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Summary

The long-standing problem of unifying quantum mechanics and general relativity
into a theory of quantum gravity remains an elusive quest, but the advent of the
holographic principle opened up new avenues of possibility. Broadly, this conjecture
states that the number of degrees of freedom available in a quantum gravitational
system does not scale like the volume of the system, as one might naively expect, but
instead like the surface area of the system. This is precisely where the nomenclature
originates: a hologram is a 3-dimensional result formed from 2-dimensional informa-
tion. The physics of black holes serves as evidence of this principle, since the entropy
of a black hole is proportional to its horizon area. The best-known example of the
holographic principle is the AdS/CFT correspondence, with a specific case involving
a duality between type II string theory on AdS5 × S5 (which is clearly asymptotically
AdS (AAdS)) and N = 4 super Yang-Mills (SYM) in four dimensions.

Now, in order to advance our understanding of the workings of nature, we are often
lead to the study of processes and phenomena which begin far away from equilib-
rium. Such phenomena span many fields of study, among them particle physics
(involving the early stages of heavy-ion collisions) and black hole physics (involving
the formation and evaporation of black holes). The study of these nonequilibrium
phenomena is plagued by complications, which need to be cleverly bypassed in or-
der to make any headway. In this thesis we use a number of methods in order to
make our nonequilibrium analysis tractable. In particular, in chapters 2 and 3 we
use holography and "generalized dimensional reduction" in order to investigate the
dissipative hydrodynamic behaviour of a boundary field theory which describes a
non-conformal fluid. In chapter 4 we use the so-called nPI effective action technique
in order to begin a nonequilibrium analysis of the cornerstone AdS/CFT field theory,
namely N = 4 SYM. Chapter 1 provides some background to the ideas used in the
remainder of the thesis.
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EMD holography and non-conformal dissipative hydrodynamics

We wish to investigate the nature of the gauge/gravity duality in a non-AAdS set-
ting: we study backgrounds which asymptote to so-called non-conformal branes,
with additional gauge fields present. We can use "generalized dimensional reduc-
tion" to obtain theses non-conformal backgrounds from a pure gravity theory (with
cosmological constant), which is a welcome simplification of our analysis. Such re-
ductions have the special property that the reduced theory depends smoothly on the
dimension of the compactification manifold, which could then be continued to any
real number. Instead of adjusting the holographic analysis for non-AAdS cases from
scratch, we begin with the standard conformal setting and dimensionally reduce to
obtain the desired results for the non-conformal case.

In particular, the theories of interest to us in the context of studying asymptotically
non-conformal backgrounds (and particularly the related dissipative hydrodynamics)
are Einstein-Maxwell-Dilaton (EMD) theories. They are of interest since, within the
context of holography, they have the right field content to describe systems at finite
charge density, possibly in the presence of condensates. This makes them suitable for
modelling strongly interacting condensed matter systems. We provide a holographic
dictionary for a class of such theories, making use of consistent generalized dimen-
sional reduction (where all solutions of the lower-dimensional theory are solutions
of the higher-dimensional theory). In this thesis we focus on a lower-dimensional
theory that contains two Maxwell fields, which we obtain by dimensionally reducing
AdS gravity (with no higher-dimensional Maxwell fields). Furthermore, we study the
hydrodynamic behaviour of this class of theories by analysing the specific example
of a black brane carrying a wave, whose universal sector is described by gravity cou-
pled to two Maxwell fields in particular. Using the fluid/gravity correspondence, we
compute holographically the first-order transport coefficients for this system. We also
show how the results may be used to infer the corresponding results of EMD theory
with one Maxwell field, from the holographic dictionary to the universal hydrody-
namics of the dual field theory.

2PI effective action of N = 4 SYM

An important step in understanding the nonequilibrium dynamics of quantum fields
is to understand how systems which are initially far away from equilibrium approach
thermal equilibrium at late times. We want to understand thermalization in QFT’s
which have a holographic dual, in particular N = 4 SYM. Thus, with the goal of
furthering our attempts to study nonequilibrium phenomena, we study N = 4 SYM
in a nonequilibrium setting using the nPI effective action technique. The problem of
studying nonequilibrium phenomena is two-fold, because we not only need to take
into account quantum fluctuations, but we also need to deal with a very large number
of degrees of freedom. Classical statistical field theory simply is not good enough,
and standard perturbative approaches based on small deviations from equilibrium
are not applicable: secular, time-dependent terms may appear which invalidate the
perturbative expansion. In recent years, so-called nPI effective action techniques have
been developed, allowing us to use nonperturbative approximations to get a handle
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on nonequilibrium dynamics, in the hope of ensuring non-secular and universal be-
haviour (meaning that the initial conditions do not affect the late-time behaviour). Of
particular interest is the precise time evolution of quantum fields whose initial state
is far from equilibrium.

Now, one can avoid having to calculate the full nPI effective action due to a useful
equivalence hierarchy, so that a self-consistent description to two-loop order requires
a 2PI effective action. For theories involving scalars and fermions, observing the ap-
proach to thermal equilibrium requires the three-loop 2PI effective action since the
two-loop level involves an infinite number of spurious conserved quantities. Further-
more, previous transport coefficient computations in QED and QCD have highlighted
a number of issues with the 2PI approach in the context of gauge theories, which are
resolved by going to 3PI level. Nevertheless, in this thesis we present the two-loop 2PI
computation for N = 4 SYM, since this is already a highly nontrivial computation;
our results may be viewed as a nontrivial stepping stone towards the full 3PI result.

In order to study nonequilibrium quantum field theory, one can specify all initial
n-point correlation functions, although in practice one often supplies only the lowest
correlation functions at the initial time. The time evolution of this initial state (i.e.
these initial correlation functions) is then encoded in the functional path integral de-
fined with the classical action. The extension to the nonequilibrium realm is done
via the introduction of a finite, closed real-time contour C, known as the Schwinger-
Keldysh contour. For the 2PI effective action, we additionally include two source
terms in our analysis. In order to obtain the equations of motion of the correlation
functions, thereby fully describing the field theory, one first extracts the effective ac-
tion by performing two Legendre transforms of the generating functional. Finally,
first order functional derivatives of this effective action with respect to the appro-
priate correlation functions (in the absence of sources) provide the corresponding
equations of motion via the so-called “stationarity conditions". Using this method,
we give the 2PI effective action of N = 4 SYM to two-loop order in the symmetric
phase, and also write down the evolution equations of the 2-point correlators for the
scalars, gluons, fermions and ghosts within the theory, in the nonequilibrium realm.


