divide the Navier-Stokes equation into three parts, namely, the kinematic
term, the pressure term and the viscous term, and we will show that each term separately
transforms covariantly, exactly like in the case of the covariance of the relativistic Navier-
Stokes equation under the relativistic conformal group. The kinematic term, in an inertial
frame, is just the Euler derivative acting on the velocity field. This term transforms just
like the acceleration. Since, the GCA can transform an inertial frame to a non-inertial
frame, as mentioned above, the covariantizing will naturally involve the absolute angular
velocity and the absolute acceleration of the non-inertial frame. However, the covariance
under the “spatially correlated time reparametrizations” will be possible only if the flow
is incompressible®. Therefore, we would require the flow to be incompressible too.

The pressure term is just the gradient of the pressure divided by the density. We

will show that this leads to the speed of sound being GCA invariant, essentially because

the pressure transforms in the same way as the density under GCA.

4For some related work please also see [71].

SWhen a non-relativistic limit is taken by applying an appropriate scaling of the relativistic Navier-
Stokes equation, the incompressibility of the flow is automatically obtained (please see the first two
references of [70]. The GCA covariant form, however, cannot be obtained as a limit of the usual confor-
mally covariant relativistic Navier-Stokes equation.
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The viscous term is (1/p)0;0;;, where p is the density and o;; is the hydrodynamic
shear stress tensor given by, 0;; = n(V,v; + V,v; — (2/3)6;;V - v), with 1 being the shear
viscosity. Here the shear viscosity also transforms as a field only through its dependence

on the thermodynamic variables which transform under GCA.

We will see that when all chemical potentials vanish (as in a gas of phonons), ¢,
which denotes the speed of sound in an inertial comoving with the flow, is invariant
under GCA. We will see that this implies that it must be a fundamental constant like
the speed of light or given in terms of the microscopic parameters. We will see how each
could be possible, in particular we will see that when the number of spatial dimensions
is two, GCA admits a central charge with dimension (1/speed)?. Then we will study the
transformation of viscosity under GCA and see that in the absence of chemical potentials
the transformation could be realized only if the microscopic theory contains a length scale,

or a time scale, or both and if this is not possible, the viscosity should vanish.

We also find that the GCA also has the potential to restrict the possible corrections
to the Navier-Stokes equation and we explicitly evaluate the possible three derivative
corrections. It is intriguing that all these four possibilities correspond to the relativistic
conformal case so that the relativistic terms reduce to our terms in the non-relativistic
limit in inertial frames, when the flow is incompressible. The general lesson is that a
phenomenological law can be covariantized under GCA only if its form in the inertial

frame is sufficiently restricted.

The plan of the paper is as follows. In section 2, we arrive at a covariant description
of the hydrodynamics for the GCA. In section 3, we use this to covariantize the Navier-
Stokes equation. In scetion 4, we discuss how we can covariantize the continuity equation
and how it influences the transformations of the density, pressure and viscosity. In section
5, we show how the GCA constrains higher derivative corrections to the Navier-Stokes
equations. Then we conclude with some discussions on the implications of our results
for the version of gauge/gravity duality with GCA as the conformal symmetry group. In
appendices D and E, we elucidate some technical points and in particular, we also give

a simple mathematical interpretation of the GCA, that could be useful for constructing
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GCA invariant microscopic theories. We will refer to these appendices appropriately in

this chapter.

4.2 Covariant kinematics for the infinite Galilean Con-
formal Algebra

The finite part of the Galilean Conformal Algebra can be obtained as a parametric con-
traction of the SO(d+ 1, 2) relativistic conformal group of (d, 1) dimensional Minkowskian
space-time [56, 57]. This finite part forms a Lie group with exactly the same number of
generators as the SO(d + 1, 2) relativistic conformal group. The generators of this finite

part consists of the following

0
H= ~ o (4.1)

P =V,
JZJ = —<LL’Z'V]' x]Vz),
B; =tV;,
D=—-(xV+ tg)
N ' ot”’

0

_ 2 7
K =—2tx.V +1 875)7

Clearly, H is the Hamiltonian, P; are the momenta and J;; are the angular momenta
generating time translations, spatial translations and angular rotations respectively. The
B;’s generate the Galilean boosts. The dilation operator D acts differently from the
Schrodinger group as it scales all spatial coordinates and time in the same way. The
other generators K and K; can be thought of non-relativistic counterparts of relativistic

special conformal transformations.

This finite algebra has an infinite extension which forms the full GCA, the generators
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of which can be labelled as below

L™ = —(n+ 1)t"(x.V) — t““%,

M = ¢y,

(4.2)

¥

where n runs over all integers. The SL(2, R) part of L(™’s belong to the finite group (as
H=1LYD=L1LO_L0=K). Also, P, = M, ", B = M{" | K; = M}, while only J,"
belong to the finite group. The full algebra is

(L0, LW) = (m —n) L™, (4.3)
(L™, J) = —nJ ),
[JO(LN)a Jém)] = fachcn—Hn)a

(
(L, M) = (m — m) M),

3 3

57 M) = =M o5 — M),

i 7 J 7 J

(M, M) = 0.

The index a above form an alternative label corresponding to the spatial rotation group
SO(d) and fu. are the structure constants of this group. Further J((:))’s and L("™)’s to-
gether form a Virasoro Kac-Moody algebra. The GCA admits the usual (dimensionless)
central charges for the Virasoro Kac-Moody subalgebra as the MZ-(")’S can be consistently
put to zero [57]. Besides, these usual dimensionless, central charges, a special kind of
central charge, is possible in the case of two spatial dimensions and it will be important
for us because only in the case of two spatial dimensions we can have a dimensionful
central charge. A dimensionful central charge, unlike a dimensionless one can appear in
the Lagrangian description of the theory. A simple example is the central charge with
dimension of mass in the Schrodinger group actually being the mass of the free particle.

This central charge ©, appears in the commutator of Mi(m)’s in the GCA as below [59, 64]

M M) = 1m0, (4.4)

i j
where ™" is the invariant tensor of the spin one representation of SL(2, R). The central

charge © has the dimension of (1/speed)?. For possible physical interpretations of this
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term, please look at [59, 64, 65]. Further, in the case of the Schrodinger group, as
mentioned above, there is another possible central charge (for any number of spatial
dimensions) which has the dimension of mass (in units where the Planck’s constant is
set to unity, mass is basically time divided by square of length) and in fact has the
interpretation of the mass scale in the corresponding theory. The absence of this central
term in the GCA has been argued [57, 60] to reflect the absence of any mass scale in the

microscopic theory and we will also hold to this point of view here.

The J™s actually generate arbitrary time dependent rotations, the Mi(n)’s gen-
erate arbitrary time-dependent boosts and the L(™’s generate spatially correlated time
reparametrization [57]. Each of these form a subalgebra by themselves. We now proceed
to consider each of these categories of space-time transformations in detail to see how one
can have a covariant description of kinematics for each of these categories. Finally, we
will sum up by arriving at a kinematic description which will be covariant under the full

set of transformations.

4.2.1 Arbitrary time dependent rotations

These transformations are

t =t
where R;; is an arbitrary time dependent rotation matrix (so that Ri_j1 = Rj;). The

velocity transforms in the following manner,

v; = RN (v, — —dek

i ( 7 dt/ Rl;llx;) (46)

Now we will show that from the above transformation one can extract a covariant time
derivative. Let us define €2;; to be the absolute angular velocity of the non-inertial frame
with respect to any inertial frame (note when the number of spatial dimensions is more
than three this is actually a tensor, but by abuse of notation we will still call it absolute

angular velocity, in three dimensions €2;; = €;,;€2). Suppose the unprimed coordinates are
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in the inertial frame and the primed ones are in the non-inertial frame. Then clearly the
absolute angular velocity ;; = —(dR;/ dt)R,;jl. Of course the absolute angular velocity
of a frame is very much a physical quantity as it can be determined by an observer using
that frame. The covariant time derivative in a given frame, can now be defined through

its action on vectors as below,

D d
D7Vi = 7 Vi T Vi, (4.7)

where V is an arbitrary vector. Note that in an inertial frame D/Dt = d/dt, so if the
unprimed coordinates are inertial and primed coordinates non-inertial we may rewrite

(4.6) as
D _ pl D 2
Dt i Dy
In fact, we may replace the position vector z; above with any arbitrary vector V; which

transforms like V; = R;;V;, then it also follows that

(4.8)

D D,
5 Vi =Ry 55V (4.9)

We now claim that the above relation is valid even when both the primed and unprimed
coordinates are non-inertial. An easy way to prove this is as follows. Let us take two
non-inertial frames (x(1y,¢(1)) and (X(2), t(2)) which are related to the inertial frame (x,t)
through x(1); = Ra)ijxj, t) = t and (2); = R(2)i;7;,t2) = t respectively. Obviously the
absolute angular velocities of the non-inertial frames are 1);; = —(dRq)ik/ dt)R(l) p; and

Qyij = —(dR@yik/ dt)Ré%kj respectively. Clearly,

D D D

D1V = RﬁﬁijD—th(l)j Royip Di, @i (4.10)
Therefore,
Dﬂtlv = R;; D%QV (4.11)
where
Rij = R Ry (4.12)

as required so that indeed x(2); = R;jx(1);. Therefore, (4.9) is valid for any two frames,

rot)

even if both are non-inertial. In particular we will define the covariant velocity V() as
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the covariant derivative of the position vector so that
vl.(”’t) = Dﬂtwl = %xl + Q5. (4.13)
By construction this transforms covariantly under (4.5), so that
VI = gyl (4.14)

The above tells us how to modify the acceleration so that we get a covariant vector. We
define, A the “covariant acceleration” as two covariant time derivatives acting on the

position vector as below,

(rot) D? d? d

In the non-inertial coordinates in the right hand side of the last expression above the
corrections to the usual acceleration are just the Corriolis, centrifugal and Euler forces re-
spectively. ¢ By construction, under the transformations (4.5), the covariant acceleration

transforms as below,

(rot) _ p—1 g(rot)
A =R AT, (4.16)

where both the primed and unprimed coordinates can be non-inertial.

We also observe that the spatial derivative V; and the symmetric traceless tensor
oij = Viv; + Vv, — (2/3)0;;(V.v) transforms covariantly while divergence of the velocity
V - v transforms invariantly (in the last two cases, of course, we are talking of a velocity

field), so that under the transformations (4.5),

_ p-1’
045 = Ri_kle_llo-;cb
V-v=V -v.

6Usually the relation between acceleration in inertial frame and non-inertial frames in the case of three
spatial dimensions are written from the “passive” point of view as: a =a—2Q xv+Qx (2 xx)—
(dQ/dt) x x, where the primed coordinates are non-inertial and unprimed ones are inertial. However,
one can work out that it is, in fact, equivalent to a =a +2Q x v/ +Q x (@ x x ) + (d2/dt') x x". In
three spatial dimensions this is just another way of understanding (4.15).
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For the last two results above, we have used the fact that (dR;;/ dt)R,;j1 is antisymmetric
in ¢ and J.

To summarize we see that we have two basic operators which transform covariantly,
namely the covariant time derivative D/Dt (as defined in (4.7)) and the spatial derivative
V. Further the traceless symmetric tensor ¢;; transforms covariantly and V - v transforms

invariantly.

4.2.2 Arbitrary time dependent boosts

These transformations are

z; = @i+ bilt), (4.18)

/

t =1.

We will mathematically interpret the above as the position vector not transforming covari-
antly. It is easy to see that relative distances, relative velocities and relative accelerations
will remain invariant under these transformations. So, one can easily get a invariant ac-
celeration field using the relative acceleration with respect to the absolute acceleration
of the frame. Let B be the absolute acceleration of the non-inertial frame. Then the

invariant acceleration field A“*) may be defined as,

QaccCi d d
At = oy et~ G () (4.19)

This, again, can be proved as before, consider the unprimed coordinates as inertial and
primed coordinates as non-inertial in (4.18), then from the passive point of view, the
absolute acceleration of the non-inertial frame is B; = d?b;/dt*. So it is clearly true that

Al — %vi = %v; —Vi(B-x) = Al (4.20)
We can repeat the same trick of comparing two non-inertial frames with one inertial
frame and then comparing the two non-inertial frames with each other, as described in

the previous subsection, to conclude that AEQCCZ) — A" 5 valid even if both the primed

and unprimed frames are non-inertial. Therefore we conclude that (4.19) indeed defines

an invariant acceleration field.
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We also observe the operator V; is invariant and so are V - v and the symmetric

traceless tensor ¢;; under the transformation (4.18).

4.2.3 Spatially correlated time reparametrization

These transformations are

T, = ;l—J;xi, (4.21)
t = f(t).

The interesting thing about this transformation is that the new frame may be using a
different time from absolute time. However, one must ask how can an observer using a
frame know that the time being used is different from absolute time? To find that out,

let us first note the transformation of the velocity,

d>t
! dt'2 /!

v =0 + (4.22)
at’

The divergence of the velocity field transforms as,

dt s
Vv —V v +d-%42 4.23
V= v + [y (4.23)
Combining these one can easily see that one can make an invariant velocity field,
sctr V-
VI = v — dei' (4.24)

Firstly let us assume that when the frame is using absolute time the divergence of the
velocity field, V - v vanishes. After a generic transformation as in (4.21), as shown in
(4.22), clearly it will no longer be zero. Therefore, if is this is not zero, one knows that
the time being used is not using absolute time. Note the divergence of the velocity field
remains zero under constant dilatation or shifts, so one can be sure of the use of absolute
time only upto a constant dilation or shift. Now, (4.24) shows that one can construct an
wwvariant velocity field under space correlated time reparametrization, which reduces to the

usual velocity field in an inertial frame (where absolute time is used), if and only if, the
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divergence of the velocity field vanishes (or the flow is incompressible) in the inertial frame.
This is precisely why the assumption of incompressible flow is crucial to covariantize the

Navier-Stokes’ equation under the full GCA.

One can make a covariant acceleration field

d
A(sctr) _ _V(sctr)’ 4.95
e = 4y, (4.25
so that /
(sctr) dt (sctr)’
, =—UA ) 4.26
A = Sl (4.26)

Finally one notes that the operators V; transforms covariantly and so does the

traceless symmetric tensor o;j;

dt _,
;= — 4.2
VZ dt [ ( 7)
dt’
% = gy %

4.2.4 Summing all up

We would like to sum up all our results in order to construct a covariant acceleration
field which will be covariant under the full GCA. We first observe that any element of the
GCA can be written as a succession of a time dependent rotation, a spatially correlated
time reparametrization and a time dependent boost (for proof please see appendix B). So

without loss of generality, any element of GCA can be written as below:

Tt
t = f(t).

Instead of working out what happens under the full transformation we can, instead, use
the following logic. Let us first put b;(t) to zero so that the position vector transforms
covariantly. Then one can define a velocity field which is covariant under the combined

action of rotation and spatially correlated time reparametrization.

Vv (4.29)

b=0
VT = vy 4y — y
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However, now the angular velocity of the frame €);; is defined with the time of the frame,
which need not be the absolute time, for instance, in (4.28), if the primed coordinates
are non-inertial and the unprimed one is inertial then the angular velocity of the non-
inertial frame is ;; = —(dRi/ dt/)R,;jl. One can easily see the further modification
which makes the velocity field covariant as V - v transforms invariantly under arbitrary
rotations. Anyway, using methods pointed out in the previous subsections, one can readily
check that when b;(¢) = 0, under the transformation (4.28), the covariant velocity field
transforms as,

(b=0) _ p—1y,(b=0)
Y=0 — poiy®=0), (4.30)
If we have a vector V;, which transforms under (4.28) when b;(t) = 0 as
Vi = RV, (4.31)

then we define its covariant time derivative as
D d
— V.= =V, +Q,; V.. 4.32
Dt dt + J 7 ( )

Then when b;(t) = 0, under the transformation (4.28) we get

D%Vi = %R;;D%Vj’. (4.33)
The above can be easily proved by our previous trick of comparing two non-inertial frames
with an inertial one and then comparing the non-inertial frames with each other so that
the above remains valid even when both the primed and unprimed frames are non-inertial.
For the sake of convenience of the reader, we will repeat this trick explicitly for our final
covariant acceleration field, which we are now in the process of constructing. It is now
clear how we should construct a covariant acceleration field when b;(t) = 0. We must
make the covariant time derivative act on the covariant velocity field, so that,
AP = Dy - %(w Q= )+ Qe+ s — o). (434)
Therefore, when b;(t) = 0, under the combined transformation (4.28), the covariant ac-

celeration field constructed above transforms as V in (4.32), so that

(b=0) _ At 1 \(b=0y

!
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Again it is clear how we can maintain the above covariance when b;(t) is not zero. We just
take the relative covariant acceleration with respect to B, the acceleration of the frame in
the time of the frame (which may not be absolute time). Our final covariant acceleration

field, which is covariant with respect to the full GCA is

com = = D —
AE b) = Agb 0) — BZ = Agb 0) — VZ(B . X) = EVZ»(b 0) - VZ(B * X) (436)
d V.v V.v
= E(,UZ + QZ']'I]' — TSL’@) + Qij(vj + Q]’kl’k — TQZJ) — VZ<B . X).

The covariance, under the full GCA is simply

(comb) dtl —1 g(comb)’

To check the above, one can go back again to the representation (4.28) of an arbitrary
element of GCA. Now let us suppose that the unprimed coordinates are inertial (where the
time is absolute time) so that €2;;, B;, V.v are all zero in these coordinates. The covariant
acceleration field is just the usual acceleration dv/dt in these coordinates. Now one can
readily check the validity of (4.37) with the definition (4.36) of the covariant acceleration
field with

d _
Qi = _(ERik)Rkjla (4.38)
D? / d? d d

The above relations are familiar in usual Galilean kinematics, except for the use of a
general time ¢ in the non-inertial frame, which may not be the absolute time. Now as
before we consider another non-inertial frame (x",¢") related to the same inertial frame
(x,t) through the same relation (4.28), but with different parameters (R;;(t), f'(t), b;(t)).
Then again (4.37) is valid with the definition (4.36) of the covariant acceleration field and
with the angular velocities and acceleration of this frame given by (4.38), but (R;;,b;)

replaced by (R;;,b;). As a result

179 71

!’ 1"

(comb) o d_tRilA('COWb)/ — di

A R dt

R A", (4.39)
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The above implies

1"

/ dt” / " dt
comb — comb
AE ) — Rij Rjk Ll )

ot k ot

(R Ry TA™" (4.40)

The last equality above is exactly what is required for the validity of (4.37) between these
two non-inertial frames and since by choice they were arbitrary, we have proved that
(4.37) is valid for any two coordinates. However, we note that the covariant acceleration
field as defined in (4.36) reduces to the usual acceleration field in an inertial frame only if
the flow is incompressible in the inertial frame. So, we prove that it is possible to define a
covariant acceleration field as defined in (4.36) which transforms covariantly as in (4.37)
under the full GCA if and only if the flow is incompressible (i.e. V -v =0) in an inertial

frame (where absolute time is used).

Finally we note that the operator V; transforms covariantly under the full GCA and

so does the traceless symmetric tensor o;;. Under the transformation (4.28)

(4.41)

4.3 Covariantizing the Navier-Stokes equation

The approach to equilibrium in physical systems is captured usually by three equation,
namely, the continuity equation, the Navier-Stokes equation and the equation for evolution
of the mean isotropic pressure. Of these three, the Navier-Stokes equation concerned
with the approach to mechanical equilibrium is the most fundamental. The continuity
equation is valid only if the microscopic interactions conserve particle number. When the
flow is incompressible, i.e when the divergence of the velocity field (whose take values
corresponding to the local mean particle velocity) vanishes, the pressure actually is not
an independent dynamical variable as it does not have an independent equation for its

evolution [68].

As mentioned in the Introduction, we will dissect the Navier-Stokes equation into

the kinematic term, the pressure term and the viscous term, and establish the covariance
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of each of these terms under GCA.

4.3.1 The kinematic term

The kinematic term, in an inertial frame, is simply dv/dt, the acceleration field. Now the
total time derivative d/dt acting on any field is simply the Euler operator D = 9/9;+v.V
acting on the field. Therefore the covariant form of the kinematic term, under the full

GCA is just the covariant acceleration field (4.36) where, we may replace d/dt with D

(D)™ = Doy (1)~ )0 (005 + )i~ 1)~V (B(1) ). (4.42)

Above we have made explicit that the angular velocity and acceleration of the frame
is time dependent only. As we have proved in the previous section, the kinematic term
transforms as (4.37) under the full GCA, so under the transformation (4.28), the covariant

acceleration field transforms as

’

com dt — comb)’
(Dv)! ”>:ERM1(DU)§. b, (4.43)

Note the covariant kinematic term (4.42) becomes the usual kinematic term in an inertial
frame, where absolute time is also used, only when the flow is incompressible in any
inertial frame. So, it is crucial that the flow, is indeed, incompressible, in an inertial
frame. The kinematic term can be made GCA covariant only if the flow is incompressible
i an inertial frame so that it reduces to just the Fuler derivative acting on the velocity

field in an inertial frame.

We also note that since the centrifugal force is a conservative force, one may also
write the centrifugal term like a derivative of the potential term as has been done in the
case of the term involving the acceleration of the frame, but it will obscure the covariance
of the kinematic term, which could be easily constructed from the logic given in the
previous section. Also, written in the form (4.42), we readily see that the acceleration
of the frame mimics the effect of an uniform gravitational field. It is reminiscent of the
relativistic case where to achieve Weyl covariance we also promote ordinary derivatives

to covariant derivatives which also conforms with the equivalence principle.
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4.3.2 The pressure term

The pressure term in a non-inertial frame is just —(V;p)/p. We will see that the pressure
term and even the viscous term requires no modification and by themselves transform

covariantly under the full GCA.

The pressure term is

Vb, (4.44)
p
We make a natural assumption that the density transforms homogeneously under GCA,
so that )
dt a / / /
plxt) = (=) (x, 1), (4.45)

where a, is an undetermined constant. Therefore the pressure term should remain covari-

ant if the pressure p transforms in exactly the same manner as the density p, so that

i

dt i ! !

P 1) = (W (), (4.46)
Finally one gets,

Vi __dp Vi (4.47)

p " p 7’ '
as claimed.
4.3.3 The viscous term
The viscous term in non-inertial frame is:
Vilnoy) _ Vi(n(Viv; + Vjvi — 36;(V - v))) (4.48)

p p
We will see that this term is covariant by itself under the full GCA without any modi-

fication. We have already seen in (4.41) that V; and the traceless symmetric tensor o;;
both transform covariantly. We have already seen how the density field should transform

in (4.45). So clearly, the viscous term transforms like the kinematic term provided

ne.t) = (5

/
’ !/

X, 1) (4.49)

a—1 ’(

With the above rule for transformation of the viscosity we get as desired.
_vi(naz‘j) _ dt’ Rl V}C(n'a}d)

_ " . 4.
D dt 5l pl ( 50)
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4.3.4 Summing all up

The full covariant form of the Navier-Stokes equation is:

(Du)lem® = _V/jp Vi (Vv + Vj;fz' — 305(V - V))), (4.51)

or,

D(oy + By — o) + OO0y + Qpelt)es — o) = VilBO) %) (4.52)

_ _Vip _ Vj (77 (Vﬂ)j + VjUi — %(SU(VV»)
p p

Besides, the density, pressure and viscosity transforms as follows,

1) = (S0 (1), (1.53)
px.t) = () (1),
1) = () (<),

We will now investigate some interesting consequences of the above transformations.
Let us first consider the case when all chemical potentials are zero as in a gas of phonons
in a metal. Then both the density and pressure are functions of temperature, which must
transform appropriately under GCA to reproduce (4.45) and (4.46). The speed of sound
¢s in the comoving frame (i.e in the local inertial frame comoving with the local velocity
v of the flow) is given by ¢? = dp/dp. Since the pressure and density transform identically

under GCA, we find that ¢, is invariant under GCA.

In a typical Galilean invariant theory this is not surprising, as for instance, for
monoatomic ideal gases, with molecular weight m, ¢, = \/m . The temperature
field being Galilean invariant, Galilean invariance of ¢, is automatic. The problem is that
a GCA invariant microscopic theory (as argued in [57]) cannot have any mass parameter.
Here, the temperature T does transform non-trivially under GCA, so ¢y must either be
a fundamental constant like the speed of light or be given in terms of the microscopic

parameters of the theory. The situation is the same in a relativistic conformal system
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where the speed of sound is ¢/ V/3, where ¢ is the speed of light. In a typical non-
relativistic theory there is no fundamental speed. However, there is a novel possibility,
when the number of spatial dimensions is two. We have seen that, in this case, the
GCA admits a central charge, ©, which has the dimension of (1/speed)? and also being a
central charge, this is invariant under GCA. So, in this case, we have a natural origin for
a fundamental speed, which is 1/ \/|@_| . In other dimensions, ¢, must be given in terms of
microscopic parameters, for instance it can be the ratio of a microscopic length parameter
and a microscopic time parameter. We will have more to say about this possibility later.
In any case, for a system without chemical potentials, cs must be a constant. However, if
we have chemical potentials too, cs need not be so and the analysis above is insufficient

to make any conclusion in this case.

4.4 The influence of the continuity equation

We will see here that the constant a, which governs the transformation of density and
pressure under the full GCA can be fixed uniquely by the continuity equation. The
continuity equation is

Dp+ p(V-v)=0. (4.54)

Let us study how this equation transforms under the full GCA (say as represented in
(4.28). We assume, as we did in the previous section that the density field transforms

homogeneously, so that

/

dt / / !/
p(Xa t) = (E)ap (X N ) (455)
With this assumption, we readily see that
dt’ C cdt APt
Dp+p(Vov) = ()N (Dp +p (Vv)) +p () (F5)a—d). (4.56)

So clearly we have covariance for the continuity equation only if a = d. So the continuity

equation, if valid, predicts the transformation of the density under GCA.

We will see what consequences we now have for the Navier-Stokes’ equation. If the

pressure term has to be covariant under GCA and transform exactly like the kinematic
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term, we require that the pressure transforms in the same way as the density, so

!

dt .,

plx.t) = (5% (<), (157

We immediately see that the pressure transforming in the same way as the density again

makes the speed of sound ¢, a constant, when all chemical potentials vanish.

We now turn to the viscous term. Again we easily see that to achieve GCA covariance

of the viscous term, we require that the viscosity transforms under GCA as below,

/

dt _ / /

"7(X7t) = (E)d 177 (X 7t ) (458)

Finally, we note that if there is no particle number conservation the continuity
equation written in the form (4.54) should not hold. In this case the RHS must be non-
vanishing owing to say, particle absorption or emission. However, we will still have the
same conclusions as it will be natural to demand that the LHS of this modified equation,

which will be the same as before, must be covariant under GCA on its own.

4.5 GCA covariance and the viscosity

The covariance of the Navier-Stokes equation and the continuity equation under the full
GCA requires that the viscosity should transform in a certain specified manner as given
by (4.58). Now, the viscosity can transform only through its dependence on the thermo-
dynamic variables which are pressure and density. Here, as before, we will assume the
absence of chemical potentials. We note that p/p does not transform under GCA as both
the pressure and density transform exactly the same way. So the only way, in which we
can achieve the required transformation of the viscosity under the full GCA is that it

depends on the pressure and density in the following manner,
— APye, 3
n=AE)"p T, (4.59)

where A is a dimensionful microscopic parameter. The dimension of A turns out to be:

[A] = M ()

- (4.60)
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In the equation above, A is a (dimensionful) parameter and not a field, so it does not
transform under GCA. It is a parameter because it is independent of the thermodynamic
quantities like the pressure and density and of course it is independent of the velocity field
as well. So, A must be given by some microscopic parameters and fundamental constants
like the Planck’s constant h. However, as argued in [57], no microscopic theory which is
GCA invariant, can contain any mass parameter, so the mass dimension of A can come
only through the Planck’s constant h. Without any loss of generality, we may also assume
that we have a length scale Iy in the theory, which by definition is a parameter in the
theory and unlike the thermal wavelength this has no dependence on the temperature
or any other thermodynamic variable by definition. Since generically we do not have
any fundamental speed like the speed of light in a non-relativistic theory, we need an
independent microscopic time scale ¢; also, which is again by definition independent of
thermodynamic variables, to soak the time dimension of A. We need an independent
time scale in the microscopic theory, because unless there is a fundamental speed or a
fundamental quantity with dimension of speed, we cannot form a time scale out of a
length scale. Finally, without loss of generality, we can say that A should take the form

below

1. 1_9¢ =l 9g
Ar hal 72T (4.61)

It is clear from the above equation that we cannot make the dependence of A on
the microscopic length scale [y and the microscopic time scale ¢y vanish simultaneously.
Therefore, we conclude that we can explain the required transformation of the viscosity
under the full GCA only if we have a microscopic length scale or a microscopic time scale
or both in our theory. We also note that even when d = 2, in which case the central
O allows to define a "fundamental speed,” given by \/W , it is impossible to soak the
dimension of A with the Planck’s constant and © alone. So it is impossible to do without

introducing a microscopic length scale or microscopic time scale or both.

The conclusion, therefore, is that in a GCA invariant theory, either the viscosity is
zero or it contains a microscopic length parameter or a microscopic time parameter or

both. This is indeed contrary to the case of a relativistic conformal field theory where
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we cannot have any intrinsic length parameter or time parameter and any quantity can
have a dimension only through the Planck’s constant and the speed of light. At this
moment, we do not know any GCA invariant microscopic theory so we can be open to
the possibility that such theories can contain intrinsic length or time parameters or both.
If this is not possible, then the viscosity should vanish. Of course, as in the case with our

analysis of ¢, , our conclusions may change if we introduce chemical potentials.

One may however, ponder if it is possible that GCA could be a symmetry of the
theory only in the presence of non-zero chemical potentials so that the above considera-
tions for the case of vanishing chemical potentials can be avoided. In our opinion, this
point of view is rather unnatural, because the symmetry of a theory is usually a funda-
mental property of the theory and though its manifestation might be modified, it can
neither appear or disappear at specific values of thermodynamic intensive variables like
temperature or chemical potentials. An easy example which supports this point is the
usual relativistic conformal symmetry of N' = 4 SYM theory, in which case in presence
of a finite temperature we still have conformal symmetry, however the thermodynamic
variables also transform under conformal transformations. In the Discussion section, we
will point out possible significances of the analysis done here in the case of vanishing

chemical potentials for gauge/gravity duality realization of GCA.

4.6 Possible GCA covariant corrections to the Navier-
Stokes equation

The Navier-Stokes equation, being a phenomenological equation, is susceptible to higher
derivative corrections, which could be, in principle, calculated from kinetic theory. We
will see that GCA is powerful in constraining these corrections, quite like in the case of hy-
drodynamics covariant under the relativistic conformal group. So, this will give us further
evidence, that GCA indeed is a credible physical symmetry, that is a symmetry which

can constrain phenomenological laws (in absence of known GCA invariant microscopic
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theories). *

Usually, for instance, if calculated from the kinetic theory of gases, the corrections to
the Navier-Stokes involve corrections to the dissipative part of the stress tensor 7;;, which

at the first-order in derivatives is just no;;. The next-order corrections to the Navier-

Stokes equation are contained in the two derivative corrections, 7P to the dissipative

g
2
stress tensor, so that 7;; = no;; + 7!

ij) and the corrected Navier-Stokes’ equation in the

inertial frame, now takes the form,

Dvi = — P — V1<Tz]) = — P
p p

Now, we would demand that like o0y, Ti(f) contains spatial derivatives only as is indeed
that case if these corrections are calculated from kinetic theory. Also, we will assume,

that these corrections involve derivatives of the velocity only.

Let us first look at terms in Ti(J-Q) which have the structure of (Vu)?. For that, we
need to find if there is any other tensor with structure (Vu) which transforms like oy;.
One can easily see that there is only one more such tensor, which we denote as w;; and is
defined as

1
Wij = §(V1u] — Vjui — QQU(t)) (463)

Once again by invoking the trick of comparing one inertial frame with two non-inertial
frames and then comparing the two non-inertial frames with each other one can readily

prove that w;; transforms under full GCA like o;;. Therefore 7

;; involve the following

combinations A\;0;x0%; + A2(0iwr; + wikokj) + Aswikwyj, where the three A’s are arbitrary
transport coefficients like the shear viscosity n. For the covariance of the corrected Navier-

Stokes we now require them to transform as below,

!

dt / / /
Nk, t) = ()N ), (4.64)
where ¢ = 1,2,3 and a is defined through the transformation of the density as given in
(4.45). We can proceed to find the dependence of the A’s on the thermodynamic variables

exactly as we have done for the shear viscosity 77, however we will not repeat it here.

"The author would like to thank Rajesh Gopakumar for pointing out this significance of the constraints
imposed by GCA on the correction to the Navier-Stokes’ equation.
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Now let us look for possible corrections to 7

.;. which contains the structure (Vu).

Now since v.V does not transform covariantly, we cannot try combinations like (v.V)oy;.
Moreover, though the Laplacian, [, transforms covariantly, we cannot use it on any
polynomial of the velocity like w;u;, as it is not covariant. It is not, thus hard to see,
that there is only one possible covariant term which contains a (V?u) term and it is
Vk(aij]/,gbzo)), where V,gbzo) is as defined in (4.29). We can still get a covariant term,
though V}gb:o) is covariant only in absence of boosts, because the full covariant velocity
field will differ from this by a purely time-dependent quantity, so it doesn’t make any
difference when we apply the spatial derivative. We note that, in an inertial frame,
however, this new term is just (v.V)o;;. We will denote the coefficient corresponding to

this term as Aq.

Therefore, the most general form of Ti(f) is:

TZ(JQ) = /\ka(o_ijvlib:())) + /\leikekj + )\g(eikwkj + wikaj) + Agwikwkj, (465)

with all A\’s having appropriate dependence on thermodynamic variables so that it trans-

forms as in (4.64).

Similarly, we can proceed to constrain higher order corrections of the Navier-Stokes’
equation containing more than three derivatives. We observe that our four possible GCA
covariant corrections, have analogues in the relativistic conformal case, as all the four
possible corrections in flat space-time [37], reduce in the non-relativistic limit to our four
terms in an inertial frame when the flow is incompressible. This is intriguing because the
covariant forms in the two cases are very different in content. It will be interesting to
see if this correspondence also exist at higher orders. There can be another term in our
case involving the curvature of the spatial metric as in the relativistic case (the relativistic
term involves contractions of the Reimann tensor), but since we have throughout restricted
ourselves to the flat spatial metric, this possibility lies outside the scope of our present

investigation.
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4.7 Discussion

We have shown that the macroscopic Navier-Stokes equation for incompressible flows has
covariance under full GCA. So we can conclude that GCA can be realized as a symmetry
of a phenomenological law like the Navier-Stokes equation only if we covariantize the usual
form of the laws which holds in inertial frames, however not any arbitrary law with mere
Galilean covariance can be covariantized. In the case of the Navier-Stokes equation we
have needed that the flow is incompressible. We have also seen that the higher derivative

corrections to the Navier-Stokes equation can be constrained by requiring GCA covariance.

Our analysis also leads us to conclude that when all chemical potentials vanish, cs,
which denotes the speed of sound in a comoving frame, is a constant. Further, we have
seen that in the absence of chemical potentials, the viscosity should either vanish or in

the microscopic theory we must have a length scale or a time scale or both.

We would now like to discuss the possible implications of the above analysis for
gauge/gravity duality realization of GCA. The presence of both length and time scales in
the GCA invariant microscopic theory firstly tallies with the fact that we need to introduce
objects like absolute angular velocity and absolute acceleration of the non-inertial frame
which brings in dimensions of both length and time into play. This is in contrast with the
case of covariantizing under relativistic conformal group where we need not bring in any
additional dimensionful parameter. This observation possibly indicates that we need to
first deform the action of the relativistic parent theory like N = 4 SYM by non-marginal
operators such that a deformed SO(d,2) relativistic conformal group is the symmetry
of the theory and then take the contraction which takes SO(d,2) relativistic conformal
group to GCA so that we get a sensible dynamical limit 8. The deformation parameters
of the symmetry being dimensionful, should bring in the required microscopic length
scales and time scales in the final GCA invariant theory obtained via the contraction.
Further, the deformation parameters will also transform non-trivially under GCA so that

the covariantizing will bring in new structures. In fact, if we take the contraction without

8A related example could be the omega-deformation [73] of N' = 2 SYM theories under which the
deformed theory retains the BRST supersymmetry though this supersymmetry itself gets deformed by
combining with other supersymmetries.
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deformation for the classical N = 4 SYM theory, one may readily check that we get a
non-dynamical equations of motion for all the fields ®. This supports our point of view.
In the future, we would like to find out the appropriate operators which could give rise

to the deformations such that the contraction produces a sensible dynamical theory.

Finally, we mention, that it would be an interesting challenge to construct gravi-
tational duals for GCA covariant hydrodynamic flows. Aside from finding the dynamics
of gravity in the bulk, we see now, we also need to find a suitable bulk interpretation of
the absolute angular velocity and the absolute acceleration of the boundary coordinate
system, as they are surely needed in the covariant formulation of the hydrodynamics of

the boundary theory. Some earlier work in [62] could be useful in this direction.

9The author thanks Rajesh Gopakumar for valuable discussions regarding these points.
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Chapter 5

Concluding remarks

We have obtained some important structural information on nonequilibrium states and
also some new hints on the origin of irreversibility through our investigations. Firstly,
we have argued that generic quantum field theories have purely hydrodynamic states
which can be completely characterized by hydrodynamic variables alone even far away
from equilibrium and their dynamics can also be determined completely by the equations
of fluid mechanics which can be obtained in a systematic derivative expansion. The
dimensionless parameter for the derivative expansion is the ratio of typical spatio-temporal

scale of variation of hydrodynamic variables and the mean free path at final equilibrium.

We have also argued that there are also a more general class of states, the conser-
vative states, which could be completely characterized by the energy-momentum tensor
and the dynamics of these states can also be determined completely by a closed set equa-
tions of motion for the energy-momentum tensor. The purely hydrodynamic states are
special instances of the hydrodynamic states. If the equations of higher derivative fluid
mechanics governing these purely hydrodynamic states are known up to certain orders,
we can systematically construct the equations of motion of the energy-momentum tensor
determining the evolution of conservative states phenomenologically up to appropriate
orders in two expansion parameters and unknown values of nonhydrodynamic coefficients
like the relaxation time. These equations of motion include the conservation of energy
and momentum but also an independent equation of motion for the shear-stress tensor

which we need to expand in the two expansion parameters, one of which is the derivative
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expansion parameter, while the other is the amplitude expansion parameter which is the
ratio of the typical value of the nonhydrodynamic shear-stress tensor and the hydrostatic

pressure at final equilibrium.

Moreover any arbitrary state which thermalizes can be approximated by an appro-
priate conservative state at sufficiently long time, which in turn can be approximated
by an appropriate purely hydrodynamic state at a sufficiently longer time. The ap-
proach to equilibrium is sufficiently fast at strong coupling, for higher order effects like
the hydrodynamic transport coefficients at second order in the derivative expansion to
be experimentally observable. Therefore the equations of motion of energy-momentum
tensor determining the evolution of conservative states can be used for modeling generic
irreversible phenomena like hydrodynamics, relaxation and decoherence. It is in fact a
generalization of the equations of fluid mechanics to capture phenomenology of generic

irreversible phenomena particularly at strong coupling.

Earlier results also suggest that purely hydrodynamic states have an entropy current
with positive definite divergence, at least at strong coupling in conformal gauge theories
with gravity duals, just like in the case of the Boltzmann equation. The tubewise black-
brane solutions, which by our logic should constitute the normal or purely hydrodynamic
solutions at large rank of the gauge group and strong 't Hooft coupling, indeed demon-
strate the existence of a family of entropy currents [30]. However, the structure of this
entropy current is very different. Unlike for the normal solutions of the Boltzmann equa-
tion, or in the Israel-Stewart-Muller formalism, these exact entropy currents at strong
coupling are not of the form su”, where s could be interpreted as the nonequilibrium

entropy density.

Our analysis also suggests that such entropy currents do not exist for a generic con-
servative state. In fact for spatially homogeneous conservative states, which are purely
nonhydrodynamic, irreversibility occurs only when we follow the envelope of an appropri-

ate global function and a Lyapunov function probably does not exist.

It would be a real challenge to find a general principle for construction for purely

hydrodynamic states and the more general class of conservative states in generic quan-
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tum field theories, which would generalize Gibbs’ distribution for equilibrium states. In
fact, this is the only way one can give microscopic meaning to the hydrodynamic and
nonhydrodynamic transport coefficients which appear in the phenomenological equations
of motion of energy-momentum tensor determining evolution of conservative states and

cannot be defined by linear response theory.

We will now mention some of the developments on which we would like to focus in
the immediate future. The first could be in the realm of early-time dynamics, especially in
the understanding of decoherence. This should be convenient because we can understand
a lot by just considering the higher order corrections to the homogeneous nonhydrody-
namic configurations which solve (3.19). We have already observed the possibility of an
oscillatory approach to equilibrium here. To uncover the physics, we need to compare with
homogeneous conservative solutions in quantum kinetic theories which can capture the
physics of decoherence. We can test whether the same dynamics of the energy-momentum
tensor in conservative solutions of quantum kinetic theories which captures decoherence,

also gives rise to horizon formation in the bulk.

A second important issue would be a better understanding of whether the hydrody-
namic limit of nonequilibrium dynamics always leads to generation of an entropy current
generically. We hope to get a better understanding of the physics of this entropy current
by investigating the existence and form of the entropy currents in the normal solutions
of untruncated BBGKY heirarchy which, as mentioned before, are solutions of exact
microscopic dynamics. Construction of conservative states and investigation of entropy
currents for these states, will also confirm whether entropy currents exist strictly in the
hydrodynamic limit and is replaced by an oscillatory approach to equilibrium for states

away from this limit.

Thirdly, we have given a framework for general universal nonequilibrium behavior
in strongly coupled gauge theories with gravity duals. It would be interesting to see how
much of this framework may apply to physics of quark-gluon plasma at the RHIC. We
can expect some qualitative similarities because the QCD coupling evolves very slowly at

the scales corresponding to the temperature of the quark-gluon plasma at RHIC and so
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the evolution of the plasma within certain time window should be well described by Weyl
covariant equations. Moreover, at finite temperature supersymmetry is broken, hence it
is expected that there should be more similarities between N’ = 4 SYM theory at strong
coupling and the quark gluon plasma of QCD at finite temperature than the phenomena in
these two theories at zero temperature. Some investigations indeed show such similarities
indeed hold to some degree beyond the good matching of 7/s, even at the quantitative
level [74].

Finally, we need to understand better the origin of universality in the dynamics at
strong 't Hooft coupling and large rank of the gauge group in the class of conformal gauge
theories with gravity duals studied here. This should give us better insights into existence
of other universality classes where the dynamics of an entire class of states become the
same for field theories belonging to such classes at critical values of the couplings and

parameters.
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Appendices

6.1 Appendix A : Proof of the power series solution
for AdS; asymptotics

Here we will prove that any asymptotically AdSs solution of Einstein’s equation with
a negative cosmological constant, in the Fefferman-Graham coordinates, has a solution
for g,, which is a power series in the radial coordinate when the boundary metric is
flat. Though not explicitly mentioned in most of what follows, it should be kept in mind
that here we are specifically investigating five-dimensional solutions with a flat boundary

metric. At the end, we will mention if our proof can be generalized to other cases.

To simplify the proof we first rearrange the tensor and the scalar components of
Einstein’s equation (2.5) while keeping the vector components of Einstein’s equation un-
changed. The old scalar equation is added with an appropriate linear combination of the
trace of the old tensor equation so that now it does not contain any term which has second
derivative of g,, with respect to the radial coordinate p. Since the vector equation also
does not contain any term with second derivative of g,, with respect to the radial coor-
dinate we can now think of the vector and scalar components as a set of five constraint
equations. We also change the tensor components of Einstein’s equation by appropriately
replacing Tr(g'¢') using the new scalar equation. We do this so that now the tensor
equation by itself is sufficient to determine all the p™ coefficients of g,,. The old tensor

equation had the feature that to determine gg),,, the coefficient of p® in g, we had to

ns
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use the scalar equation as well, but now this can be fully determined using the tensor

equation alone. So our equations are now

1 3 1 1 .
¢ ——q¢ —=g'9g7'd + -Tr(g"¢")g’ — Ric(g)
9 207 T2 A 6.1
1 1 1 :
- —T -1 7 —1 o T —1 Nn\\2 —
+g[6R(g)+24 (g~ 99 9) 24( r(g~g))] =0,
V. Tr(g~g) = Vg, =0, (6.2)
3 1 1 B
R(g) + ;TT<9 g + 1Tr(y 'gg7'g) — 117r(g 'g")]? = 0. (6.3)

It is not difficult to see that we can use a power series ansatz to solve the tensor equation as
at the n-th order. At the n-th order the only terms which can contain g(,),, or T7(g(m)) M
are gy, g,, and Tr(g ¢ )gu. Now since the tensor equation contains no term with
Tr(97'¢')guw, at the n-th order,for n > 4, the tensor equation gives us n(n —4)gum)uw/2 =
f(tu), where f(t,,) is a polynomial in ¢,, and its various derivatives with respect to the
boundary coordinates only. Hence, for n > 4, we can always solve g(,),, using the tensor

equation alone.

We have now got to show that the power series we have so obtained as a solution to
the tensor equation is consistent with the vector and scalar constraints. We will do this by
the method of induction iterating over the various coefficients of p" in g,,,, order by order
in n. We will first establish the following fact that the p-derivative of the vector and scalar
constraints vanish when the tensor equation along with the vector and scalar constraints
are satisfied. This just articulates the intuition that once the initial data consisting of
9w and g, satisfy the vector and scalar constraints on hypersurface with a fixed value of
the radial coordinate p, the dynamical evolution in p should be such that the constraints
should be automatically satisfied for any other hypersurface. To show this we will need

the following:

1
Fﬁa/ = §gua(vl/g;za + Vag/ow - vﬂgllfo)7 (64>

1
Rgaﬁl = §guly[v0¢vl/g'/yﬁ - VQV’YQII/B - Vﬁvl’glva + vﬁv’ygllxoc]'
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One can use the tensor (6.1) and scalar (6.3) equations to write

1 1 3 1 1 )
Ru__(;uR:_ poe M Y pa T pa f By 1 T -1 N po /! =T —1/5/1,
v 2 v 29 Jow 2pg Jow 29 gaﬁg gwy—'— 4 T(.g g)g gau+ 4p T(g g) v
1 B 1, 1 -
= 10Tr(g7'g") = Tr(g 9’9" g) + 5(Tr(g~'9))’).

(6.5)

When all the equations (6.1), (6.2) and (6.3) are satisfied, the p-derivative of the vector

constraint can also be written as:

—_

—1 VARV —1 3 _ ’ =1 —1
(VuTr(g™'g) —V¥g,,) =0uTr(g"'g -9 Y97+ = (Tr(g'g))’]

=~

X 1 (6.6)
av I (6% / v ! vo — !
— V(9™ g — 995,97 Gy + 5979 Tr(g7'9).

Comparing the right hand sides of (6.5) and (6.6) using all the equations of motion again,
we see that
— v v 1 v
(VuTr(g™'9) = V"9,,)" = Vi (R} = SOLR). (6.7)

So the Bianchi identity implies that the p-derivative of the vector equation should vanish

when all the equations of motion are satisfied. We will now get to the scalar equation.

When the vector equation of motion (6.2) is satisfied we get
/ 1 af ./ 1 Y af / 1 -1 7 1 2 7
RHV - _gRau(g gﬁz/) + §sza,u,(g gﬂfy) + QVHVVTT(Q g ) - §v G- (68)
This implies that when the vector equation of motion is satisfied, we have
R =—¢"g,.9°" R (6.9)

On the other hand the vanishing of the p-derivative of the scalar constraint (6.3) ought

to give us
R/__]‘T -1 7 —1_n 3T -1 7 -1/
==3 (g 99 g )+2—p (g~ 99 9)
| . | (6.10)
+ QTT(g‘lg’g‘lg’g‘lg’) — ZTr(g‘lg’)TT(g‘lg’g‘lg’) + Q—p[Tr(g‘lg’)]Q-

Now using the tensor and scalar equations of motion, we can see that the right hand sides

of (6.9) and (6.10) are the same, or in other words the p-derivative of the scalar constraint
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indeed vanishes when all the equations of motion are satisfied. So we have established that
the p-derivatives of the all the five constraints vanish when all the equations of motion

are satisfied, or to state compactly
(6.1),(6.2), (6.3) = (6.2)",(6.3)". (6.11)

To prove that the power series solution of the tensor equation is consistent with the
constraints, we will use the above at p = 0. To obtain a condition for g¢,)., (the coefficient
of p” in g,,) from the tensor equation we need to differentiate it n-2 times with respect
to p and then set p = 0. Similarly to obtain a condition for g(,),, from the vector and
scalar constraints we need to differentiate each of them n-1 times with respect to p and

then set p = 0.

The vector and scalar constraints imply that g(),, should vanish while the tensor
equation identically vanishes at this order. The tensor equation for g(4),, which we have

appropriately renamed t,,,, also identically vanishes while the vector constraint gives us

)
the conservation equation 0%t,, = 0 and the scalar constraint gives the tracelessness
condition Tr(t) = 0. We can start our induction from here, since the three equations are

all consistent with each other up to this order

Let us suppose, by the induction hypothesis that the solution for g(,_1),, obtained
from the tensor equation is consistent with the vector and scalar constraints. We now
denote the m-th p-derivative as m'. So, by induction hypothesis, the three equations
(n—3)'(6.1)(p =0), (n—2)"(6.2)(p = 0) and (n—2)'(6.3)(p = 0) are consistent with each
other. Now we iterate by determining g(,),, from the tensor equation, or in other words

we solve

(n— 2)(6.1)(p = 0). (6.12)

But by induction hypothesis we can assume (n —2)'(6.3)(p = 0) and (n —2)'(6.2)(p = 0)
are consistent with the tensor equation. Now our result (6.11) for a general fixed p

hypersurface implies that

(n—2)(6.1), (n — 2)'(6.2), (n — 2)/(6.3) = (n — 1)/(6.2), (n — 1)/(6.3). (6.13)
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We can apply the above at p = 0 ' to iterate and say that if the solution for gg,—1)..
from the tensor equation is consistent with the constraints so would the solution for ().,
from the tensor equation be. This completes the proof by induction that the power series

solution of the tensor equation is consistent with the constraints.

Let us see if our proof can be generalized to other cases, in particularly for all
dimensions if the boundary metric is flat. The only change in the equation of motion
happens to be the coefficient of gl’w in the tensor equation. Let us, for example, take the
case when the number of boundary coordinates is six. We can check by hand that all
9(n)uvr vanish for all n such that 0 < n < 6 and g, cannot be determined from the
tensor equation for an exactly similar reason as for g),, when the number of boundary
coordinates was four, namely the tensor equation identically vanishes. The vector and
scalar constraints imply conservation and tracelessness of g, implying that it should
be identified with the stress tensor (and indeed it has been shown in [9] that this agrees
with with the Balasubramanian-Krauss stress tensor). We can begin our induction, from
here as before and hence our proof generalizes. So, the general problem in applying the
induction is to show that the equations of motion are consistent with the power series
ansatz at g(4),. We have not been able to prove it generally but we have checked it up to
d = 6. The same problem appears when we try to apply induction to prove the validity
of the power series solution when the number of boundary coordinates is odd, but the
boundary metric is arbitrary. Before we apply induction, we need to prove that the power
series works at g(a)u, (in fact this is harder to show, because when the boundary metric
is not flat g(n),’s do not vanish for 0 < n < d). However, Fefferman and Graham have
proved the validity of the power series solution by a different method for an arbitrary

boundary metric when the number of boundary coordinates is odd.

LAt p = 0 the statement (6.13) has a non-trivial content strictly for n > 2, because of the slight
technicality that what we really need to use to find a condition for g(,),, is that we need to differentiate
(p(6.3)) not really (6.3) n-1 times. So at p = 0, this result is trivial for the scalar constraint when n = 2
and we do not need to use the result (6.13), but since the first step of induction starts from n = 4, it is
safe to use this in the iteration procedure.
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6.2 Appendix B: On fixing n/s by calculating curva-
ture invariants

We have already done the regularity analysis of our first order solution in Fefferman Gra-
ham coordinates by translating to Eddington-Finkelstein coordinates where the regularity
or irregularity becomes manifest. However, one may ask if the regularity analysis can be
done also by calculating some curvature invariants. We will see that indeed at the first
order, this analysis can also be done by calculating an appropriate curvature invariant,
but we will argue that there may not be a finite number of curvature invariants which
can be reliably used to fix all the coefficients in the hydrodynamic stress tensor at higher

orders in the derivative expansion.

Before we do that, we want to point out that though the metric in Fefferman-
Graham coordinates and in Eddington-Finkelstein coordinates could be made coordinate
equivalent up to any given order in the derivative expansion for an arbitrary hydrodynamic
stress tensor, the curvature invariants calculated from the two metrics will typically never
be the same! Let us examine why this should happen at the first order itself. Any typical
curvature invariant, like the Ricci scalar R itself, will show a divergence only when we
expand it to second order in derivatives of the boundary coordinates. In this case, this
should be so, because the metric in either coordinate system is a solution of the equations
of motion up to first order in derivatives of boundary coordinates. However, the second
order piece in R calculated from the metric in either coordinate system will not be the
same, because the two metrics are related by a coordinate transformation only up to first
order in derivatives. In fact we will explicitly demonstrate that R itself can be used to
fix the value of n/4ms in the Eddington-Finkelstein metric at first order but not in the
Fefferman-Graham metric at first order. So the procedures of using curvature invariants
to fix the coefficients in the hydrodynamic stress tensor in the two coordinate systems are

indeed very different!

Another crucial aspect should be kept in mind because this also features in compar-
ing curvature invariants calculated from the metrics in the two coordinate systems. Fun-

damentally, solving Einstein’s equations in either of the two coordinate systems involves a
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trade-off between manifest regularity and manifest asymptotic boundary condition. The
solution in Eddington-Finkelstein coordinate system at the zeroth order and also at the
the first order for the right value of n/4mws are manifestly regular so any curvature invari-
ant calculated at the horizon will be regular to all orders as well. However, the solution
preserves the asymptotic AdS boundary condition only up to first order in derivatives
as it can be translated to Fefferman-Graham coordinate system only up to that order.
The solution in Fefferman-Graham coordinate system at first order, of course preserves
boundary condition to all orders, but even for the right choices of n/4ms it is not regular
to all orders. In other words, for the right choice of n/4ms all order divergences should
vanish when we calculate curvature invariants from the metric in Eddington-Finkelstein
coordinate system, but in case of the solution in Fefferman-Graham coordinates at first
order, at most the leading divergence at the second order vanishes for the right choice
of n/4rs. In fact, for certain curvature invariants even that do not happen. Of course,
eventually if we add a right second order correction to the Fefferman-Graham metric,
all divergences in the curvature invariants at the second order should vanish, but still
divergences at higher orders will remain and so on. We will illustrate the first order case

with examples below.

To compute curvature invariants it is useful to first choose a velocity and temperature
profile. As mentioned before, the vector constraint in Einstein’s equations of motion
demand that the velocity-temperature profile should be a solution of the relativistic Euler
equation

Oub o.u

5 = (u.0)u, — Up g (6.14)

We call our boundary coordinates (t, x, y, z) and we select the following static velocity

profile which is a relativistic version of laminar flow

1
[
ur = 1 — azyQ(L ay, 07 0)7 (615)

where a is a constant of dimension 1/length. The advantages of using this velocity profile

are twofold, namely,

e The relativistic Euler equation gives us that temperature, hence b, should be a
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constant.

e [t is easy to employ the derivative expansion by using the following trick. We
note that the only non-trivial derivatives of the boundary coordinates are the y-
derivatives. Any y-derivative of the velocities will bring in an extra a which is
unpaired with a y so that it picks up the right dimension. Hence to do the derivative
expansion we may first set y = p/a and simply do a Taylor expansion in a about

a = 0. The correct dimensionless parameter of the derivative expansion, of course

will be ab.

We can use the above velocity-temperature profile in the first order solution in any coor-
dinate system. Though away from the boundary the boundary coordinates (or, in other
words, the field-theoretic coordinates) in a given coordinate system will mix with all the
coordinates in another coordinate system, at the boundary they will always align with
other. This is, how solutions in two different coordinate systems come to share the same
boundary stress tensor and also the same conservation equation, which in this case, is the

relativistic Euler equation.

If we use the above velocity-temperature profile to calculate R in the Eddington-

Finkelstein coordinate system we will find that

1
8(1 — a?y2)2bir
((7 — 1)(9+ b*r*(3y — 2m) + 16b°r° — 27brF)) N
(br — 1)(1 + br + br?)
(v — Dy + 1 —=86**b*r*Log(br — 1) + O(1)) 4+ O(a*).

R=—20+a

(6.16)

At the zeroth order in a, R should of course be -20 and at first order in a, R should of
course vanish because our metric is a solution of equations of motion up to first order.
At order a?, we indeed expect some divergence at the horizon, which is at r = 1/b,
because the metric is explicitly not regular there unless v = n/4rs = 1. We see that when
n/4rs = v =1 all divergences go away. This feature replicates also at higher orders in a.

2 On the other hand, if we calculate R from the Fefferman-Graham metric at first order,

2We would like to thank Sayantani Bhattacharya for confirming that this indeed happens for arbitrary
velocity and temperature profiles.
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we get
128019 p8(12b%2 + 4b2p* + 3%p*)
(1 — a2y?)2(4b* — ph)2(4bt + ph)3

1666’}/2 4b4 — p4
L 3.
+(1 —a2y?)2(4b* + ph)?2 09(4b4 T p4)] +0(a”)

R=-20+ad’| (6.17)

At order a?, we see that there is a leading inverse power two divergence for any value of
~v and a subleading log divergence except when v = 0. So this is useless to figure out the
right value of . Of course this will certainly be useful to fix certain coefficients of the
hydrodynamic stress tensor at second order, because these divergences should go away

for any right second order correction to the Fefferman-Graham metric.

It turns out, however, that, R, ,,%""*? can be used to fix the value of v in the

Fefferman-Graham metric. We get

B e _ 4(1280b'6 + 1280b'2p* 4 2784b% p® + 800 p'? + 5p'6)
wypa o (4b* + ph)

2 2(—1+~%)b°
e~ v +O( ) 4+ O(Log(v/2b — p)) + O(1)].

(6.18)

1
(p = V/2b)?
We see that the zeroth order piece is always finite and independent of v and at order a (for
some reason we do not understand) the scalar vanishes. However, at order a?, we find that
when 7 is 1 or -1 the leading divergence at p = v/2b goes away, though, the subleading
divergences remain and as before, they should disappear when we add any right second
order contribution to the Fefferman-Graham metric. We are also not sure, if by computing
R, 00 RMP7 itself we can fix the values of all the coefficients in the hydrodynamic stress
tensor at second order. To fix all the coefficients of the second order hydrodynamic stress

tensor, one may have to look for another appropriate curvature invariant.

It is certainly, worth exploring, if the “hydrodynamic” Fefferman-Graham solutions
are “‘special” enough so that computing a finite number of curvature invariants will suffice
to determine regularity, hence in fixing all the coefficients in the hydrodynamic stress
tensor to all orders. We will leave this for a future work. Nevertheless, our procedure
of fixing the coefficients in the hydrodynamic stress tensor by translating to Eddington-

Finkelstein coordinate system works for all orders in the derivative expansion.
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6.3 Appendix C: Proof of existence of conservative
solutions of the Boltzmann equation

We will now present the details of our proof for the existence and uniqueness of con-
servative solutions of the Boltzmann equation. In order to keep the proof reasonably
self-contained, we give further details on the Boltzmann equation and how one can obtain
the hydrodynamic equations seen earlier. We follow the notation of [55, 43] mostly for

this part of the discussion. This will be followed by the proof in full detail.

6.3.1 C.1 A short description of the Boltzmann equation

The Boltzmann equation for the one-particle phase space distribution f(x,¢) for a gas of

nonrelativistic monoatomic molecules of unit mass interacting through a central force is

(5 +E 2076 = T, N6 (6.19)
where
J(f.9) = / (£0x,€)g(x.€) = Fx,€)g(x,€)) BO, V)dE"dedt (6.20)

is the collision integral. (§,&*) are the velocities of the molecules before a binary collision
and (5', ¢ *’) are their corresponding velocities after the collision. The angular coordinates
(0, €) are the coordinates related to the collision, and V = £ — £* is the relative velocity
with magnitude V. We assume that the collision takes place due to a central force acting

between the molecules.
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Fig. 1 : The collision coordinates

Figure 1 illustrates the coordinates (6, €) used for describing the collision. The black
dot in the center of the figure refers to the first molecule-the target molecule. The dotted
line indicates the trajectory of the second molecule which we call the bullet molecule,
with respect to the target molecule. The target molecule is placed at the center where its
trajectory comes closest to that of the bullet molecule. We have drawn a sphere around the
target molecule and n is the unit vector in the direction of the point of closest approach of
the bullet molecule. The beginning of the trajectory asymptotes in the direction opposite
V and the end of the trajectory asymptotes in the direction opposite V', which is the

relative velocity & — ¢ after the collision. The co-ordinates (r, €) are polar co-ordinates
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in the plane orthogonal to the plane containing the trajectory of the bullet molecule and
the target molecule as shown in the figure. The radial coordinate r is just the impact
parameter as shown in the figure. The angular coordinate 6 is the angle between n and
the initial relative velocity V. Thus the unit vector n is determined by the angular

coordinates 0 and e.

Solving Newton’s second law for the given central force, we can determine r as a
function of 6 and V, i.e. if the force is known we know 7(6,V’). The collision kernel

B(6,V) is defined as
r@r(@, V)

BO,V)=V 50

(6.21)

Finally the velocities of the target and bullet molecule are related to the initial

velocities of the target and bullet molecule kinematically through

fz‘ = &'—ni(n‘v) )
& = E+nn-V) (6.22)

sothat V.-n=V.n.

This completes our description of the Boltzmann equation. When the molecules
interact via an attractive or repulsive central force which is proportional to the fifth inverse
power of the distance p between the molecules, we say the system is a gas of Maxwellian
molecules. The simplification for Maxwellian molecules is that r is independent of # which
can be seen from the fact that the trajectories of both the target and the bullet molecules
lie on the circumference of a circle in the center of mass frame. As a consequence, B is

also independent of 6.

To proceed further we need to develop some notation. Let ¢(£) be a function of &.

We will call it a collision invariant if

/ /

D, = 0(&) + (&) — () —8(¢) =0 . (6.23)

Clearly there are five collision invariants - (1, &;, £?) - which we will collectively denote as

Yo
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Let us also define, for convenience of notation,

J(f,9)+J(g, f)

T(f.9) = =02

(6.24)

Notation: We will use the following notation in the rest of this section. Let A(™)
and B™ be two tensors of rank m and n respectively, completely symmetric in all their

indices. Then,

e A BM will denote the symmetric product of the tensors so that it is completely

symmetric in all its m + n indices.

° A(m)BZ.(") will denote a tensor of rank (m+mn) where all indices except the i-th index

in B™ have been completely symmetrized.
e We will use v as in A, to denote all the m indices in A

o If A;; and By, are symmetric second rank tensors, then (A;;By + + + ++) will
denote the combination of all the six terms required to make the sum symmetric in

its indices 4, j, k and [.

The above notations will hold even when A or B is a tensorial operator containing spatial

derivatives.

The hydrodynamic equations can be derived from the Boltzmann equation as follows.

Using symmetry one can easily prove that
1 / ’
[o©a9ic=5 [oee e TG00 (6.25)
Using (6.23) it is clear that if ¢(&) is a collision invariant, that is ¢(£) = 1), (&), then

[va©(.9 =0 (6.26)

A special case of the preceding result gives

[vatets.nde =0 (6.27)
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The Boltzmann equation [on multiplying by v,(£) and integrating] implies

( / &%fdﬁ) —0 . (6.28)

where p, are the locally conserved quantities defined by

0pa 0
ot o,

Po = /z/fafdi : (6.29)

These equations are equivalent to the hydrodynamic equations (3.2) once we make
the identifications [py = p, p; = pu; (i =1,2,3), ps = (3p/2)].

The next few velocity moments, needed for later reference, are

bij = /(Cicj - RT5ij)fd§ )
Sijk = /CiCjCkfd§ ; (6.30)
Qijkl = /CiCjCkledf )

where ¢; = & — u;.

6.3.2 C.2 The moment equations

Multiplying both sides of the Boltzmann equation by higher polynomials of & and inte-

grating over ¢, we find the equations satisfied by the moments f™’s for n > 2 to be

agim + aii <u £+ f}"*”) - g—;fi(”) — % f("‘”aaf—f =Jm (6.31)
where
JM = / c"B(f f; — ffi)dOdededs, | (6.32)
is the n-th velocity moment of the collision kernel.
It can be shown that
=S BEO T (6.33)

p,q=0;p=>q
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(27270)
l

with a particular simplification for B;;7, which can be written as

Bi(jQ’,j,O)(IO7 T) = B(2)(p, T)5ik5jl ) (6.34)

For Maxwellian molecules, there is yet another remarkable simplification that B"P%)’s
are nonzero only if p4+¢g = n. This happens essentially because the collision kernel B(6, V)

in (6.20) is independent of € in this case (for more details please see [55]).

We will also denote fi(fk)l as (i and its explicit form will be useful.

6.3.3 C.3 Formal Proof of Existence of Conservative Solutions

We now outline the proof that demonstrates existence of conservative solutions for the
Boltzmann equation. The one-particle phase space distribution f will be functionally
determined by the hydrodynamic variables and the shear-stress tensor (and their spatial
derivatives). It must be emphasized that we proceed ezactly along the same lines as used
by Enskog in proving the existence of the normal (or purely hydrodynamic solutions) of

the Boltzmann equation.

The proof for the existence of normal solutions of the Boltzmann equation [40, 41, 42,
43] (first given in Enskog’s thesis) rests on the following theorem due to Hilbert [54, 43].

Theorem: Consider the following linear integral equation for g:

J(fo.9) + (g, fo) =K , (6.35)

where J(fo,g) is defined through (6.20) and fo is a locally Mazwellian distribution. This
equation has a solution if and only if the source term K is orthogonal to the collision

mvariants P, so that:
JES (6.36)

provided the potential U(p) satisfies the condition that |U(p)] > O(p~"*1) as p — 0 for
n > 5. [That is, when the distance (p) between molecules vanishes, the absolute value
of the potential should grow faster than (1/p)*.] Further the solution is unique up to an

additive linear combination of the 1, ’s.
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This theorem will be important in proving the existence of conservative solutions
too, wherein we have to actually solve for the functional dependence on the hydrodynamic
variables and the shear-stress tensor. For any conservative solution, we will just need
to specify the initial data for the hydrodynamic variables and the shear-stress tensor.
The only requirement will be that these initial data are analytic, because the functional
dependence of f on the hydrodynamic variables and the shear-stress tensor will involve
spatial derivatives of all orders. Clearly all normal solutions are conservative solutions,

but not vice versa.

The method of proof can be briefly outlined thus. We will extract a purely nonhydro-
dynamic part from the shear-stress tensor p;;, and denote it as pﬁ?h). This pz(-;h) will satisfy
a simpler equation of motion which schematically reads (9p""/dt) = Y7 ¢, (p™M)",

(nh)

involving just a single time derivative [although the initial data for p;; ~can have any

(analytic) spatial dependence]. The full shear-stress tensor p;; can be solved as a func-

tional of the hydrodynamic variables and the pgm).

One can functionally invert this to
reinstate p;; as the independent variable in place of pgh) and also determine the equation
for p;;. In the process we will see that there is an interesting class of nontrivial homo-
geneous conservative solutions, where all the hydrodynamic variables are constants over
space and time, while the shear-stress tensor is exactly pgh), which is just a function of
time. This class of solutions is thus purely nonhydrodynamic, representing equilibration

in velocity space.

The proof begins by writing the Boltzmann equation abstractly as

D=J(f.f) . (6.37)
where
_of of
'D_E_}_g.a_x , (6.38)

and J(f, f) is as defined through (6.20).

For a conservative solution, f is a functional of the nonhydrodynamic shear-stress
(nh)

tensor, p,;;" (x,t) and the five hydrodynamic variables, namely u;(x, ), p(x,t) and T'(x, t).
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We expand f in two formal expansion parameters € and ¢ such that

n=0 m=0
The physical meanings of the expansion parameters will soon be made precise. For
the moment, if the reader so pleases, she can think of € as a hydrodynamic and ¢ as a
nonhydrodynamic expansion parameter. Following Enskog, we will also expand the time

derivative in powers of € and ¢ as :

nm)

I

n=1 m=0

(6.40)

The above expansion of the time derivative might seem a little strange, but it will be nec-
essary for us precisely for the same reason it was necessary for Enskog - the solutions of

the equations of motion of hydrodynamic variables and pg’h)

cannot be expanded analyti-
cally in € and ¢, though their equations of motion could be through the subdivision of the
partial time derivative. The proof will actually rely on the subdivision of the equations
of motion just as in Enskog’s purely hydrodynamic normal solutions and will not require

the solutions to have analytic expansions 3.

This automatically results in a similar expansion for D, such that

e For n > 1 and for all m

n o m a(kl n m— o L
) — Z k l)—i—f'M (n>1,m=0,1,2,...) (6.41)
ox
k=1 1=0
e Forn=m =0,
DY =0 . (6.42)

3There is an analog of this in the fluid/gravity correspondence too. The existence of solutions in
gravity dual to hydrodynamic configurations in the boundary which could be analytically expanded
depends on the derivative expansion of the hydrodynamic equations and is independent of the fact that
the solutions of the hydrodynamic equations themselves have no analytic expansion in the derivative
expansion parameter.
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With the assumption that f is a functional of the hydrodynamic variables and pz(»?h),

the time derivative acts on f schematically as

= af avk = Of  O(VFuy)
Za +Zawuz o1

=0

< 9f AvtT) & af AV
+Za / ) Za / (Vopy ) (6.43)

V) ot (VeI ot

Above, V¥ schematically denotes k-th order spatial derivatives. Any time derivative acting
on a hydrodynamic variable can be replaced by a functional of the hydrodynamic variables
and the nonhydrodynamic shear-stress tensor by using the hydrodynamic equations of
motion. These functional forms have a systematic derivative expansion in terms of the
number of spatial derivatives present and contain only spatial derivatives and no time
derivatives. So the expansion of the time derivative in € is actually a derivative expansion,
where the expansion parameter € is the ratio of the typical length scale of spatial variation

of f and the mean-free path. This naturally “explains” (6.41).

On the other hand, it will be seen that the time derivative of the nonhydrodynamic
shear-stress tensor can be replaced, using its equation of motion, by an infinite series
of polynomials of the nonhydrodynamic shear-stress tensor. Thus the expansion of the
time derivative in  as in (6.42); but we expand the solution of the equation of motion
as an amplitude expansion with the expansion parameter ¢ identified as the ratio of the
typical amplitude of the nonhydrodynamic shear-stress tensor with the pressure in final
equilibrium. For the moment, these are just claims, to be borne out by an appropriate

definition of the expansion of f and the time derivative.
C.3.1 Subdivisions in terms of ¢ and J

We outline here the expansion of the various quantities in the Boltzmann equation and
the full Boltzmann equation itself in terms of the two expansion parameters € and § and
thereby arrive at various constraints that must be satisfied by these expansions. Our
proof eventually will involve recursion while expanding the full Boltzmann equation in

these expansion parameters.
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1. In close analogy with Enskog’s original subdivision of f, we impose some further

properties on the subdivision of f.

e First we require, as in the case of normal solutions of Enskog and Chapman,
that the hydrodynamic variables are unexpanded in € and § and therefore are
exactly the same as in the zeroth-order solution f( ), which will turn out
to be locally Maxwellian. This is required because solutions of the hydrody-
namic equations cannot be expanded analytically in these expansion param-
eters though the hydrodynamic equations themselves could be, as mentioned

above. Therefore we should have

/@Daf(n,m)df =0; (n+m>1a=01,23,4) (6.44)

where 1, are the collision invariants (1,&;, £?). It follows that

P — / Cafondé (6.45)

pa are the locally conserved quantities defined through (6.29). We may recall
that these are just some combinations of the hydrodynamic variables.
e We also require that the purely nonhydrodynamic part of the shear-stress ten-

Sor, pglh) has no expansion in € and §, analogous to the hydrodynamic variables.
Being purely nonhydrodynamic, it determines f,,) for all m, i.e. the part of
f which is zeroth order in €, but contains all orders of  in the conservative
solutions. Since it vanishes at equilibrium, it is of first order in ¢ and is given

exactly by f,1). More explicitly, for m > 2 and n = 0, we should have

so that
" = /<Cicj — RT%;) fonyd§ (6.47)

2. The subdivision of the time derivative is defined next. Following Enskog, we impose

141



CHAPTER 6. APPENDICES

on the time-derivative the condition that

a(O,m) (e’
wmpt
ot
/D(”’m)wadg =0, (n>1,m=0,1,2,..) . (6.48)
Using (6.44), the second equation above can be simplified to
a(n,m)pa o
—_— ; 1€ | = >1,m=0,1,2,..) . A4
i e ([ taforimde) =0 (2 1m =012 L (6a9)

Since the p* are a redefinition of the hydrodynamic variables, this above condition
amounts to expanding the hydrodynamic equations in a particular way. From this
expansion we know how each subdivision of the time derivative acts on the (un-

expanded) hydrodynamic variables. It is clear from (6.43) that if we now specify
how the subdivisions of the time derivative act on pz(;lh), we have defined the time
derivative. Indeed, we have to solve for the action of the time-derivative because

specifying this amounts to proving the existence of conservative solutions 4.

3. The next thing is to note that the full shear-stress tensor p;; (just like any other

higher moment) has an expansion in both € and §. If we denote ép;; = p;; — pl(-?h)

then forn >1

’

5p§]@,m) = /(Cicj — RT6;) (fom) — fomy) d€ (6.50)

™) as a functional of the hydrodynamic

need not vanish. The expansion of (5p§;"
variables and pg-lh) in € is the derivative expansion, with the power of € essentially
counting the number of spatial derivatives (which act both on hydrodynamic vari-
ables and the nonhydrodynamic shear-stress tensor). The expansion in § is the

)

“amplitude” expansion in terms of pglh , which we may recall is first order in 9.

4. On the basis of the above subdivisions one can now expand both sides of (6.37) and
equate the terms of the same order on both sides. This enables us to write down

the following set of equations that J(f, f) must satisfy for different values of (n,m).

4Even for the hydrodynamic variables, the action of the subdivisions of the time derivative on them
could have been treated as unknowns. But we have chosen the logically equivalent path of declaring them
beforehand from our experience with the case of normal solutions.
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For n = m = 0, substituting (6.41), (6.42) and (6.39) in (6.37) we get

J(fo,0, foo) =0

so that f(o,0) has to be a locally Maxwellian distribution.

Using the above fact, for n =0 and m > 1, we get

H(0,0)
“or Jom

90D
= Z Wf(o,m—l) — Som; (m>1)
=1

J(f0,0)> fom) + I (fom): fro0) —

Finally, for n > 1 and for all m

J(f(O,O)v f(n,m)) + J(f(n,m)u f(0,0)) =

St a(k’l) f(nfk,mfl af(nfl,m
ot ox

k=1 1=0

The S(n,m) are given by, for (n +m > 2)

n—1m—1
S(n m) — Z J(f(k,l)a f(n—k,m—k))
k=1 =1
n—1 m—1
- Z J<f(’f’0)’ f(n—k,m)) + Z J(f(o,zy f(n,m—k))
k=1 =1
n—1 m—1

+ 3 Ty fo-ro) + Y I (Foiys fom—r)
k=1

=1
+J(fn0)s fom) + I (flom)s fno);  (n+m) >2

and

S,1) = S0 =0

C.3.2 A recursive proof

(6.51)

(6.52)

(6.53)

(6.54)

(6.55)

With all of the above, we will now prove the existence and uniqueness of conservative

solutions recursively. Recall that the key idea in this proof is to understand how the time
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derivative operator 2 acts on the hydrodynamic variables and the nonhydrodynamic

ot
(nh)

part of the shear-stress tensor, p;;"’. We already know the action of this operator on the

hydrodynamic variables from Eqgs.(6.48) and (6.49). Now we will solve for the action of

(nh)

this operator on p;;”. The action of the time derivative, when expanded in € and ¢, can

be understood by analyzing the subdivisions of the Boltzmann equation given by Egs.

(6.51), (6.52) and (6.53).

1. It is clear from (6.51) that at the zeroth-order in m and n, f is a locally
Maxwellian distribution which is uniquely fixed by the choice of the five hydro-
dynamic variables (6.45) and hence can uniquely be specified as

2

I _c
fo,0) = (QWRT)% exp ( 2RT) ) (6.56)

2. Next let us consider (6.52). The usual trick here is to rewrite Jom) as fo,0hom)-

The advantage is that since f( ) contains hydrodynamic variables only,

Joo =0 . (6.57)

Therefore (6.52) can be rewritten as

9(0,0)
J(f(0,0), f0.0)1(0,m)) + J (f0.0)e(0,m)> f(0,0)) — fr0.0) 5 o) (6.58)

m a(o l) m—1
:f(o,o)z BN ho,m—1) ZJ fo.mho0), fo.0Pom—); (m > 2).
=1 =1

Now we analyze (6.58) for m = 1 and m = 2.

e m—=1:

For m =1, (6.58) reduces to

J(f0,0), foohon) + J(fo0ho1), foo)

H(0.0)
= f0.0 . hoy) (6.59)
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while it follows from (6.47) that

(nh)
1p;; (x,t)
h(O,l) = ijpT(cicj — RT(SZ]) . (660)

These two equations imply that

000
It pz(‘j W = B®(p, T)pij (6.61)

where B® has been defined in (6.34) °.

e m—2:

At the second order, (6.58) implies

J(f0,00: fooro2) + J(fonho2), foo)
0(0,0) 901
= f00 ot ho.2) + f(0.0) BN hoy — J(fooho), fonhon) - (6.62)

We then need to solve for two things, h(2) and the operator (8(0’1) / 8t). To

do this we first write ho2) as

(0,2)
1 S
ho2) = 300 BJ,T)Q <Cicjck — RT'(¢;051 + +)) (6.63)

0,2 nh
ngkl) _ pz(j :
p(RT)

1

IR

Op + + + ++> — (0400 + +)

X [cicjckcl — RT(cici0p + + + ++) + (RT)?(6:j0m + +)}

The idea behind guessing this form is to expand h(2) in two higher order
Hermite polynomials of ¢’s and re expressing the Hermite coefficients through
the ordinary moments. This method of expansion is due to Grad [55]. For

the moment we can just take it as the most general possible form of h2),

®Note that (6.61) is consistent with the amplitude expansion of the time-derivative in 6. The time-
derivative expansion in ¢ should consistently start at the zeroth order as both sides of the equation contain

one pz(-?h)
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since if higher Hermite polynomials are included here, the coefficients would
have vanished. It also turns out that Si(;),f) vanishes. Similarly all the other
higher odd moments vanish, so far as their purely nonhydrodynamic parts (or
expansion in m for n = 0) is concerned. Obviously this does not mean that
(nh)

these higher odd moments have no dependence on p;;

For n > 0 there is
indeed a nonvanishing expansion in m for these moments. We can now compare
the coefficients of Hermite polynomials on both sides of our Eq. (6.62). For

Maxwellian molecules (thus determining the form of J) we have

3(071)

h 2 ,2,2 nh 2 ,4,0 0,2
900 (0,2) (4,4,0) (4,2,2) nh
ot Qijkl = Bijk:lmnpq (p7 T)anpq + Bz]klmnpq (,07 T)pgnn)pg(oq )

Since we know the action of (9(?) /9t) on pglh) and the hydrodynamic variables,
we can solve for Qg‘)}fl) as a functional of pglh) and the hydrodynamic variables;
the solution turns out to be

02 = XitmnparspSple) (6.65)

where Xpimnpers satisfies the equation 6

4,4,0 4,22
2B(2)Xklmnpqrs = Bl(clmni)jtuXithquS + Bl(flmn;gqv"s : (666>
This in turn provides the solution for the operator (9 /dt):

ooy 2.2.2) (nh) (n 2,4,0 nh).(n
sz(j )= Bz'(jl;l;nZLpl(cl )P( Y+ Bl(]klmiLXklmnpqrspl(’qh) gsh) : (6.67)

6The solution for X (kimn)(pgrs) regarded as an 81 x 81 matrix is (23(2)6(klmn)(ijw) —

B((:iiﬁl))(ijtu)) lB((;lthu?)(pqrs) where 0 (rimn)(ijeu) is defined as a 81 x 81 matrix whose entries are 1 if k =
4,4,0) )

i, l = j, m =1, n = u and zero otherwise. It is quite evident that when (2B(2)5(klmn)(ijm) —B((klmn)(lm)
fails to be invertible, there is a singularity in our solution and in fact this may happen when p and T takes
appropriate values. Such singularities also appeared in Born and Green’s normal solutions of BBGKY
heirarchy and was interpreted as describing local nucleation of the solid phase. In our case too, the
singularities of the conservative solutions may signal local condensation of the liquid phase.
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(nh)
ij
how it acts on the hydrodynamic variables. This implies that we have solved for

The equation above shows the action of the operator on p,. ; we already know
this operator at this order. Note that the solution for the operator corroborates
the intuitive understanding that this operator is the next order in amplitude
expansion. Another important point is that the solution of the operator is
not independent of the solution for Qg?,’fl) and is just given by the logic of our
expansion once Qg?,fl) has been solved as a functional of pgyh). This feature
is the same for all the higher terms in the expansion of the time derivative

operator as well.

For non-Maxwellian molecules things are a bit complicated because the equa-
(nh)

tion for Qi in (6.64) also contains a term linear in p;;"”, so that now

gon " .
5 " =SB 4 B b p
+ B oo Xtmnparsty Pl (6.68)

However this feature also appears in the usual derivative expansion (the ex-

pansion in €) of the time-derivative. Despite appearance, 5B(2)p@h)

i 1s a small

quantity as (0B® /B®)) is a pure number which is smaller than unity (for a
proof of this and also for the statement of convergence of such corrections in
the context of normal solutions, please see [41, 42]). This result can be trans-
lated here, as the normal solutions are just special cases of our conservative
solutions and at a sufficiently late time our solutions will be just appropriate

normal solutions 7.

This is indeed remarkable considering that we have no parametric suppression

here. Formally however, aside from the convergence problem, there is no ob-

struction because ¢ is just a formal parameter and is only intuitively connected

"We note that we can simply borrow Burnett’s results here because all the hydrodynamic transport
coefficients are not independent of the nonhydrodynamic parameters like the relaxation time 1/B ) for
instance viscosity 7 is at leading order (p/B (2)). Since p has no expansion, convergence of the viscosity
implies convergence of B(?) as any generic “conservative” solution will be approximated by an appropriate
normal solution at sufficiently late times.
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to the amplitude expansion.

e Higher m:
We can proceed in the same way to the next order in m when n is zero. At every
stage we have to deal with f ) which we may write as f(0)/,mn) and further
expand h,,) in a series containing up to m-th order Hermite polynomial in
c’s. We have to solve for the coefficients of these Hermite polynomials, which
depend on x only, and this leads to the definition of the m-th subdivision of
the time derivative operator in the d expansion when the € expansion is at
the zeroth order. The equation for evolution of pglh) (x,t) thus finally involves
only a single time derivative which we have expanded in §. This is highly

)

nonlinear, involving an infinite series of pl(J" . The presence of just a single

time derivative in the equation of motion for pg-lh) (x,t) makes it essentially
an ordinary differential equation in one variable and so for any initial data

existence and uniqueness of solution is guaranteed.

We note that we can consistently truncate our solution at n = 0 so that
there is no expansion of f in ¢, provided all the hydrodynamic variables are

constants over both space and time and pg;m) is constant over space but a
function of time. This gives us the simplest class of conservative solutions
which is homogeneous in space; the Boltzmann equation becomes equivalent
to an ordinary differential equation involving a single time derivative for p;;.
Physically this solution corresponds to the most general conservative solution
which is homogeneous in space, but generically far away from equilibrium in the

velocity space (so that the velocity distribution is far from being Maxwellian).

3. The next task is to prove the existence of solutions for the recursive series of equa-
tions in (6.53). To see if solutions will exist we need to employ Hilbert’s theo-
rem. S, m) contains either pairs of the form J(fi.q), firs)) + J(fip.g)» fir,s)) OF just
J(fap, fap). So when the collision invariants are integrated with Sp, ), as in

[ aSmmyd€, the integrals vanish as a consequence of (6.26). Therefore, the exis-
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tence of the solution to f(, ) follows from Hilbert’s theorem as a consequence of
(6.48). The solution is unique because the condition (6.44) fixes the arbitrariness of
the dependence of f(,,,) on the collision invariants t,. The details for n > 1, are

thus, exactly the same as in the case of normal solutions. The action of (™™ /0t)

on pl(-j ") is also determined as soon as the functional dependence of dp;; and the

relevant higher moments on p(.nh)

i;  and the hydrodynamic variables are determined.

The explicit calculations become extremely complex even when, say n = 2, m = 0 or

n=1,m = 1. We give some explicit results for the first few terms in the expansion

for dp;; as
ou ou 2. Ou
sy — P m nZs 6.69
bij 5@ 9, Tz, 30™an,) (6.69)
1 0 ou; ou; 2 Gu
5 ('1',1) _ . (nh) j (nh) i (nh) (52 (nh) r
ng B(Q) or 7"( pzy ) + axrpzr + axrpﬂ” 3 iiPrs 81:8

B@y P Ve T 9r, T 37" o,

It is clear that the terms in the expansion involve spatial derivatives of both the

hydrodynamic variables and pg-Lh). From the expression for 5p§; 0

one can determine
the shear viscosity 1 which is of course the same as in the purely hydrodynamic

normal solutions, so that

p
N~ e T) (6.70)

We also give some terms in the expansion for the heat flow vector

(1,00 15pRa_T

3 opimh h oT 2p ) ap
StV = [ 2RT"— + TRy ir
’ 2B(2) ox, * ox,  p Oz, ’

It is clear that the heat conductivity x is also the same as in purely hydrodynamic
normal solutions so that
15R p 15R
X~ gy T)~—n . (6.72)
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Corrections to the above relation appear in the higher order for non-Maxwellian

molecules but again these are the same as in the case of normal solutions.

This completes our proof for the existence of conservative solutions for the non-
relativistic Boltzmann equation. As mentioned before, we can now reinstate p;; as the

independent variable. Our independent variables satisfy the following equations of motion

8p 0 B
at a (pur) - O )

ot " on, p 8% -
op 0 2 ou; 1085,
—_ — Uy 5@7" ir - ’ '
or o, ) ¥ Wt re) gt gy, =0 o
Opi; ) 0Sy;» 1. 0S,
ot + — 85&« (urpz]) + 8l'r - 3 1] axr
+8Uj - Ou; o 25” du,
a Tp“‘ axrpjr 3 Z]prsaxs
du;  Ou; 2. du S
+p(z—=+ 5L — Z0=—) = > B (0, 1P 157

Oxr; Ox; 3 Yoz,

1,q4=0,p>q;(p,q) #(2,0))
+B(2) (/)7 T)pij

The first three equations are just the hydrodynamic equations, while the equation

for p;; can be obtained from (6.31).

The crucial point of this proof is that we have now solved for all higher moments
f,S")’S for n > 3 (which includes, of course, S;;; and thus S;) as functionals of our ten
variables (p,u;, p,p;;) with T' = p/(Rp). Any solution of these ten equations of motion
can be uniquely lifted to a full solution of the Boltzmann equation as all the higher
moments are dependent on these ten variables through a unique functional form. Also,
some solutions for p;; in the last of our system of equations are purely hydrodynamic and

these constitute the normal solutions 8.

8This can be readily seen as follows. If we assume that pij is functionally dependent on the hydro-
dynamic variables, from the equatlon for its evolution, 1t is clear that at the first order in the derivative
expansion p;; = n(g;" + L — 75” g;” ), where n = B(Q) Now we can substitute this in place of p;; in
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6.4 Appendix D: A Simple Mathematical Interpre-
tation of the GCA

Mathematically, the infinite dimensional GCA can be motivated as follows: Consider two
particles with velocities vy and vo respectively at the same point in space x and at the
same time t. Then the infinite dimensional GCA is the largest possible group of space-
time transformations under which the relative velocity (vi — va) transforms covariantly
(as a vector under rotation) while its norm remains invariant.. We will now prove this

statement.

Let us consider an arbitrary space-time transformation from (x,¢) to (x',t). Let us

denote , , ) /
ox; o, ot ot
M,;=—"2N=—tP=—"0Q=—. 6.74
J 8xj ot 8;Ej Q ot ( )
Then the following holds,
dx; = My;dx; + Nidt, (6.75)
dt' = Pdx; + Qdt.
So, we have
’ Ml]'l}] + ]Vz
=Y "t 6.76
v kak + Q ( )
The relative velocity of two particles at the same point in space at a given time transforms
as below,
o (Mijvay; Prv@n — Migve); Proayr) + Q(Mijuay; — Mijua);) + Ni( Prv@r — Prvayr)
(1)d (2)i (Plv(l)l + Q) (PmU(Q)m + Q) :
(6.77)
For this transformation to be covariant, we require P, = 0, in which case
/ / sz(l) - leU(Q)
Vay — Y2y = L 0 2 (6.78)
If we also require the norm to remain the same, we should have,
M.
Y= R, 6.79
Q J ( )

the equation of evolution for p;; to get the second order correction and so on. In the substitution, the
time derivative acting on the hydrodynamic variables can be replaced by spatial derivatives by using the
hydrodynamic equations of motion.
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where, R;; is a rotation matrix. Now, P; = (0t /0z;) = 0 implies that
df (t)

t=ft),Q=-"1". :
10,Q== (6.:80)
Then we have / o
Ox; df (t
The integrability condition requires that
= 6.82
Oxy, oz’ (6.82)
which in turn implies that

Oxy, Oz,

The above condition at a fixed value of 7, the implies that the curl of a vector vanishing

so that we must have

OVi(x, 1)

Rij(x,t) = ———=. (6.84)
J 8xj
A rotation matrix satisfies the property that Ri_j1 = Rj;, so we should have
oV; OV
— = 0. 6.85
(9.1']‘ 81’]- F ( )

The solution to the above system of equations is
Vi = R;;(t)x;+ a function of time,
so, we have R;; = R;;(t). To sum up, (0x;/0z;) = QM;; = (df (t)/dt)R;;(t), therefore

o df(t)

The above together with (6.80) belongs to our group of spacetime transformations denoted
by GCA.

It is also easy to check that any transformation belonging to the GCA makes the
relative velocity of two particles at a given point in space at a given time transform
covariantly while preserving its norm. So we have proved, that the largest group of
spacetime transformations under which the relative velocity of two particles at the same
point in space at a given time transforms covariantly while its norm is preserved, is
the GCA. This mathematical result can have physical applications in constructing local

interactions of particles in a GCA-invariant microscopic theory.
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6.5 Appendix E: G = MLR

Here, we will prove that any arbitrary element (G) of GCA, can be written uniquely as a
succession of a time dependent rotation (R), a spatially correlated time reparametrization

(L) and a time dependent boost (M).

Let us denote the space-time coordinates (x,t) together as X. Let G be an arbitrary
element of the GCA and let two coordinates X and X' be related so that X' = G.X, i.e.
X' is the result of action of G on X.

However, we now note that there is a unique time-dependent boost M such that
M.X and X' will will share the same origin of spatial coordinates at all times. Let us
denote M~'.X" as X". So, by construction X" and X share the same origin of spatial

coordinates at all times.

Now, if two space-time coordinates share the same origin of spatial coordinates at all
times, it is also easy to see, that there is a unique spatially correlated time reparametriza-
tion L which relate their times. Therefore, there is a unique L such that X~ = L=*.X"

and X share the same time.

By construction, we see that X" and X share the same time and the same origin of

spatial coordinates. Therefore, they must be related by a unique time-dependent rotation

"

R, so that X = R7L.X".

Summing all up, X = R*.X" = RT'L7'X" = R-'L7'M~'X'". But we assumed
X = GX', s0 G = MLR, with M, L and R being unique because they were unique in
each stage of our argument above. So, we have proved that any arbitrary element (G)
of GCA, can be written as a succession of a time dependent rotation (R), a spatially

correlated time reparametrization (L) and a time dependent boost (M).
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