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Abstract

In this work, we consider condensed matter phenomena in the early Universe. We focus mainly on the
effects of quenched disorder during inflation. We draw analogies between early Universe cosmology and
emergent phenomena. We suggest considering disorder as a classically sourced effect on wave-modes
around the horizon crossing. Improving previous work in this area, we apply a tool from condensed
matter physics to early Universe cosmology and calculate corrections to the two-point correlation func-
tion for fluctuations. We then turn our attention to the microscopic physics of the early Universe and

suggest non-equilibrium quantum field theory formalism for the study of disorder in the early Universe.



Contents

Abstract ii
List of Figures vi
1 Introduction 1
2 Cosmology 3
2.1 The Homogeneous Universe . . . . . . . . . . . .. i 3
2.1.1  FRW Spacetime . . . . . . . ... . 3

2.1.2  Conformal time and horizon . . .. ... ... ... ... ... ... ... 3

2.1.3  FRW Dynamics . . . . . . ... 0 4

2.2 Shortcomings of the Standard Big Bang Theory . ... ... ... ... ... ... ..... 5
2.2.1 Horizon Problem . . . . . . . ... )

2.2.2 Flatness Problem . . . . . . . .. e 5

2.3 The Inflation Primer . . . . . . . .. . 6
2.3.1 Inflation as a Solution . . . . ... ... ... 6

2.3.2 Basic Dynamics . . . . . . ... 6

2.3.3 Scalar field driving inflation . . . . .. ... o oo 7

2.3.4 Slow-roll inflation . . . . . . .. ... 8

2.4 Cosmological Perturbations . . . . . ... .. ... ... 8
2.4.1 Linear perturbations . . .. . . . .. . . . ... ... 8

2.4.2  Gauge Invariance . . . . . ... 9

2.4.3 Basic statistics . . . . ... 9

244 ADM action . . . . . . .. 10

2.4.5 Comoving auge . . . . . . .o i 10

iii



CONTENTS iv

2.5 Effective field theory of inflation . . . . . ... ... ... ... oo 11
2.5.1  Unitary gauge . . . . . . o oo o 11
2.5.2  The most general Lagrangian . . . . . . ... ... ... ... .. 12
2.5.3  Introducing the Goldstone boson. . . . .. . ... ... ... . ... .. 13
2.5.4  Decoupling Limit . . . . . .. .. 14
2.5.5 The R » 7 correspondance . . . . ... ... ... ... 15

2.6 Observations of the Early Universe . . . . . ... ... .. ... . ... . ... ... ..... 15
2.6.1 The cosmic microwave background . . . . ... ... o Lo 15
2.6.2 Temperature Fluctuations and The Power Spectrum . . . ... ... ........ 16

2.7 Non-gaussiantities . . . . . . ... 17
2.7.1 Primordial bispectrum . . . . . .. ... 17
2.7.2 Shapes of bispectrum . . . . . . . .. 18

2.8 Cosmological quantum corrections . . . . . . . . .. ... o 19
2.8.1 In-In Formalism: Corrections from quantum effects . . . . ... ... ... ... .. 19

3 Condensed Matter Phenomena & Disorder 21

3.1  Complexity and emergence . . . . . . . . . . .. 21
3.1.1  Condensed matter point of view and complexity . ... ... ... ... .. .... 21
3.1.2 Emergent phenomena . . . . . ... L 22
3.1.3  Coarse Graining and Renormalisation Group (RG) . . . ... ... ... .. .. .. 22
3.1.4  Establish links with Cosmology . . . . .. .. ... ... ... . ... ... .... 23

3.2 Disoder or ‘Ill-Condensed Matter . . ... ... ... ... . ... ... .. ... ... ... . 23
3.2.1 Quenched Disorder . . ... ... .. . . ... 23
3.2.2 Percolation and localisation . . . . .. ... .. ... .. oo 24

3.3 Topics in modern condensed matter . . . . . . . . ... .. ... ... 24
3.3.1 Thermalisation . . . . . . . ... e 25
3.3.2 Prethermalisation . . . ... .. ... . ... 25
3.3.3 Localisation revisited . . . . . . . ... 25
3.3.4 Emergence of slow dynamics . . . . . .. ... o o 25
3.3.5 Non-equilibrium universality . . . . . . .. ... ... ... 26

3.4 Analogies with inflation . . . . . . .. .. 26



3.5

3.4.1  Emergent slow dynamics on super-horizon scales . . . .. ... ... ... .....

342 EFTofinflation . . . . . . . . . . . . . .
3.4.3 Random potential . . . . .. .. ...
Tools for calculating effects of quenched disorder . . . . . . .. ... ... ... .......
3.5.1 Replicatrick . . . . . .. e
3.5.2 Replicaapproach . . . . . .. .. L
3.5.3 Variational method . . . . . . . . ...

4 Applications and Formalisms

4.1

4.2

4.3

The two-point correlation function with replicas . . . . . ... ... ... ... .......
4.1.1 Connected n-point correlation function . . ... .. ... ... ... ... ... ...
4.1.2 Replica Trick . . . . . ..
4.1.3 Two-point correlation function . . . . .. ... ... ... ... .. ...
4.1.4 Full Replica Propagator . . . .. ... .. ... ... ... ... ...
Super-horizon dynamics . . . . . . ... L
4.2.1 Physical description . . . . . . ... L
4.2.2 de-Sitter Space and a Toy Model . . . . .. ... ... . ... .. . L.
4.2.3 Variational Method . . . . . . . . ...
4.2.4  Variational (¢¢) calculation . . . ... ... .. L
4.2.5 Linear perturbation & dynamics . . .. .. ... ... ...
4.2.6  Variational (QQ) corrections . . . . . .. .. ... ...
4.2.7 Disordered kinetic coupling . . . . . . .. ...
4.2.8 No super-horizon treatment of EFT of Inflation? . . ... ... ... ... .. ...
4.2.9 DISCUSSION . . . . . . Lo
Towards a quantum theory of early Universe disorder . . . .. ... ... ... ... ....
4.3.1 Perturbative treatment of disorder . . . . . .. .. ... ... oL,
4.3.2 In-In formalism revisited . . . . . .. ... ...
4.3.3 Non-equilibrium (quantum) field theories . . . . . ... ... .. ... ... ....

5 Conclusion

Bibliography

35
35
35
36
37
38
39
39
39
41
43
46
47
49
50
51
93
53
o7
60

64

66



List of Figures

2.1

2.2

2.3

24

3.1

4.1

4.2

4.3

The CMB observed by Planck satellite . . . . . ... ... ... ... .. ... ... ..... 16
Chronology of fluctuations in the early Universe . . . ... ... ... ... ... ...... 17
Angular power spectrum calculated by the Planck satellite . . . . .. ... ... ... ... 18
Graphical demonstration of the path integral in the in-in formalism. . . . . ... ... .. 20
Demonstration of inflaton propagating down its potential . . . . . . ... ... ... .... 29
Normalised scale independent power spectrum as a function of speed of sound ¢ . . .. 52
Diagrammatical demonstration of the trispectrum . . . . .. ... .. ... ... ... ... 56
Demonstration of the in-in formalism closed time path (CTP) integral.. . . . . . ... .. 58

vi



Chapter 1

Introduction

The success of observational cosmology in the past decade has promoted this area to what may soon be
called precision science. With the recent results from Planck satellite; most cosmological parameters
are now measured up to order of few percents of error [1]. Moreover, Planck showed that the early
Universe is very isotropic and homogeneous with only very little deviations, on the order of ©O(107°).
However, there is still much we do not understand about the physics of the early Universe that gave rise
to this isotropy and homogeneity we now measure. Much effort has been made in the past few decades
to improve our understanding of this era. With the ever increasing scientific precision of observational
cosmology, it is undeniably a very exciting time to study the early Universe as it might not be too
distant in the future that we begin getting some answers. In what follows, we will be motivated with
these ideas.

Perhaps one of the few things that is well understood about early Universe is that it necessarily involves
extreme events that ultimately lead to the Universe we now live in. In this work, we will focus on the
most extreme of these, inflation. Although inflation has been essential in our better understanding of
early Universe, there is still much about it that is speculative. It is suggestive, however, that this is
not due to our lack of theoretical understanding but more likely due to our limitations in observations.
From a phenomenological perspective, the study of inflation allows us to formulate and predict distinct
signatures of the primordial dynamics that is manifest in our observations of the early Universe and
also the large scale structure. There has been many studies on inflation with ever increasing range
of applications and sophistication. Here, we will make an attempt towards adding to our current
understanding of inflationary phenomena through considering analogies between condensed matter
physics and early Universe cosmology.

Searching for dualities between condensed matter and other branches of physics is in fact quite common
in modern theoretical research. This is perhaps even more apparent from the point of view of the
complexity science. We define complexity as the study of large scale behaviour of complicated dynamics
via universal characteristics and emergent phenomena. In this paper, complexity reflects to our analysis
of the early Universe as studying the phenomena such as localisation and percolation along with coarse-
grained statistical effects due to underlying fundamental physics. One such mechanism that we focus
throughout the paper is disorder. Disorder is a very general phenomena and especially the study of
quenched disorder in the past few decades has largely shaped the contemporary research in condensed
matter physics and many other areas of science. However, in early Universe cosmology, it is possible
that this phenomena is somewhat overlooked. This is perhaps even more apparent considering inflation.
In this paper, we take a step towards studying disorder in the early Universe from the perspective of
condensed matter physics.

Due to the suggestive inadequacy of the available tools in early Universe cosmology, our quantitative



efforts in this paper consists mainly of introducing and reviewing various formalisms with which one
can study disorder. Condensed matter physics provides a collection of strong tools well developed
for analysing a wide variety of systems and their dynamics. Depending on the details of the disorder
phenomena, the dynamics of a condensed matter system may show distinctive properties. Here, we give
attention to the quenched characteristic of disorder. Quenching leads us to consider methods beyond
the perturbation theory as it can drive a system out-of equilibrium. In recent years, the studies of
non-equilibrium systems at extreme conditions has gained much attention in the condensed matter
community. In early Universe cosmology, a direct analogue of these systems can be found in the study
of the phenomena following inflation [2, 3]. In this paper we also will consider the effects of disorder
during inflation.

In Chapter §2 we begin with a pedagogical review of the relevant methods and techniques in modern
cosmology. There, we introduce the flat FRW universe, review the dynamics of inflation and then
introduce cosmological perturbation theory. In Section §2.5 we introduce the effective field theory
(EFT) of inflation. The EFT of inflation plays a central role in establishing analogies between the
early Universe cosmology and condensed matter physics. We discuss this reasoning in Chapter §3
where we also review some of the methods available to condensed matter physics. There, we focus
on disorder in relation to the emergent phenomena and discuss the contemporary efforts in condensed
matter physics. We conclude Chapter §3 by introducing the so called replica field theory developed for
calculating statistical properties of disordered classical systems. In Chapter §4 we begin by deriving
a general expression for the correlation functions of a system with disorder. Next in Section §4.2,
we consider classical applications of the replica field theory method to de Sitter spacetime and to
the super-horizon dynamics during inflation. There, we calculate the corrections to the two-point
correlation functions of the scalar field driving inflation. In addition to our calculations for the scalar
field, we also apply this method to EFT of inflation. Lastly in Section §4.3, we take a step towards
studying the effects of disorder on sub-horizon microscopic physics during inflation. There, we first
review the perturbative treatment of disorder using the EFT formalism. We then take a look into
the cosmological in-in path integral description in order to go beyond the perturbation theory. We
conclude the review of quantum field theory extension of the applications of disorder in the early
Universe by reviewing the non-equilibrium quantum field theory; effective action formalism. We give
a conclusion in Chapter §5.



Chapter 2

Cosmology

In this chapter we will review some of the topics in modern cosmology. We will be following most
closely [4-6].

2.1 The Homogeneous Universe
2.1.1 FRW Spacetime

Following translational invariance (homogeneity) and rotational invariance (isotropy), one arrives at
the Friedmann-Robertson-Walker (FRW) metric for the spacetime of the Universe:

dr?
1-kr2

ds? = ~dt* + a*(1) ( +7%(d0% +sin” 6 dg”) ) : (2.1)

The expression inside the large brackets, also written as d¥2, is the spatial metric. The scale factor a(t)
characterises the relative size of the three dimensional space of uniform curvature (hypersurface) ¥ at
different times. The curvature parameter & is +1 for positively curved (elliptical) space, 0 for flat (Eu-
clidean) space and -1 for negatively curved (hyperbolic) space. The parameter dX is independent of
time and all time dependence is on a(t) which expands with the Universe. An important parameter

in FRW spacetime is the expansion rate ‘
=2 (2.2)

a

where H is called the Hubble parameter and has units of inverse time. This parameter sets the
fundamental scale of the FRW spacetime, i.e. the characteristic time and length ¢ ~d~ H™! (with
natural units ¢ = 1). Hubble parameter H is positive (negative) for an expanding (collapsing) universe.
Finally, the number of e-folds of the expansion is given as

N:fH&. (2.3)

2.1.2 Conformal time and horizon

Trajectories of massless photons follow null geodesics, ds? = 0, which may be studied most easily by

defining a conformal time
dt
_ ) 2.4
’ f a(t) (24)

With this definition, radial propagation of light in the FRW universe becomes

ds? = a(7)*[-dr? + dx?] , (2.5)
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where the metric is now factorised into a static Minkowski metric multiplied by the conformal factor
a(7). In this representation, the null geodesics of light follows straight lines at +45° angles in the 7— x
plane corresponding to the light cone. The largest comoving distance light can travel between an initial
time t; and some later time ¢ is

XP(T) =T-Ti, (26)
and it is called the comoving particle horizon. The physical size of the particle horizon is
dyp(t) = a()xy (2.7)

Finally the event horizon is defined for comoving coordinates that satisfy

X > Xe = Tmaz — T , (2.8)

where Tyq2 1S some final time.

2.1.3 FRW Dynamics

Dynamics of the Universe is determined by the Einstein Equations
Gy =811y, . (2.9)
To calculate the energy momentum tensor of the Universe 7),,,, we define a timeline velocity 4-vector

B dax*

- 2.10
s (210)

ut:
where 7 is the proper time, i.e. g, u*u” = -1. For a perfect fluid equations for T}, simplifies to give
T} = (p+p)u"uy, - psy, (2.11)

where p and p are the proper energy density and pressure in fluid rest frame. Choosing a frame that
is comoving with the fluid v* = (1,0,0,0), the stress energy tensor becomes

T} = diag(p, —p, —p, -p) - (2.12)

With this definition, Einstein equations take the form of two coupled non-linear ordinary differential
equations called Friedman Equations

N2 1 i ) .. 1
H2 = (g) = — ——2 and H+H2:C_L=__(p+3p) ) (213)
a 3 a a 6

where over-dots denote derivatives with respect to physical time ¢. For an expanding universe @ > 0
filled with ordinary matter (p + 3p > 0) Eqn. (2.13) implies d < 0, indicating a singularity in the finite
past a(t =0) = 0. These equations can be combined into a continuity equation

dp

3H =0 2.14
3 F3H(p+p) =0, (2.14)
which may also be written as
1
Ay a1 4w) (2.15)
dlna

where we have defined the equation of state parameter

w=2. (2.16)
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Integrating Eqn. (2.15) we get
p o< a 30+) (2.17)

Combining this equation with Eqn. (2.13) we get the time evolution of the scale factor

{ 2B30) e

a(t) = o (2.18)

where we find for the scale factor of a flat universe, i.e. k=0 in Eqn. (2.1) , non-relativistic matter
domination (w = 0) gives a(t) oc t?/3, radiation or relativistic matter domination (w = 1/3) gives
a(t) o< t'/? and a cosmological constant (w = —1) gives a(t) o< exp(Ht). Cosmological and astronomical
observations today tell us that the Universe is flat with w ~ -1.

2.2 Shortcomings of the Standard Big Bang Theory

The FRW Universe introduced above constitutes to the standard Big Bang theory. While this theory
explains many observations very successfully, it fails to give a satisfying understanding of the initial
conditions.

2.2.1 Horizon Problem

In introducing the FRW formalism we assumed homogeneity and isotropy of the Universe. From
large-scale structure (LSS) surveys we know that the Universe today satisfies these conditions on the
largest accessible scales. Since inhomogeneities grow in time due to gravity, we would expect the
Universe to be more homogeneous as we go back in time. Observations of the cosmic microwave
background! (CMB) show that this is indeed the case as the inhomogeneities are much smaller at the
last-scattering (recombination) surface than they are today. Hence we expect these inhomogeneities to
be remarkably small at yet earlier times. Moreover we know from the standard Big Bang theory that
the early Universe (e.g. observed at the CMB) consists of many causally disconnected regions of space.
Consider the comoving particle horizon, T, introduced before as the maximum distance a light ray can
travel between an initial time ¢; = 0 and time ¢. This is equivalent to the fraction of the universe in
causal contact. Expressing 7 as the integral of the comoving Hubble radius, (aH )™

]Ota((ii: ] Ha2=[0 dlna(}}a) (2.19)

and using the equation of state for the fluid dominated universe given above, we find

(aH)—l — H61a1/2(1+3w) , (220)

where Hy is the Hubble scale today. During the standard Big Bang expansion (w > 0), (aH)™! grows
monotonically and the comoving horizon 7 increase with time. This means that the comoving scales
entering the horizon today must have been far outside the horizon at CMB surface. Nevertheless the
CMB tells us that the Universe was almost perfectly homogeneous at the time of recombination on
scales much larger than what is limited by the causal horizon.

2.2.2 Flatness Problem

In addition to the horizon problem concerning the initial density distributions, standard Big Bag theory
requires fine tuning of initial velocities as well. First, note that the local curvature in the Universe is
defined by the difference between kinetic and potential energies. If the initial velocities are too small (or
large), universe re-collapses (or expands) rapidly. This results in the failure of forming any structure

!See Section §2.6.1 for a review.
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in the former case, and becoming nearly empty in the latter cases. Hence the fluid velocities need
to be finely tuned across the causally separated regions of space. Consider the previously introduced
Friedmann equation,

k

1
2 _

H" = §P(a) — g (2.21)

which we can rewrite it as .
1-Q(>a) = ——— 2.22
()= (o (222)

where
@) =2 wnd  pin(a) =3H(a)?. (2.23)
Pcrit

Here, peit is the time- or scale-dependent critical energy density of the flat (Euclidean) Universe. As
can be seen from Eqn. (2.23), Q(a) parametrises the ratio of some energy density to the critical energy
density. The critical density ratio is taken as Q¢ = 1. Apparent from Eqn. (2.22), this value is in
fact an unstable fixed point since the quantity |2 — 1] diverges with time as comoving Hubble radius
(aH)™ grows. This means that the only explanation for the observed near-flatness of the Universe
today Q(ag) ~ 1 is for the early Universe to be extremely flat (e.g. | — 1| < O(10716) at BBN and
Q-1 < O(107°%) at GUT).

2.3 The Inflation Primer

2.3.1 Inflation as a Solution

Both the horizon and the flatness problems arise due to the comoving Hubble radius, (aH)™!, is
increasing at all times. It is tempting to consider a simple solution by inverting its behaviour. In
order to see this, it is important to understand what does the comoving Hubble radius mean and it’s
difference from the comoving time 7 (or equivalently comoving horizon) in Eqn. (2.19). If two particles
are separated by a distance greater than the comoving horizon, this means they have never been in
contact. If they are separated by a distance greater than the comoving Hubble radius (aH)™!, they
are out of causal contact today. Two particles that were in causal contact before, may fall well out of
contact, i.e. 7> (aH)™! now, if the comoving Hubble radius in the early Universe was much larger
than it is now. Hence we introduce a phase of decreasing Hubble radius. Since the Hubble parameter H
is approximately constant, scale factor a grows exponentially during inflation resulting in the decrease
of the comoving Hubble radius. This in turn fixes the flatness problem, i.e. for a non-flat universe the
decreasing comoving Hubble radius drives the universe toward flatness

1

|Q(a)—1|=m ;

(2.24)

where the solution €2 = 1 is the attractor during inflation. Inflation similarly solves the horizon problem
since decreasing comoving horizon means that the larger scales were smaller than the Hubble radius
at early times and hence causally connected.

2.3.2 Basic Dynamics

From observing the Friedmann Equations, we arrive at two distinct phenomenological outcome, equiv-
alent of our definition of decreasing comoving Hubble radius

d (1
— | — 2.2
dt (aH) <0, (225)
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namely, the accelerated expansion and a negative pressure. Accelerated expansion is a direct outcome
of decreasing (or shrinking) comoving Hubble radius

d - d?a
—(aH) ' = — >0}, 2.26
@ = Gy :>{dt2 g } (2.26)

It is common to relate this expression the the first time derivative of the Hubble parameter

0

a _ o
S H(1- h = 2.27
- (1-¢), where € 72 (2.27)
with din g
n
= - 1 2.28
L (2.28)

where dN = dIna measures the number of e-folds N of inflationary expansion. Like the accelerated
expansion, negative pressure is also complementary to decreasing Hubble radius. We understand that
a > 0 requires negative pressure

1
p<-3p- (2.29)

Finally, it is useful to note the significance of introducing inflation (H ~ const.) at the boundaries
with respect to the evolution of the scale factor
__ 2.30
()=, (2.30)
where the a = 0 singularity is now pushed to infinite past 7; > —oo and the scale factor becomes infinite
at 7 = 0. This is since the Hubble parameter H is assumed to be constant meaning inflation lasts
forever with 7 = 0 being equivalent to the infinite future ¢ - +co. While this approximation obviously
breaks down at times close to the end of inflation, it is still valid at early times. So in what follows,
7 = 0 no longer refers to the Big Bang, but instead the end of inflation. Hence by introducing inflation,
we attain ‘more time’ before recombination. This results in apparently disconnected patches to be in
causal contact.

2.3.3 Scalar field driving inflation

The simplest realisation for inflation is to consider a scalar field as an order parameter ¢, the inflaton,
which parametrises the time-evolution of the inflationary energy density. The action for this scalar
field (minimally) coupled to gravity,

S = f dle/~g [%R ; %g”"@utﬁ&,gb _ V(¢)] , (2.31)

consists of an Einstein-Hilbert term R and the scalar field action Sy made of a canonical kinetic term
and the potential V(¢) describing the self-interactions. The metric g, is given at Eqn. (2.1) while
the stress-energy tensor for the scalar field is

2 4§,
N

where Ly is the Lagrangian of the action S4. The equation of motion for the field can be calculated as

Ty

= 040 — gLy (2.32)

0.5, 1
Go T 7m0 )+ V=0, (2:33)
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where V4 = %—‘; For the case of homogeneous field ¢(t,x) := ¢(t) and the stress-energy tensor satisfying
perfect fluid, T} = diag(p, —p, —p, -p), with

1.
po= 50" +V(9),

1 (2.34)
po =50 =V(9),
the equation of state becomes
132
so° -V
W= L0 2 f(b— . (2.35)
Py 50*+V

This equation tells us that the scalar field can cause negative pressure (wg < 0) and acceleration
(we < —%) when potential energy of the scalar field V' (¢) is sufficiently larger than the kinetic en-

ergy %gf)z Finally, the Friedmann equations are solved to determine the dynamics of the scalar field
and also the FRW background which are written as

¢+3Hp+Vy=0 and H?=

Wl

(57 +v@) . (2:36)

2.3.4 Slow-roll inflation

The equation for an accelerating Universe, dominated by a homogeneous scalar field, was given in Eqn.
(2.27). For the scalar field driving inflation, € is called the slow-roll parameter and can be written also

as ‘o
3 1¢
€= §(W¢ + 1) = Eﬁ . (237)

Inflation occurs if € < 1 and de Sitter limit corresponds to € — 0, where in de Sitter spacetime, the
potential energy dominates over the kinetic energy <z52 « V(¢). For inflation to last long enough to
generate the primordial signatures we observe, the second time derivate of the field must also be small
|§| < [3H@| , |V,g|- This introduces a second slow-roll parameter

éﬁ 1 de
__ P _ _L1ae 2.38
" e T dean (2.38)

where |n| < 1 makes sure that the change of € per e-fold is small. In the slow-roll regime, the background
evolution in Eqn. (2.36) further simplifies to

v and H =-V , 2.39

by v (9) (2.39)

and the spacetime is approximately de Sitter, i.e. a(t) ~ exp(Ht). Inflation ends when the kinetic

energy becomes comparable to the potential energy, i.e. when the slow-roll conditions are violated

€(¢end) =1

2.4  Cosmological Perturbations

In the previous sections we introduced basic concepts in understanding a simple homogenous Universe.
We now begin our review of formulating the deviations from this simplicity.

2.4.1 Linear perturbations

Planck satellite and its predecessors consistently measured the Universe at the time of recombination
(CMB) to be very homogeneous with inhomogeneities of order O(107°). These inhomogeneities may
then be naturally realised by linearly separating the cosmological quantities X (¢,x), e.g. T (t,x),
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guv(t,x), etc., into a homogeneous background X (¢) and a perturbative term §X (¢,x). Scalar field
and metric perturbations around the homogeneous background ¢(t) and g,,(t) for inflation can be
written as

d)(t,X) = é(t) + (5¢(t,x), and guu(t7X) = gmx(t) + 5gﬂy(t,X), (2-40)
with spatially flat FRW metric,

ds® = (1 +2®)dt* + 2aB;dz'dt + a*[ (1 - 2W)6;; + Eyj]da'da?, (2.41)

where @ is the lapse (a 3-scalar), B; is the shift (a 3-vector), ¥ is the spatial curvature perturbation (a
3-scalar) and Ej; is a symmetric traceless spatial 3-tensor called shear. The metric perturbations are
coupled to matter perturbations during inflation since the inflaton is the dominant contributor to the
stress-energy of the Universe. The perturbations to the stress energy tensor is then given as

Ty = ~(p+5p)

T} = (p+p)av; (2.4
Ty = ~(p+p)(v' - B")/a

Tj = 5§(ﬁ+5p)+2§-.

where Eé is called the anisotropic stress. However the realisations in Eqns. (2.41) and (2.42) are not
unique, they depend on the choice of the coordinates or the gauge choice.

2.4.2 Gauge invariance

Gauge choice determines how the background maps onto physical spacetime with perturbation. Gauge
choice is ubiquitous to all areas of physics and carry much significance. An inappropriate choice of
gauge may result in some non-physical perturbations popping-up, or some real perturbations vanish
entirely. To avoid such issues, one must study the gauge-invariant combinations of perturbations which
by definition cannot be removed by coordinate transformations. Two such parameters in cosmology
are the curvature perturbation on uniform-density hyper surfaces

H
=V +—dp, (2.43)
P
and comoving curvature perturbation
H
Row- s, (2.49)
ptp

where parameter dq is the momentum density (6¢); := (p + p)v;. The parameters ¢ and R remain
constant on superhorizon scales and their autocorrelations are equal to each other at horizon crossing,
making them essential for cosmological calculations. In the next section we will give definitions for
various statistical terms often used in cosmology.

2.4.3 Basic statistics

The central statistical object in cosmology in the power spectrum of primordial scalar fluctuations R.
This is shown with by taking an expectation value of the fluctuations in the form

( RiRye) = (2m)%5(k + k) Pr(k) . (2.45)
or in the scale-independent representation

,IC3
A2:= AZ = 73 Pr(k) - (2.46)
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The scale independence is parametrised by the scalar spectral index

dln A?
ns—1:= Tk (2.47)

where for scale invariant spectrum ng = 1. The running of the spectral index is defined as

dng

@ dnk (2.48)
with which the power spectrum is approximated as
k ns (ko) =1+ s (k) In(k/ks)
A3 (k) =As(k*)(k—) (2.49)

where k., is some arbitrary scale.

2.4.4 ADM action

Although it may not seem very simple at the first glance, Arnowitt-Deser-Misner (ADM) [7] formalism
has much importance in modern methods in cosmology as it lets one to explicitly separate temporal
and spatial degrees of freedom. This allows construction of the interaction Hamiltonian Hj.? The
ADM formalism is defined as

ds® = ~N2dt? + g;j(da’ + N'dt)(dz? + Ndt) (2.50)

where the spacetime is sliced into three dimensional hyper surfaces and g;; behaves as a three dimen-
sional metric on constant time slices. In this formalism we see the change in variables lapse ® - N(x)
and shift B; > N;(x). While N(x) and N;(x) describe the same physics, one major difference is that
they are simply algebraic Lagrange multiplies in the scalar action in Eqn. (2.31)

1 g . . .
S=3 f d*z/=g [NR<3> ~2NV + N"YE;EY - E?*) + N"\(¢ - N'9;¢)? - Ng" 8,00 - 2v] (2.51)
and (defining extrinsic curvature as K;j = N"'E;; ) ,
1 . .
E'ij = 5(9” - VZ‘N]‘ - VjNi) = NKij and FE = EZz = E,‘jg” . (2.52)

Although we will not be calculating cosmological perturbations in this paper, it is worth pointing out
the algebraic solutions for the parameters N and NV;. Namely, since these parameters are Lagrange
multiplies, we can write their equation of motion (or constaint equations) simply as

R —2V - 690,009~ N[ EEY - E* + ($ - N'9,¢)*] = 0., (2.53)
V[N - B8] 0. |

Plugging the solutions for these parameters back into the action leaves g;; and ¢ as dynamical variables.

2.4.5 Comoving gauge

The comoving gauge is one of the more popular gauge choices and will be central various calculations
we will make in the following sections. We begin by choosing

§6=0, (2.54)

2See (8] for a recent re-print of the original work by the authors.
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and (for ADM formalism)
gij = a*[(1-2R)6;; + hij] where ihyj=hi=0. (2.55)

It is not uncommon in cosmology for the parameters ¢ and R to be mistakenly written for one another.
We will try avoid this by being explicit on our definition and follow Eqn. (2.44) and Eqn. (2.43). In this
gauge, inflaton is unperturbed where all scalar degrees of freedom area eaten® by the metric fluctuation
R(t,x). We will complete this section by giving the results for curvature perturbation in comoving
gauge. If one re-writes the curvature perturbation in Eqn. (2.55) as

gij = a’e’ %65 (2.56)

solving the constraint equations in Eqn. (2.55) for the Lagrange multiplies N =1+ 0N and N; = 0;x ,
one finds . )
R 9 . V'R
ON = — and =eR- . 2.57
% and Vx=¢€ q ( )

where € is the slow roll parameter introduced in Section §2.3.4. We will return to these results later
when introducing the so called in-in formalism. Next, we will introduce the effective field theory of
microscopic physics of inflation. Effective field theory approach allows for the construction of a very
general representation and arguably more intuitive in considering links to condensed matter theories.

2.5 Effective field theory of inflation

We pedagogically introduced the usual approach to inflation in the preceding sections. There, we
started by introducing a Lagrangian for a scalar field ¢ in Eqn. (2.31) and calculated the equation of
motion for ¢ along with the Friedman equations for the FRW metric, i.e. in Eqn. (2.36). We then
introduced perturbations of the scalar field in Eqn. (2.40), and the FRW metric in Eqn. (2.41). The
standard approach in obtaining inflationary observables is then via calculating the action for these
fluctuations, where solving these perturbed equations depends on the a priori assumptions about the
microscopic physics sourcing the background. Effective field theory (EFT) of inflation [9-11] provides
an alternative approach and also allows a more generalised formalism. In EFT of inflation, one takes
the accelerating spacetime, |H| « H?, with quasi-de Sitter background H(t) as given and writes
the effective action for the fluctuations directly. Effective field theories are in general much simpler
than a UV complete theories and they are also broadly applicable to many scenarios. Moreover for
our purposes, EFT of inflation provides perhaps a most natural formalism to justify making direct
analogies with condensed matter physics due to the gauge invariance of fluctuations and decoupling
from gravity. We will explore this issue later in Section §3.4.2. In what follows, we will introduce the
EFT of inflation.

2.5.1 Unitary gauge

We begin with the observation that inflation breaks time diffeomorphisms* by coming to an end.
This is realised by considering quasi-de Sitter background having a preferred spatial slicing. The
preferred slicing can be given by a function #(x) (with time-like gradient) which non-linearly realises
time diffeomorphisms. We can consider this slicing to be given by a time evolving scalar ¢(t), a physical
clock, which allows the natural ending of inflation. With this observation, one then determines the most
general Lagrangian in the unitary gauge. Here, the unitary gauge is the one in which the coordinate ¢
is chosen such that the surfaces of constant ¢ are also a constant value of the scalar ¢, i.e.

Sp(t,x) =0, (2.58)

3By eaten, we follow the common jargon (see e.g. [9]) in which we refer to the fact that the degrees of freedom are
parametrised by (in this case) R.

“Here and throughout when discussing EFT of inflation, we will refer to transformations as diffeomorphisms to match
the vocabulary used by EFT of inflation theorists.



2.5.  Effective field theory of inflation 12

where time diffeomorphisms are fixed and the gauge symmetry is now spontaneously broken.? The
choice in Eqn. (2.58) means that there are no scalar perturbations but only metric fluctuations, i.e.
the scalar degree of freedom is eaten by the metric.

2.5.2 The most general Lagrangian

The most general unitary gauge Lagrangian is composed of all the diffeomorphism invariant terms. In
the last section, we discussed the unitary gauge choice where slicing  coincide with coordinate ¢. This
means the slicing degree of freedom, ¢, does not appear directly in the action. Moreover, any general
function of £, becomes a function of time, f(¢), and can be used freely in the action. Finally in the
unitary gauge, the gradient of # becomes a delta function

Ot =4, (2.59)

which results in every free tensor attaining an upper 0 index (e.g. g%, R%). In addition to such terms,
the extrinsic curvature, K, , is also allowed. Extrinsic curvature can be calculated by defining a unit
vector perpendicular to constant t surfaces,

ny = Ot (2.60)

NETLRGE
where the induced spatial metric on constant ¢ surfaces is given as
hyw = Guv + 1y (2.61)

which is used to project any tensor on the constant ¢ surfaces. The covariant derivative of n, projected
on these surfaces gives the extrinsic curvature

Ky = hoVon, . (2.62)

Lastly, in addition to these terms, the Riemann tensor R,,,, and its covariant derivates, along with
their polynomials, also go in the Lagrangian as they are invariant under any diffeomorphism. The
most general Lagrangian is then written as [9]:

S = / d4gg, /—q I:%MI?IR_ C(t)gOO _ A(t) " %Mg(t)4(900 4 1)2 .

+ %M3(t)4(900+1)3—(]\_4%75)3)(900+1)6Kﬁ (2.63)

My(t)? 2 Ms(t)?
where 6K, is the variation of the extrinsic curvature 6K,, = K,, - a’H huv. The linear terms are
fixed by the unperturbed FRW background evolution. Notice that only the these terms contribute to

the stress tensor

2 5SmatteT
T = __\/—_g —59#1/ ; (2.64)
where Friedmann equations for the flat FRW universe are
1 . 1
H? = —c(t) +A(t)] and H+ H? = - 5[2c(t) - A(t)] - (2.65)
3M, 3M

5Note that it is only the time diffeomorphisms that are broken. The action is still symmetric in spatial diffeomorphisms.
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Solving these equations for ¢(t) and A(t) give

1 .
S = / d'z\/=g [§M§ZR+ M;?ZHQOO l(3H2 + H) - M(t) (g% + 1)?

e an i 1y O s (2.66)
——]\_422(75)2(517(5)2 M“(t) S SRR+

Notice that the first two terms can be written to take a form similar to slow-roll with potential
V(g) = ZMPZZ(SH2 + H) and the kinetic term ¢? = —2M§ZH. Next, we will reintroduce the gauge
invariance by introducing a Goldstone boson.

2.5.3 Introducing the Goldstone boson

The procedure of introducing the Goldstone boson follows making a gauge transformation to restore
the invariance of the unitary gauge action for a non-Abelian gauge group [12]. We will not give a review
of this topic here (see however Section §3.4.2), but directly apply the ideas to the unitary Lagrangian
following mainly [9]. We start by focusing on the two linear terms in Eqn. (2.66) of the form

[ day=g (AW + BHg" ()] - (2.67)
From Eqn. (2.59), we see that the broken time diffeomorphisms can be shown as
t->i=t+&%x), (2.68)
while the spatial diffeomorphisms are maintained,
X—>X=X. (2.69)

As a result, g% transforms as

07° 0% (x)

§"(@) > 5 @) = 5 S

g (). (2.70)
Next, we change the integration variable x to T and write the terms as

(x) =t-&"(8(x)) , (2.71)

to get

O(x(z O(x(z

Next, we define the Goldstone boson which transforms as a scalar field and an additional shift under

time diffeomorphisms
T>m=m—-£(tx%) . (2.73)

Notice under the reparametrization t — ¢ + £%(¢,x), the term ¢ + 7 is invariant. Finally for every £° we
substitute the Goldstone mode

O (x(2)) » -7(%) . (2.74)
Action then becomes

ot + W(x)) A(t+m(x)) 7
oxv

fd4 o) |:A(t+7r(x))+B(t+7r( ) @], (2.75)



2.5.  Effective field theory of inflation 14

where we dropped the tildes for simplicity. Generalising this approach for the action in Eqn. (2.66),
one arrives at the general form of the unitary gauge action with the Goldstone boson [9]

S = f d*z/=g [%M;R — MABH*(t+7)+ H)(t+ )
+ MEZH(t +m)((t+7)2g% + 2(1 + 7)9ymg™ + g" 9;m0;m) (2.76)

+ Mg(t+ﬂ')4

51 ((1+7)2g% +2(1 + 1) 9mg™ + g7 OimBjm + 1) + .. ] ,

where we only included up to terms in the first line of Eqn. (2.66). This action is complicated! It
involves many complicated interaction terms and also couplings between the gravity and the Goldstone
boson. Nevertheless, one must take into account that Eqn. (2.76) represents the most general unitary
gauge action. Moreover, it greatly simplifies at the relevant energy scale, namely at the decoupling limit.

2.5.4 Decoupling Limit

One of the main reasons for the EFT formalism of inflation to be attractive is that the physics of the
Goldstone boson decouples from the graviton at sufficiently high energies. This reasoning follows the
non-Abelian gauge theories and gapless-ness of Goldstone boson [12, 13], also see Section §3.4.2. In the
EFT of inflation formalism, the mixing between the longitudinal (e.g. Golstone) and the transverse
(e.g. graviton) components of the gauge field becomes irrelevant. This can be realised by observing
that the leading order contribution to the mixing in Eqn. (2.76) comes from the term

Lonix ~ M{H76¢% (2.77)
which by normalisation . ~ Mp1|H|1/27T and §g2° ~ My, 169" takes the form
Lonix ~ michég‘jo where  Epix ~ 12H , (2.78)

The variable € is the slow roll parameter in Eqn. (2.27). This means that in the regime E > &k, only
Goldstone boson controls the dynamics. We realise this decoupling limit by taking M} — co and H -0
where we hold M§1H > H* fixed. This allows one to ignore the metric perturbations and use only
the (unperturbed) background de Sitter metric g"”. Recall the transformation for the gauge invariant
parameter g% in Eqn. (2.70). At the decoupling limit, this becomes

00 _ ..o (Oim)?
g = 0u(t+m)0(t+m)g" =-1-27—7"+ —5—, (2.79)
a
where the Lagrangian for (gauge invariant) fluctuations simplifies considerably,
4 27 o (9m)? s s (0m)?
Sy = fd a/=g | MgH(-7%+ > ) +2My (7% + 7 —71‘7) +... . (2.80)

We see above that at the quadratic level, the coefficient of the spatial kinetic term (9;7)? is completely
fixed by the background. This is not the case for the time kinetic term 72 as it receives an extra contri-
bution with coefficient ~ M. In order to maintain a stable action we must have (_Mng +2M3) 72 > 0.
An object of interest for various calculations is the speed of sound cs.

2My

-2
re1-—2 (2.81)
M2 H
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which may be different than one, i.e. cs # 1, even though we are referring to a massless Goldstone
boson. This is because the time and spatial terms have different coefficients.

2.5.5 The R — 7 correspondance

We will end our review of EFT of inflation by pointing out the direct correspondence between the gauge
invariant curvature perturbation R and the Goldstone boson 7. This can most easily be observed in the
comoving gauge which is introduced in Section §2.4.5. In EFT formalism, comoving gauge is equivalent
to unitary gauge since 7 ~ §¢, where it is realised by choosing 7 = 0 and defining the spatial metric as
in Eqn. (2.55). Since the metric is unperturbed in the decoupling limit, the choice 7 = 0 amounts to a
time diffeomorphism

t—>t-n(t,x), (2.82)

which gives

| R(t,x) = -Hr(t,%) .| (2.83)

This completes our review of the EFT of inflation. In the next section, we will begin reviewing the
observational aspects of early Universe cosmology.

2.6 Observations of the Early Universe

In this section, we will review the correspondence of early Universe physics with the CMB signal and
introduce statistical methods for these calculations. In the next section we will discuss the state-of-
the-art non-Gaussianity calculations both in experiments and also in theory.

2.6.1 The cosmic microwave background

We have mentioned the cosmic microwave background (CMB) radiation few times before without going
into much detail on its properties. The CMB is a ‘relic’ black body radiation which dates back to when
the Universe was 380,000 years old (z ~1100) when the electrons first became bounded by protons
forming atoms (i.e. recombination), allowing photons to freely propagate for the first time. The most
recent detection of the CMB was carried out by Planck satellite (see latest results from 2015 [1]). The
CMB signal is particularly valuable for understanding the physics of the early Universe as it can be
isolated to include only the primordially sourced density fluctuations. This is essentially due to two
reasons. First, the thermodynamics effects that influence the CMB signal are well understood between
safely after inflation and recombination are well understood. Second, the background cosmology that
effects the propagating photons from recombination to the detectors today is also well understood.
These effects can be accounted for at the observed CMB signal by calculating the relevant transfer
functions and projection effects. What remains after this deconvolution is the primordial fluctuations
from the very early Universe (see Figure 2.1). In the previous sections we introduced the primordial
comoving curvature perturbation R and discussed its relevance to cosmological observations. Not only
that this quantity is independent of how we choose our coordinates describing the fluctuations, but
it’s amplitude is also frozen at the horizon crossing during inflation. Since these superhorizon modes
enter back into the horizon safely® after the end of inflation, we can relate the fluctuations of R to the
measured temperature fluctuations by simply accounting for the physics between the horizon re-entry
and CMB recombination (see Figure 2.2) in the form

T (1) = AT (ky 7, 7 ) Rac(72) (2.84)

where Tomp(7) is the measured value at later time 7. The A7 is the transfer function between the
horizon re-entry for R fluctuations at time 7, and the observation at 7.

SModes that cross the horizon during inflation enter back not immediately after the end of inflation but a while later,
not being affected by reheating, which is a much lesser known and highly non-linear phenomena.
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Figure 2.1: |[Image Credit: Planck]. The CMB observed by Planck satellite. Image shows that
anisotropies in temperature fluctuations with blue (red) areas represent directions on the sky where
the temperature of the CMB is @(107°) below (above) the mean temperature value (T = 2.7K). The
temperature fluctuations AT correspond to the (primordial) density variations since photons loose
energy while climbing up out of gravitational potentials at the overdense (i.e. blue) regions. The
properties of the physics of the early Universe, as well as the evolution of the cosmological background,
manifests in the statistical characteristics of the CMB signal.

2.6.2 Temperature Fluctuations and The Power Spectrum

Following the arguments in the previous section, we are now interested in calculating the power spec-
trum Pg (k) for curvature perturbations. Inflation predicts

k3 Pr (k) oc k™71 (2.85)

where ng ~ 1 and

(RiRy) = (2m)36(k + K ) Pr (k) . (2.86)

The general function that relates the primordial fluctuations to the measurements consists of a transfer
function and a projection as we explained before. Since the CMB signal is very homogenous, the
calculations are most easily done in phase space with spherical harmonic expansion. The transfer
function becomes

AT (k) = fo “dr ST (k) P (k[ro-1]) | (2.87)
—_—— ———
Source Terms Bessel Functions

with the multipole moments [ and 7y is some later time. The transfer function is in general calculated
numerically using Boltzmann codes CMBFAST or CAMB. The angular power spectrum of the CMB
temperature measurements then become
T _ 2 2 Ty )
ofT = 2 f K2 dk Pr(k) (A7 (F)) . (2.88)
0
The angular power spectrum is a very widely used statistical tool which contains most of the information
CMB map holds in a very compact way. The angular spectrum of CMB temperature fluctuations
published by Planck collaboration is given in Figure 2.3.
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Figure 2.2: Chronology of fluctuations in the early Universe. Red line shows the comoving scales k™!
that remains constant throughout the evolution. Blue line represents the comoving Hubble radius
(aH)™! which shrinks during inflation but increases once inflation has ended. Fluctuations are created
on sub-horizon scales quantum mechanically. They remain constant once the modes exit the horizon
and remain frozen until long after the end of inflation, being unaffected by the influence of the reheating
process. From horizon re-entry to the CMB recombination, the background effects can be realised by
calculating the transfer functions A7 based on thermodynamical principles (see also [6]).

2.7 Non-gaussiantities

In the case the primordial fluctuations of R are purely Gaussian, power spectrum will contain all the
statistical information available. However, deviation from Gaussianity can be caused by a number of
things including a wide range of late time effects”. What is of great interest for the early Universe
cosmologists, however, is the primordially sourced non-Gaussianity. Primordial non-Gaussianity can
be produced by the quantum effects of microphysics of inflation, or by the non-linear classical evolution
of super-horizon modes (see e.g. for qualitative review [14-16]).

2.7.1 Primordial bispectrum

While there is one way for a distribution to be Gaussian, there are infinitely many ways for that
distribution to deviate from perfect Gaussianity. One reasonable way to calculate these deviations,
however, is Taylor expanding to probability distribution around a Gaussian one. In this representation,
the leading effect comes from the Fourier transform of the three point function and called the bispectrum

(Rie, R, Rics ) = (27m)20° (kq + ko + k3) Br (ki, ko, k3) . (2.89)

The translation invariance of the background introduces the delta function (momentum conservation),
rotational invariance reduces the independent parameters to two which characterise the shape of the
bispectrum (e.g. ka/ki1, k3/k1).

"For the CMB signal these include the foreground (i.e. Galactic and extra-Galactic sources), lensing effects generated
after recombination and non-linearities in the transfer function A/, relating curvature perturbation at the horizon re-
entry R to temperature anisotropies at the CMB, AT. As we discussed before, these effects can be removed from the
signal since the physics that sources them are relatively well understood.
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Figure 2.3: [Image Credit: Planck 2015]. Angular power spectrum calculated by the Planck satel-
lite with D/ 7 = 1(1 + 1) C]7/(27) where [ is the multipole moment. The C/7’s are directly related
with the curvature perturbation Pr (k). The power spectrum tells us that the theoretical calculations
match very well with the data and we understand the physics that shape the CMB power spectrum.
Moreover, it proves that the Fourier modes of primordial fluctuations are of the same phase. Which is
a direct consequence of inflation! (see e.g. for discussion on topic [5]).

2.7.2 Shapes of bispectrum

Bispectrum contains a lot of information about the source of the non-Gaussianity, allowing to distin-
guish between models. Perhaps simplest way to calculate non-Gaussianity is by introducing a non-linear
correction to the otherwise Gaussian curvature perturbation R,

R(2) = Ry () - S5 (RE - (Ry)) (2.90)

This correction is called local non-Gaussianity due to it being local in real space. By combining Eqns.
(2.90) and (2.89) one calculates the bispectrum of the local non-Gaussianity as

Br(k1, k2, ks) = g N x [Pr(k1)Pr(k2) + Pr(k2) Pr(k3) + Pr(ks)Pr(k1)] , (2.91)

(*) Pr(k)<Ak—3

where we apply the scale-invariance (*) to get

1 1 1
n n
(kik2)?  (k2ks)?  (ksk1)3

6 oca
Bk, ky, ks) = = [N x A? (2.92)

Consider the ordering ks < ks < k1, which can be assumed without loss of generality. In this case, the
bispectrum is largest when ks << k1 ~ ko. This is called the squeezed limit and the bispectrum for local
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non-Gaussianity becomes

12

lim  Br(ki,k,k3) = — N5 x Pr(k1)Pr(ks) - (2.93)
k3<<k1~k2 5

In general, the shape of non-Gaussianity is a quite important measure on the properties of primordial

perturbations. Bispectrum can be written as

S(kl)k2ak3) CA2

Br(k1, ko, k3) = Uerkaka)? A% (k) (2.94)

where A%(k*) = k3Pr(k,) . Some of the other shapes include equilateral non-Gaussianity, where the
shape peaks once the configuration is equilateral k; = ko = k3 or orthogonal non-Gaussianity where the
observed shape is orthogonal to both equilateral and local templates Sortho. * Sequil. = Sortho. * Sloc. = 0 .

2.8 Cosmological quantum corrections

In this section we will introduce one of the tools available for calculating cosmological corrections to
what otherwise would be homogenous and Gaussian distributions. Namely, we will introduce the in-in
formalism for calculating the corrections arise from effects of micro-scale physics by using quantum
field theory methods. In the following chapters we will return to this method when calculating the
effects of the disorder phenomena we will soon introduce.

2.8.1 In-In Formalism: Corrections from quantum effects

The origin of the in-in method dates back to J. Schwinger [17] and L. Keldysh [18] and involves
calculating closed-time path (CTP) integrals. This method was then studied and formulated for
cosmology in order to calculate perturbative quantum-mechanical effects in the early Universe by
J. Maldacena [19] and S. Weinberg [20]. We will review the contemporary cosmological formalism in
what follows.

Review

When calculating correlation functions in particle physics quantum field theories the essential object
is the S-matrix which describes transition probabilities from a state very early in time to a state vary
far in future

(out| S'|in) = (out(+o0)|in(-o0)) . (2.95)

In cosmology, on the other hand, we are not necessarily interested in calculating transition probabilities
with S-matrix elements but instead calculating various expectation values at a fized time. Hence the
conditions are imposed on the fields only at very early times®. The expectation value takes the form

(Q) = (in|Q(t) lin) , (2.96)

where |in) is the vacuum with interacting degrees of freedom at a very early time ¢y and ¢ is some time
later like the horizon crossing where we wish to calculate our n-point functions of the parameters we
are interested with. In Figure 2.4 we demonstrate the path integral given in Eqn. (2.96). The point
of return represents where the expectation values are calculated. We now present the ‘master formula’
of the in-in formalism (see also the discussion in Section §4.3.2),

t t
(Q(1)) = {0] | Texp i f at'Hy (1)) | Q" (t) | Texp - [ at"H; (") | [0) . (2.97)

—oo(1-1ie€) —oo(1-1€)

8This results in the same form interaction picture fields due to Equivalence Principle, see [20] .



2.8. Cosmological quantum corrections 20

Hi(t).

Figure 2.4: Graphical demonstration of the path integral in the in-in formalism.

where T is the anti-time ordering symbol and ie used to project interacting vacuum state |in) onto free
vacuum state. This expression can then be perturbatively expanded to give more convenient equivalent
form, which we will also use later in the work

t tn to
Q) => " f dt,, f dtp-1 ... f dt;
"m0 oo(loic)  —oo(lic) —oo(1-ic) (2.98)

><([Hf(tl),[H[(tg),...[H[(tn),QI(t)]...]D .



Chapter 3

Condensed Matter Phenomena &
Disorder

In this chapter we will discuss the analogies between condensed matter physics and early Universe
cosmology. Our aim is to give a clear description of the condensed matter phenomena that can be
related to cosmological scenarios. We believe when making these analogies, it is most appropriate to
start by considering the notion of ‘complexity’ which we introduce in Section §3.1. Then, starting from
Section §3.2, we focus mainly on the mechanism of disorder.

3.1 Complexity and emergence

In the first chapter, we suggested the idea of complexity as an inherent characteristic of the underlying
physics in the early Universe. We begin by introducing what we call ‘the condensed matter point of
view’ and reviewing some of the related concepts.

3.1.1 Condensed matter point of view and complexity

Since the discovery of Anderson localisation [21], a significant part of modern condensed matter physics
has shifted its focus onto the emergent phenomena that is seen in the larger scales. Form this point
of view, the precise microscopic details of a system is not too important and what matters is the
cooperative effect manifest in larger distances. It is perhaps appropriate to consider this in relation to

a boz in space:!

Inside the box, we have some local quantum mechanical degrees of freedom. These degrees of freedom
live inside the box and one can write the Hamiltonian for them and their near neighbours with no
specification on what happens at a distance from the box. However, an experiment makes observations
on much larger scales than this box. One may then proceed to solving these equations in attempt
to decide what happens at a larger distance, but this may not be feasible. Moreover, generally in
condensed matter scenarios, what is inside the box may be extremely complicated with many interacting

'For this analogy, we were inspired by the S. Coleman memorial talk given by E. Witten in 2005 [22].

21
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degrees of freedom making its quantitative representation® even more infeasible. The science which
investigates the large scale behaviour of systems (or structures) that are inherently complex is called
complexity.

The science of complexity spans a rather wide range of fields and phenomena. In fact, there is not a
consensus among physicists what ezactly they mean when they say ‘complexity’. In many cases the
complexity is used to refer to macro-scale complexity arisen from micro-scale simplicity. While it may
seem in contrast with our introduction just now, the general idea behind complexity science is always
the same, the evolution of a system in a way not determinable by reductionist methods, but through
studying the collective behaviour and the emergent universal phenomena.

3.1.2 Emergent phenomena

Perhaps one of the best understood example for such emergence phenomena is the Anderson localisation
[21, 23] where the wave functions become localised in materials (see Section §3.2.2). The emergence is
the phenomena in which ‘more is different’ |24], i.e. the large scale physics is rich with novel character-
istics®. One such characteristic is universality, namely the appearance of global features independent
of the microscopic parameters of the system. Universal features are perhaps most rigorously studied
in statistical mechanics along with critical points where the systems change their large-scale behaviour
(e.g. phase) whilst some order parameter (e.g. temperature) is changed smoothly (see [25] for a re-
view). If this change in large-scale behaviour (i.e. phase transition) is continuous, the distance over
which fluctuations of microscopic degrees of freedom are correlated (i.e. correlation length) becomes
effectively infinite, forcing the entire system to acquire the same phase as all the competing phases
vanish. The presence of universal characteristics in a system would point to a mechanism that would
allow very long distances to be correlated. Both in condensed matter physics and in statistical physics,
this phenomena may also occur if there is a mechanism allowing transport throughout the system (e.g.
dissipation or dissipative transport) or some forms of disorder. Another emergent characteristic is the
scaling behaviour between variables of the complex system. The scaling in general take the form of
power laws with exponents showing universality.

3.1.3 Coarse Graining and Renormalisation Group (RG)

One of the central themes in emergent phenomena and complexity is coarse graining. In short, coarse
graining refers to integrating over (or smoothing) the smallest scales, often irrelevant fluctuations, in
a system of many interacting degrees of freedom. It serves as a procedure effectively projecting the
microscopic physics to larger scales which are relevant for measurements. Many phenomena may be
studied qualitatively to be emergent under coarse graining as well as hierarchical levels in branches
of physics.* For the discussion on this paper, we will be mainly interested in possibly fundamental
properties of a system in much shorter scales, becoming statistical through processes akin to coarse
graining. Nevertheless, it should be understood that the analogy with real physical phenomena and
coarse graining grows much deeper. The framework in which these ideas are applied to a wide range
of problems is called renormalisation group (RG). In renormalisation group studies one attempts to
re-parametrise a problem in a simpler way while staying true to its physical essence. These studies are
also called renormalisation group flow since the RG equations describe some ‘trajectory’ formed as a
result of performing a coarse graining procedure successively.

In addition to this microscale complezity, while the system of equations in condensed matter physics are in general
known (many body Schédinger equation), this is in general not true for the early Universe physics.

3These characteristics are realised by cooperative behaviour and renormalisation group methods which will be dis-
cussed next.

4 An example would be thermodynamics, being quantum field theory coarse grained, also see [26, 27] for a general
discussion on these topics.
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3.1.4 Establish links with Cosmology

Complexity science thrives on establishing analogies. Previously, we have introduced the ‘condensed
matter point of view’ and gave definitions for various related subjects. In the preceding sections, we
will make an attempt to discuss the analogies between cosmology and condensed matter physics. Let
us first revisit the initial discussion about the boz in Section §3.1.1. In order to make sense out of such
analogy, one must be able to define a box, namely the theory must have some local gauge invariant
parameters defined inside the box. In condensed matter physics this is easy since the real space
parameters (i.e. locations, angles etc.) are in general well defined. However, in cosmology, accounting
for the effect of gravitational coupling may complicate things. In the presence of gravity, the box itself
may not be well defined since the parameters such as location in real space are not gauge invariant
and the size of the box (i.e. the distance measure) changes due to metric fluctuations. We will attempt
to avoid this issue in two ways. First, we will consider classical, super-horizon effects, as discussed in
Section §3.4.1. Next, in our discussion of the quantum phenomena, we will employ the effective field
theory formalism introduced in Section §2.5 which allows decoupling from gravitational effects. Hence
in this way, defining some form of a box in order to calculate coarse-grained statistical effects on the
cosmological observables should be possible in fundamental early Universe cosmology, as in condensed
matter physics. Next, we start with a short conceptual review of disorder in theories of condensed
matter and statistical physics.

3.2 Disoder or ‘Ill-Condensed Matter’®

Disorder, or inhomogeneities, exist naturally and ubiquitously in real would quantum or classical
many-body systems. Their consideration in condensed matter physics has been remarkably rewarding
(see for review e.g [28-30]). In fact, many phenomena such as percolation [31], localisation [21], spin
glasses [32| and topological defects [33] are discovered by considering disorder. Moreover, disorder
adds much more to the phenomena of criticality that we have mentioned along with continuous phase
translations (see for review e.g. [34, 35]). We can easily formalise disorder with a fermion ¢ (e.g. an
electron) scattering by a random potential m(x)

S=8,- f da m(x)P (3.1)

with four-vector x := (,x) and da = [ dt [ d*x where the S is free fermion action. Thouless in [28, 36]
showed that for mass dimensions with D < 2 (i.e. of random potential m(x)), disorder was relevant.
Next, we begin studying the mechanism of disorder.

3.2.1 Quenched Disorder

For our purposes, disorder can be separated into two types, annealed and quenched disorder. Annealed
disorder is one where the degrees of freedom parametrising the impurities are in thermal equilibrium
with the rest of the system. Or in other words, the frequency of the fluctuations sourcing temporary
deviations from homogeneity are compatible with the system (if not faster). In such cases, system is
called to be ergodic® where one can simply treat disorder and other system variables in the same foot-
ing, i.e. taking average over this effect gives the correct statistical measures of partition function and
other quantities. There many studies of annealed statistical effects in the early Universe, see e.g. for
inflation [37-40]. Although the technical treatment of annealed disorder is much easier, the phenom-
ena it facilitates is limited. On the other hand, quenched disorder is a remarkably rich and curious
phenomena. In systems with quenched disorder, the inhomogeneities are frozen, i.e. the degrees of
freedom sourcing random fluctuations are not in equilibrium with the system. These systems are in

®This chapter title was inspired by the 1979 XXXI Session of the Les Houches Summer School [28] on ‘disordered’
condensed matter systems which this section partly follows.

SErgodic means that the system once not disturbed and let to evolve, quickly reaches to thermal equilibrium as there
is no mechanism to prohibit its thermalisation, see also Section §3.3.1.
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general non-ergodic. We can imagine this effect as some field propagating in an environment with
relatively constant impurities. Depending on the location and size of these impurities, the field may
get distorted locally (e.g. pinning) for times much longer than field’s fluctuation frequency. In this
scenario impurities act like potential barriers restraining system from reaching equilibrium. Hence,
one has to treat the variables associated with disorder separately from the systems’ variables. Statisti-
cally, this complicates things considerably since the common measures such as the averaged partition
function are no longer reliable as the variance of the field fluctuations are much larger. We then need
to calculate other quantities commonly called self averaging” quantities such as the free energy. In
Section §3.5 we will introduce a tool to account for this.

3.2.2 Percolation and localisation

For a given continuous system, percolation [41] may become synonymous with transport problems such
as propagation and dissipation, as well as electrical problems such as conductivity or insulation.. The
theory of critical phenomena also applies to percolation problems in which systems exhibit universal
characteristics. We will see in the following sections that inflation may be studied as a percolation
problem where the inflaton field driving inflation percolates through some environment. This will
become much more apparent when discussing disorder in EFT of inflation Section §3.4.2. In addition
to percolation, perhaps the most famous example of phenomena emergent from quenched disorder is
the Anderson localisation [21]. Anderson showed in his 58’ paper that if there exist sufficient amount of
disorder, electron wavefunction becomes exponentially localised, i.e. the envelope of the wave function
decays exponentially from some point in space

(W (x)[ ~ exp (Jx = x0|/€) (3.2)

where £ is the correlation length (see for review e.g. [30]) meaning that electron eigenstate is localised
at some suitable region and the system becomes an insulator. Here, this phenomena is due to quantum
interference of waves which are scattered by impurities. The Anderson model for non-interacting
system of spins can be written as

H=Yeala;+V Y ala; (3.3)

where @ (a') are the annihilation (creation) operators for electrons, ( - ) refers to nearest neighbours
and ¢; are randomly distributed energies with some width W. The ratio W /V measures the size of the
disorder. Anderson discussed that when W /V is large enough, system would become an insulator. Soon
after, this phenomena has been shown to be correct especially in one-dimension, even for very weak
disorder, i.e. all W >0 by Mott [42] and later for dimensions D < 2 [23]. The localisation phenomena
plays central role in a wide range of modern physics research.

3.3 Topics in modern condensed matter

In the previous section we introduced the concept of disorder as it was in mid-late 20th century. We
will now make an attempt to discuss some of the more current research in disordered condensed matter
systems and point their relevance to cosmological scenarios when possible. Especially today, the line
that draws the limits of what is considered ‘condensed matter physics’ is of coarse as vague as it is in
defining complexity. Throughout this section, we will mainly focus on subjects that can perhaps be
collected under ‘far from equilibrium (quantum) dynamics’. This field is perhaps one most in synch
with cosmology as it is also strongly driven with the motivation of understanding various early Universe
phenomena such as reheating and preheating, see e.g. [2, 26, 43]. In this section we qualitatively review
various phenomena seen in isolated quantum many-body systems far from equilibrium.

"For our purposes in this work, we define the ‘self averaging quantity’ as one that has vanishing variance if averaged
our a sufficiently large ensemble.
"Free energy is the logarithm of the partition function, namely F ~ In Trlexp(-H)].
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3.3.1 Thermalisation

One of the big questions common both in cosmology and also condensed matter physics is the equilibra-
tion (or reaching the equilibrium state) of isolated many-body quantum systems. In a thermodynamic
system, this process is called thermalisation. The thermalisation of all initial states means that all
many-body eigenstates of the system’s Hamiltonian H are thermal. This is called Eigenstate Ther-
malisation Hypothesis (ETH) and has many applications in condensed matter physics, e.g. [44]. The
subject of thermalisation of a non-equilibrium system was first studied in length in a cosmological
context by R. Brandenberger et.al. in [2].

If an isolated system exhibits non-ergodic character at some initial time, and then reaches thermal
equilibrium at some later time, this requires an effective memory loss of initial conditions. The tran-
sition between ergodic and non-ergodic behaviour for isolated many-body quantum systems is a very
active field of research in condensed matter physics (see e.g. [45]) and relates directly to thermalisation
process of the early Universe.

3.3.2 Prethermalisation

The effective memory loss discussed in the previous section is realised by unitary time evolution
of a system with only approximately conserved quantities exhibiting quasi-stationarity while not in
equilibrium. This phenomena is called pre-thermalisation and has many applications in cosmology,
e.g. [46], as well as modern condensed matter systems [47|. Disorder is closely linked to thermalisation
and prethermalisation. This is mainly because it may drive a system towards a non-ergodic state,
resulting in the acquirement of extensive conservation laws and symmetries preventing the system
from reaching a thermal state. In what follows we will try to give weight to phenomenological aspects
of disordered systems in modern condensed matter physics.

3.3.3 Localisation revisited

Systems that do not thermalise are often called Anderson-localised systems. The phenomena is in
general due to quenched disorder, see e.g. [45, 48, 49|, (see however [50]). We already described the
phenomena of single-particle localisation as suggested by Anderson [21]. The contemporary studies of
single particle localisation include quantum Hall effect, disordered wires, transfer problems and many
others, see for review [51]. The localisation phenomena collectively experienced by many degrees of
freedom of a given system is called many-body localisation (see e.g. [52]). The main difference is
that the many-body localisation involves interactions between degrees of freedom of the system (such
as electron-electron interactions) and has a wide range of applications, e.g. see for review [53]. In
what follows, we will qualitatively review an aspect of localisation and related phenomena, so-called
‘emergence of slow dynamics’.

3.3.4 Emergence of slow dynamics

The recent studies on systems with strongly correlated degrees of freedom as well as various quenched
scenarios suggest systems can be trapped in prethermalisation state for long times, see e.g. [46, 47,
54, 55]. This phenomena is sometimes called slow dynamics. If the microscopic energy scale of a
system span a wide range, slow dynamics may emerge from the slow modes behaving like impurities
for faster modes. This may cause the faster modes to become localised. This phenomena could also be
studied from a cosmological perspective. For instance, during inflation, the long modes crossing horizon
becomes frozen. The longer modes with k > H may be considered to have similar effects on faster
modes around the horizon. In the next chapter, we will study disorder classically on super-horizon
scales with similar motivation. For quantum effects in considering the phenomena of slow dynamics,
the presence of quenched disorder would have a direct effect on the (p)reheating phenomena suggested
first in [56]. Other examples emergent slow dynamics include (nearly) integrable one-dimensional
systems such as polymers, spin-chains, see e.g. [57] and disordered wires [58]. Other phenomena
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include Griffiths phase, which is related to slower evolution of a system around ‘dirty’® critical points
near phase transition, see e.g. [59].° The phenomena of slow dynamics is also strongly linked with
cosmology in the context of the abundance of light particles and (many) broken symmetries we observe
in the Universe. We will come back to this discussion later, see however [61].

3.3.5 Non-equilibrium universality

For equilibrium theories, universality phenomena have been in general well understood. This is not the
case for non-equilibrium systems and the study of non-equilibrium universality classes is a very active
area in condensed matter physics today. From a cosmological point of view, looking into condensed
matter physics, the ultimate goal would be a low energy small-scale laboratory experiment to contribute
to the understanding of the early Universe physics. Non-equilibrium universality studies have this
potential (see for discussion on this topic e.g. [62]).

3.4 Analogies with inflation

It is perhaps possible to find similar analogies between condensed matter scenarios and cosmology
when considering reheating (and preheating) phenomena. Nevertheless, our main interest in this work
is the inflation. We begin by considering disorder as a classical effect on super-horizon scales.

3.4.1 Emergent slow dynamics on super-horizon scales

In Section §3.3.4 we discussed how systems with wide separation of energy scales may show emergent
slow dynamics. In such systems, the slow modes act as quenched impurities on the fast modes. During
inflation, this phenomena may be analogous to long-wavelength modes freezing beyond horizon and
serve as a (classical) disordered landscape for the ‘faster’ short-wavelength modes around the hori-
zon crossing. One must note however that many emergent phenomena such as localisation discussed
throughout this section, is mostly a microscopic phenomena. This is why such effects would not be
manifest in treating disorder classically. Nevertheless, even in a classical setting, quenched impurities
require much different treatment than regular stochastic effects (see Section §3.5.1) and in turn may
cause suppression of faster modes, hence the ‘slowing’ of dynamics. Perhaps this phenomena, if exist,
would be partially responsible from a more ‘graceful exit’ at the end of inflation. We will be moti-
vated with considering these reasons in applying our formalism for disorder on super-horizon scales in
Section §4.2.

3.4.2 EFT of inflation

Now we turn our attention to quantum phenomenology of disorder. In this section, will add to the
analogies between inflation and condensed matter phenomena by discussing two properties of EFT of
inflation. EFT of inflation plays a central role in our study of disorder in the early Universe.

Spontaneous symmetry breaking10

An important analogy between condensed matter scenarios and inflation may be via considering infla-
tion as a spontaneous symmetry breaking in time. It is quite intuitive in cosmology to assume there
exist a preferred direction, i.e. forward in time. Nevertheless, realising inflation as a mechanism that
spontaneously breaks the time diffeomorphisms is perhaps more involved. In order to see this, recall
the FRW background with nearly constant expansion rate |H | < H 2 which suggests an approximate
time-translation invariance of the background. However, from a purely phenomenological standpoint,

8Here, ‘dirty’ critical point is a critical point of the system near some phase transition under the effect of disorder.

9Here, we wish to return to our previous analogy with cosmology, i.e. the correspondence of inflaton propagation
with percolation problem in one-dimension. One-dimensional condensed matter systems such as wires is very suggestive
for making further analogies with cosmology. A detailed analysis on this subject was recently done in [60].

10This section was mainly inspired by D. Baumann’s notes on inflation [63].



3.4. Analogies with inflation 27

we know that the inflation has to come to an end, hence this symmetry has to be spontaneously broken.
This spontaneous breaking of time-translation symmetry introduces the Goldstone boson'!

U=t+n(x), (3.6)

where we performed a spacetime-dependent time shift. Under time transformation ¢t — ¢t + &, Goldstone
field transforms as m — 7 — & keeping U = t+ 7 invariant. The Lagrangian for the Goldstone boson then
becomes

L =F(U,(0,U)%0U,...) . (3.7)

At first order in energy, the Lagrangian can be written as
L=AU) - f{(U)g"™a,Ud,U , (3.8)

where A(U) and f(U) are free functions. In order to cancel the linear terms (tadpoles) from the action,
we fix these coefficients by the de Sitter background H(t),

AY = —M51(3H2 +H) and f':= MEIH , (3.9)

and get the Lagrangian ' ‘
L=M;Hg"9,Ud,U - My(3H? + H) . (3.10)

This Lagrangian is equivalent to the slow-roll inflation L4 introduced in Section §2.3.4 with ¢ = d(t+m)
and V(o) = M51(3H2 + H). In fact in this formalism, the Goldstone boson 7 becomes an order
parameter as it parametrises the field of fluctuations in the ‘clock’ measuring time during inflation
7 ~ 0t. This is analogous to spontaneous symmetry breaking in condensed matter systems, where the
spatial symmetry is spontaneously broken in the direction of growth. In condensed matter systems,
symmetry breaking is induced by some external mechanism (e.g. applied voltage). In the context of
inflation, symmetry is spontaneously broken due to the fact that inflation comes to an end. While
in inflation we have spontaneously broken time diffemorphisms, in condensed matter physics, it is the
spatial diffeomorphisms that are spontaneously broken. This duality in time and space between EFT
of inflation and condensed matter physics is an exciting observation.

Decoupling from gravity

We began this chapter by discussing the success of any quantum scale analogy between cosmology and
condensed matter physics would depend on how well one can describe a local degree of freedom.? This
is a complicated issue and is central to most contemporary research in theoretical physics. Here, we
consider EF'T of inflation as a way to avoid this problem. We begin with the observation that due to
Noether’s theorem, Goldstone boson has two distinctive properties. First, the energy of the Goldstone

" The Noether’s theorem tells us that ‘for every symmetry global continuous symmetry of the action, there exist a
conserved current j*, with
g =0. (3.4)

The Goldstone’s theorem states that the spontaneous breaking of a global continuous symmetry leads to a massless
Goldstone boson w. Goldstone modes |r) are obtained by performing symmetry transformations on the ground state
with a spacetime dependent transformation parameter

Us=e™ @ yhere  mi=x"T". (3.5)

2Throughout this work we avoided theories of information entropy and entanglement complexity that often make
attempts to better describe or answer this issue. In fact most of the recent research has completely abandoned the use
of locality or even spacetime. Since condensed matter physics is basically a boundless field, these theories are also well
within the range of condensed matter physics. Here, we we remain in the more phenomenological side of the picture and
not discuss these theories.
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must go to zero in the limit
hH(l) E(p)=0, (3.11)
p—)

where p is the 3-momentum. This can be used to show that Goldstone bosons are massless. The next
property is that the massless-ness of the Goldstone boson can be extended into all interactions in the
limit p - 0 (see for a review [12, 64]). For the effective field theory of inflation (see Section §2.5) this
constitutes to the decoupling limit where My — 0 and H — 0 while holding M§I|H | > H* fixed. In
doing so, we completely decouple the Goldstone boson from gravity! This property indeed makes the
EFT of inflation formalism very attractive for considering condensed matter phenomena. In the next
section we will review the applications of stochastic potentials in inflation.

3.4.3 Random potential

Lastly in this section, we will review the coarse-grained stochastic contribution of some fundamental
microscopic physics in the subhorizon dynamics of the early Universe. This is realised as a stochastic
potential coupled to the fields during inflation (see e.g. [39, 40, 65]). At the fundamental level, this
contribution may be unavoidable considering a string theory landscape with very large number of
moduli (see e.g. [66—68]), or a theory with multiple fields and complicated couplings, self-interactions,
etc., contributing to the inflation mechanism. In this aspect, these theories are analogous to condensed
matter physics where the parametrisation of the stochasticity is the ubiquitous first step in most
quantitative consideration. Moreover, this analogy becomes more apparent once we consider inflaton
propagation as a particle propagation in a condensed matter system. We demonstrate this in Figure
3.1. From an EFT of inflation perspective Goldstone boson can easily be thought as similar to an
electron in a one dimensional wire. The stochastic contribution can then be thought as impurities on
the path of inflaton. In what follows, we will give one example of an inflationary model with similar
formalism, the trapped inflation [69].

Trapped inflation

In trapped inflation [69], one has a mechanism in which inflaton dumps up its kinetic energy into
production of other particles while rolling down a steep potential. Similar phenomena was originally
studied under (p)reheating scenarios |2, 61, 70, 71| which has been central to the contemporary research
in condensed matter physics as well as early Universe cosmology (see §3.3.2). This mechanism can be
realised by considering a coupling term in the Lagrangian

ST (6= 007 (312)

where ¢; represents the points on the inflaton’s path where the corresponding particles x;, become
very light and are produced. The Lagrangian describing the this mechanism is written as

7

L= % 0" p =V (¢) + % > (0uxi0"xi - (6= 8)°X7) + ..., (3.13)

and the expectation value of the number density of produced particles x; is given as [69]

32 a(t)?
(1) = S (@) (3.19)

where ¢(t;) = ¢; and the dilution of particles due to inflation is accounted for with the scale factor
a (also see [61]). This process can be thought to be analogous to localisation phenomena due to
impurities. Quite similarly, particle production would slow the inflaton ¢ as it propagates through



3.5. Tools for calculating effects of quenched disorder 29

V(o

Figure 3.1: In this figure we represent the inflaton as it propagates downwards in a disordered medium.
In many cases, the impurities on the path of inflaton is considered to have a statistical effect. This is
realised by introducing complicated potential terms and/or coupling inflaton field to other fields. In
the latter case this may result in particle production. These particles would in turn be diluted due to
exponential expansion of space. This effect may also serve to slow inflaton as it propagates through
the slope.

the impurities.'® The duality between particle production in the early Universe and localisation was
also discussed in a recent paper by D. Baumann et. al [60]. There the authors found for a multi-field
scenario, the wariance of the total occupation number of fields after N particle production is only
weakly dependent on the number of fields. We will return to these observations later in Section §4.3.1.
Next, we will discuss one of the formalisms available to studying quenched disorder.

3.5 Tools for calculating effects of quenched disorder

In this section we will introduce one of the tools necessary to calculate propagagators for a system with
disorder, which is simply a trick for now, i.e. the replica trick.'* We will then move on to describe a
non-perturbative variational approach to calculate the system’s propagator. Our review in this section
will be limited to classical methods.

13Note that we are discussing quantum effects of considering disorder in these sections. The classical analogue was
discussed in Section §3.4.1.

4 Another available method known to the author is the supersymmetry method in [72, 73] which extends to random
matrix theories (RMT) [74]. Here we will focus on the replica method instead.
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3.5.1 Replica trick

The replica trick was perhaps first given considerable attention in condensed matter physics with the
first developments in spin glass theories [75]. It is based on the simple identity

~ lim — (2N -
InZ = lim (2V-1). (3.15)

The relevance and necessity of defining this identity is as follows: In systems with quenched disorder,
the degrees of freedom associated to the impurities are static in the time frame of systems’ degrees of
freedom (see Section §3.2.1). This means that we cannot treat the two in the same footing, i.e. the
result of taking an average of any given measure over disorder will highly vary!'® and it is necessary to
average the free energy, left hand side of Eqn. (3.15), instead of the partition function itself. However
it turns out that this requires performing a logarithm on each realisation of the disorder. What replica
trick does is to create N identical copies, or replicas, of the system. In doing so, we get rid of the
logarithm and end up with a partition function for N—-replica fields, ZV. Note however, at the heart
of this simple mathematical manipulation, there is the assumption that IV is an integer and we are
allowed to analytically continue N — 0 which has remained a widely discussed issue since seventies,
see e.g. 76, 77|. Here, we will take the point of view that, accounting for the success of particularly
spin glass theories, it is our incapacity failing to resolve this issue rather than the invalidity of the
approach [78]. The replica method is at the centre of spin glass theories and has been a significant
part of many condensed matter theories involving quenched disorder!®.

3.5.2 Replica approach

In what follows, we will introduce the so called replica field theory first introduced in [79].

Scalar Model!”

Let us consider some Hamiltonian for a scalar field p(2) with a kinetic, mass and potential terms
1 b [& 2 2 D .
He = 3 Az | Y (Oup) +me” |+ | A7z V(p;2) , (3.16)
o

where we have taken a general D dimensional manifold for the time being. For the rest of the paper,
we will use Einstein notation, i.e. repeated indices will be summed up. The potential V(p;x) is
a quenched random variable which can depend on the scalar field ¢ and also some coordinates x;.
Moreover, we assume the random potential is governed by a Gaussian distribution of zero mean. It
is common in condensed matter physics to get difference correlations for the random potential in the
form

V(ga)V(@ia’) = [ DIVIPIV] V(gia)V(¢a')

(3.17)
=" (@-2") F(le- ) ,

where ¢’ := o(2") and ( - ) refers to the average over disorder. We also take the integration measure
to obey normalisation condition [ D[V]P[V]=1.

5Perhaps a good way to understand this is from an experimental point of view: In the presence of relatively static
impurities in a system, making a measurement of a quantity that is fluctuating with the system’s variables will itself give
largely fluctuating results. One solves this ‘measurement’ problem in statistical physics with self-averaging quantities
such as the free energy which is the logarithm of the partition function.

6¢.g. See (non-linear) sigma-models for disordered electronic systems [29].

n [79], method is applied on a D dimensional manifold represented by a N component vector field in a N+ D =d
dimensional space. Here, we shall consider a scalar field instead.
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Replicated Hamiltonian

Let us now apply the replica method as in Eqn. (3.15). The replicated partition function, ZN takes
the form L
2V~ [ pv1PIv] [ Dl{etexp (- Halle}]) . (3.18)

N N
where [ D[¢] = [ [1[¢i] and Hamiltonian in replica space Hy[{¢}]= ¥ H[pa] takes the form

a=1

N N
’HN[{SO}]:%dex Zl[au%a”’soa+map§]+fd% Z;V(soa;a:). (3.19)

From a field theoretical point of view, replicating the Hamiltonian amounts to generating N —copies of
the theory where p;_;; . n) now representing a field in the Hilbert space of ith theory. The full theory
represented by the collection of all fields in the limit N — 0. The purpose of this manipulations is to
get a measure in which the effects of disorder is manifest.

Previously we have discussed the necessity of considering free energy and hence introduced the replica
method. However since our Gaussian distributed random potential in Eqn. (3.19) has zero mean,'8
averaging over it will not give any information about the properties of the disordered system. In
order to solve this issue, we will now use the Gaussian characteristic of the potential term. Let us
omit writing the field dependence of the potential term for simplicity and define a correlation function
R(z —2') in the form

V(z) =0 V(z)V(z') =R(z-2") . (3.20)

The Gaussian distribution of the random potential can be written as follows
P[V] = exp (% [P [P R x')V(x)V(w')) , (3.21)
where the integral kernel R™!(z — z') is the functional inverse of the correlation function,
[ dPz"R Yz -2 R(2" - ') = 6P (x - 2") . (3.22)

We now wish to calculate the moments of the distribution P[V']. This is done by first computing the
generating functional

I[J] :fD[V]P[V] exp{f Py J(:c)V(:c)} , (3.23)

where J(x) is some external current, and observing that this expression is equivalent to

I[J]zexp{—% [av= [ dD:U'J(x)J(x')R(x—x')} , (3.24)

once the random potential is defined with Gaussian distribution as in Eqn. (3.21). Using this result
and also reintroducing the field dependence back to the correlation function in the form Eqn. (3.17),
we can write the random term in our replicated Hamiltonian simply as,

N N
Ul =5 [P0 3 [Oupadu+med] -2 [Pz S F(lga-if) (325)

a=1 a,b=1

The perturbative treatment of the given disorder in condensed matter physics is to expand F in powers

'8Even in the case of a potential with non-zero mean value, this can always be shifted to zero.
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of ¢. Up to quadratic part, this results in a free propagator Fj;, where [79]

Oab 2F'(0)
k2 + N2F'(0) k2(k%+ N2F'(0))’

Fop(k) = (3.26)

which for N — 0 introduces a correction term 1/k*. Next, we will introduce a variational method in
order to go beyond the perturbative results.

3.5.3 Variational method

Variational Hamiltonian

In order to do non-perturbative calculations for such disordered condensed matter systems one uses
the wvariational method first introduced by Feynman in 55’ [80]. In what follows, lets consider classical
statistics and confine ourselves to a 3-dimensional manifold for simplicity. The first step is to define a
variational Hamiltonian for the theory with multiple replicas, i.e. for the action in Eqn. (3.25)

Hyar = fd3 [0,0a0" 0a + Mm@}, ——fd3 Z Tab Pa b (3.27)
a=1 a,b=1

where the variational Hamiltonian depends on the (N x V') symmetric o4, matrix also called the replica
structure. It is common the write the variational Hamiltonian by introducing the propagator

Gap(k) = [(k* +m)I - o], (3.28)

where I is the identity matrix and we have taken the Fourier transformation of the free part of the
action, i.e. k% = |k|?. Variational Hamiltonian becomes

N 3
Har =3 3 [ gy 20l G0 n(-H) (329)

where we have conserved the momentum.

Saddle point approximation

Next step in the variational method is to calculate the free energy of the theory. Free energy has a
central importance in many statistical and condensed matter physics theories due to it being a self-
averaging quantity. For our purposes later in the next chapter, we shall not concern ourselves much
with this reasoning, however we will explain its importance in short here from the condensed matter
physics perspective. First, let us define the inequality [80]

F 2 <Hvar - Hn) + Fvar ) (330)

var

where F' is the free energy of the full theory and Fi, = In 2y, . We shall first calculate the r.h.s
of this equation. Since we will then follow with a saddle point approximation 0F /090G, = 0 we will
not worry with the constant terms. First term we shall calculate is the variation expectation value of

non-diagonal term in the replicated Hamiltonian (Hy).,,

)) . (3.31)

var

U & abzlf
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This is done by expanding the correlation functional F in its powers and calculating the expectation
value for each term. Summarising in few steps

N oo (n)
F n
fd3 Z F (lpa - ul*) fd3 i lea - opf”

ab]\lf . j:(n a,b=1n= 0 . (3.32)
$ 2 0= 0| [ S eaeal )+ D) -2 ()
b s
and taking the expectation w.r.t variational Hamiltonian introduced in Eqn. (3.29)
N oo f(n) n
(Ban (332) )= 2 3 (-1 [ (s (Conl4) + (k) = 26 ()) |
a,b=1n=0 ! (3.33)
_]:(‘f amy7 (Gaalk) + G () = 2Gun () ])
The expectation value of the free part of the replicated Hamiltonian
N
> [ @ S ([ earmid]),, = / o )3(k2 +m)Caa(k) (3:34)
a=1

Finally, the third term involves the partition function for the variational action. This can be written
as

Zyar ——det[Gy (k)] , 3.35
\} / (2m)3 Gan(k)] ( )
with which the contribution to the inequality becomes
In{Zvar} = Cvar + = ! k —=1Ir ln{G(k)}]] (3.36)
ar ar 2 (2 )3 .

Combining these contributions in Eqn. (3.30) and taking a saddle-point approximation, i.e. OF[/0Gy, =0
we write

0
o ( oy (£ 4m) 32 Ga(h) - [ SEmmiaw ) .
n 3 '
2 f(|/ (d l; ( aa(k)"’be(k) 2Gab(k))|)] =
If we take the derivation in the form
%*’((:,)) = 63(k - K')0up0pa (3.38)
we arrive at the final result
3
Uab=2,7~:/( %(Gaa(k‘) +be(k)—2Gab(/€))|) az+b
(3.39)

N
Oaa = — Z Oab 5

b(#a)
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where F'(z) = 0F (2)/dx . Above equations, along with the definition of the propagator in Eqn.
(3.28) are the saddle point equations. With this definition of the replica structure, G(k) becomes the
variational ansatz for the full Green’s function of the system. In this representation, o, mimics the
irreducible self energy, 3(t,k), which is the sum of the contributions of all diagrams with two legs such
that the diagram entry cannot be separated from the exit by cutting a line of the diagram. This can
be written analytically as

G(ta k) = GO(t7 k)+G0 (ta k)z(ta k)GO(ta k)
+Go(t,k)X(t,k)Go(t, k) X(t, k)Go(t, k) + ... (3.40)
= GO(t7 k)+G0(t7 k)z(ta k)G(t7 k)7
which has the solution
G(t,k) = (G (t, k) - 2(t,k)) . (3.41)

In short, replica approach and variational method together correspond to the self-consistent Hartree
approximation. It is perhaps appropriate now to discuss the significance of this method in condensed
matter physics. What replica field theory does is in fact to parametrise the minimum free energy
landscape. In our formalism, we have seen that the replicated potential term in the Hamiltonian, as
in Eqn. (3.25), is attractive. This means that the replicated fields attract one another towards the
minimum free energy state since they share the same Hamiltonian.

Replica symmetric ansatz

Finally, lets calculate the simplest approach we can take in calculating the propagator. This is to
assume full replica symmetry where the replica structure satisfies the relation

ogp=0 foralla#b. (3.42)
From Eqn. (3.39) and (3.42) we define the diagonal corrections as 044 = & = ~No. Propagator becomes

Gy (k) = [(K* +m) + 6] 60 = (1= 6a) 7 - (3.43)
N

We use the equality Y, Gangcl = d4c and the arithmetic form for the propagator Gu, = Adgp + B to get
b=1

Gap(k) = [(K* +m) + NU]_l Sap + [ (K* +m) (K* + m + NU)]_l o (3.44)

In the next chapter we will derive the important object, Tr[[G(k)]], that mimics the two-point corre-
lation function of the system in the limit N — 0. With the compact notation Gg'(k) = (k? +m) and
the simple full symmetric ansatz, this becomes

Jim %Tr[[G(k:)]] = Go(k) + oGA(k) . (3.45)

In the next Chapter, we will apply this formalism to inflation and calculate the corrections to the
correlation function once disorder is accounted for.



Chapter 4

Applications and Formalisms

Guideline to this chapter

In the previous chapter we introduced the analogies between condensed matter physics and early
Universe cosmology. We have discussed quenched disorder as the mechanism that gives ground to
many interesting emergent phenomena. In order to study quenched disorder in cosmology, however,
we have to first extend the available formalism. The following three sections correspond to first few
steps towards this direction. In the first section we introduce, for a system with quenched disorder,
a general expressions for the two point correlation function, which plays a central role in cosmology.
In the second section we apply a classical formalism from condensed matter physics to cosmology
and calculate corrections from quenched disorder to the correlation functions on super-horizon scales
during inflation. In the third section we take a look into the quantum field theory analogue of studying
scenarios with disorder. There, we also point out some of the common elements between studying path
integrals in cosmology and condensed matter physics. Throughout this chapter we will focus mainly
on introducing formalisms. We leave more focus on cosmology for disorder scenarios for future work.

4.1 The two-point correlation function with replicas

We begin by calculating correlation functions for a theory with replicated fields. We give a general
formalism which can both be applied to classical and quantum theories.

4.1.1 Connected n-point correlation function

The classical statistical physics (i.e. thermodynamics) is given by D-dimensional functional integrals
in which the partition function,

Z =Trlexp{-BH}], (4.1)

plays a central role!. In many-body quantum statistical systems, this becomes a D+1 dimensional
functional integral. In quantum field theory, the formulation is exactly same with the statistical
systems where the partition function serves as the generating functional for correlation functions in
the presence of some arbitrary source terms

Z[J]=/’D¢exp{—$¢+[dx d)(a:)J(:U)} : (4.2)

As we discussed in the previous chapter, it is often preferable to calculate the logarithm of this value
instead. This is called free energy in thermodynamics and it is a self-averaging quantity. In the

Trace simply means that we integrate over all microscopic degrees of freedom

35
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language of quantum theories, this amounts to using the generating functional for n-point connected
correlation functions,

W=z . (4.3)

The n-point connected correlation functions are calculated via taking functional derivatives of W[J]
with respect to some source term J(x). Setting J =0 gives the 1-point function

IWI[J]
dJ(x) o

= (o()) (4.4)

where p(z) := (¢(x)) can be some average (e.g. background) value of the systems variable ¢(x). The
second derivative gives

2WIJ]

FTonit|, ~ (A0 6 (600 = (o)}’ (4.5)

where ¢ stands for connected correlation function. The expression T{...} represents the time-ordering
operator for quantum fields. We will omit showing this explicitly in the following expressions for
simplicity, though it should be assumed to exist if the theory is considered quantum. In the next
few sections we will calculate the two-point correlation function by simply promoting our formalism
introduced in Section §3.5 to 3 + 1 dimensions in Minkowski spacetime g, = diag(+,-,—,-). Instead
of the Hamiltonian, we take the action and use the 4-vector x = (¢,x) .

4.1.2 Replica Trick

In the presence of disorder, we are interested stochastic average? of the generating functional

W=m{Z[J]}. (4.7)

Let us use a variation of the replica trick introduced in the previous chapter (see also [81]),

5J(x1)5J(a(:S:) oy AV
= i %M(m)w(g) .. 5J(xn)m
= pm, % 5J(g;1)5,1(gf:) ey L Mn{ZLT) (48)
g % 6J(x1)6J(3f:) iy MeptNELT)
~ lim " In{ZN[J]} .

N=0 N d0J(x1)6J(x2)...0J(xy)

Next, we will calculate the two point correlation function using the above relation in the form:

211 Z VL 210 zN
5°In{Z} ‘ o 1 6°In{ZVN} | . (4.9)
0J(x1)J (z2)1J=0 N—>0N6J(a:1)J(x2) J=0
2 As a reminder, the stochastic average is defined as
(= [pvVIPIVI (), (4.6)

where V' is the stochastic potential term.
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4.1.3 Two-point correlation function

We take the generator for the correlation function in the form

- N N N
N = expA — o] + rJ(2)Pa () } . .
ZToRT1= [ pvIev) [ T1706] p{ L S10al+ 3 [ drT(@)oul >} (4.10)

where [dz = [dt [ d3x. With the above definition, we can calculate the resulting connected correlation
function from Eqn. (4.5) for the theory with multiple replicas,

. §2In{ZN} & S 411
ke B <Z¢a<x>2¢b<y>)ZN— (Z%(x))m. (;qsb(y))zjv (L11)

a

where (...)z~ indicates that we are to calculate a path integral with respect to replicated partition
function ZV as shown before. We write this explicitly for J =0,

N N
tim (Z%(wzm y>> - (z%(az)) - (zm(y)) ]
zZN a ZN b ZN
N N N
= %}%N ZN[ qD[¢c](;¢a(w)) : (bzld)b(w))exp{ _;S[st]} <L2) (4.12)
1 N N N N N N
-— f HD[%]( > %(@)exp{—z‘s[%]}'f HD[%]( E¢b($))exp{—25[¢b]}]
c=1 a=1 b=1 d=1 b=1 b=1
scales with o<V scales v?zij;h <N

It makes sense to study the terms in the above equation (4.12) in terms of their behaviour in the limit
N - 0.2 The term in the third line of the above equation scales as o< N2 and hence approaches zero
in the limit N - 0 in O(N). The term in the second line requires further attention. Observing the
expression in the second line of equation (4.12), we can see that it can be separated into two parts,
one with identical replica indices for both replica fields in the numerator, and one with unequal replica
indices. For simplifying the notation, we will use the fact that the path integral is independent of the
exact value of the replica indices, but focus on the cases where the replica indices are the same or
different at the limit N — 0.

L2 =lim —
N-0 N

N N
ZNf [¢c](;¢a(x) ¢a(y))exp{_;8[¢b]}

scales with o< N

:N[ﬁ (%%(w) 0 ))exp{ —gsm]}]

(4.14)

azb

scales with o< N(N-1)

3 Before looking in these terms in equation (4.12) in more detail, it should be understood that the expectation values
of the replica fields w.r.t the theory with replicated fields, i.e. Z~, are equal to the expectation values of the theory with
single scalar field (without replicas), independently of the replica indices at the limit N — 0 by construction of the theory

(6) = lim %(ZH = lim (61) o = lim (G2) v = = lim {én) on - (4.13)

on  N=0 NS0 NS0
This is because all the replica fields are governed by the same statistical distribution. The quantum analogue of this
argument would be that the vacuum expectation values of replica fields are identical with the vacuum expectation value
of the original theory.
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In the second line of the above equality, we can easily see that there are two terms, one which approaches
to zero as N — 0 with O(N) and a term that scales as O(1) hence non-zero as N — 0. The result for
connected 2-point correlation function is then

) 1 52 -
I N7 @5 I{ZN[{¢}, T ]} s=0 = (¢(2)¢(y)) - (&(2)) (8(v)) (4.15)

- liny [0 2 -~ 1@ zv ]

where in the first line, we have used the previous Eqn. (4.5) for 2-point connected correlation function
in terms of 1- and 2-point correlation functions. We can now relate the correlation functions in the
theory with replicated scalar fields with the correlation functions in the original theory by,

{0(2)o(y)) = lim (¢1(2)d1(y)) 2w

(4.16)
{0(2)) (¢(y)) = lim (¢1(2)d2(y)) 2w -

Hence the general 2-point correlation function (¢(x)@(y)) may be represented as

- N N
G(z,y) = (¢(2)¢(y)) = lim —[ f Hl [¢c] Z_:l $a(z) da(y) eXp{_;S[¢b]}:| . (417

Finally, using relations derived in the previous section, the stochastic average can simply be pushed
inside the path integral, simply taking the form,

1 N N N
AT :f IIDM)C] 2:31 d)a(x) ¢a(y) exp{—bZ;S[d)b]}

11m
N-O0N| zN

_,llﬁoleN‘/‘H'D [¢c] Z Pa(T) ¢a(y)/D eXp{ ZS o] }]7

(4.18)

S N
where replacing the relation ZN = [ T] D[¢.]exp{-Sn} , we arrive at the result
c=1

—— 11 & N
G(z,y) = (¢(2)d(y)) = lim N[ﬁfljll?[qbc] 21 Pa(2) Paly) eXp{—SN[{é}]}] - (419)

4.1.4 Full Replica Propagator

It is tempting to consider the expression in equation (4.19) through defining a full ‘replica’ propagator
in the form of a N x N matrix,

1 N
Dab(x7y) = Z:N f HD[QSC] <Z>a(36) ¢b(y) exp{_SN[{¢}]} ’ (4'20)

where the stochastic average of the general two-point correlation function becomes

N
%wwWMWMﬂmizmmm
(4.21)

= lim NTI[[’D(x DlIe
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where we used the notation D for the matrix. Moreover, observing equations (4.14) and (4.16), we can
also write

- N
@B = fim, iy 2 Do) (422

a+b

The power spectrum in three spatial dimensions is defined as

]63
P(k):=—G(k), (4.23)
272
where k = |k|. We assumed power spectrum is independent of time as well as isotropic and homogeneous.
In our case this equation will become

k‘3
Pk) = lim 55

Te[D(K)]] - (4.24)

2

4.2 Super-horizon dynamics

In this chapter, we will apply the replica formalism to classical super horizon dynamics during inflation.
We will begin by calculating corrections to the two-point correlation function for an unperturbed scalar
field in de Sitter space with disorder. This approach was first taken in [81-83] where the authors applied
these methods to calculate correlation functions for a test-field in stochastic inflation setting. Here we
extend this analysis by considering a more general inflationary scenario and also metric fluctuations.

4.2.1 Physical description

In the case of quenched disorder, we will need a more involved approach to calculate corrections as
introduced in the previous sections. The idea of classically sourced disorder on super-horizon scales
was introduced in Section §3.4.1. Namely, here we consider the effect from long-wavelength super-
horizon modes becoming quenched and acting as impurities on the modes around the horizon crossing.
Moreover, we will be assuming the modes around the horizon can also be treated classically. Our
approach is similar to stochastic inflation in formalism while differs considering the physical picture.?
In what follows, we begin our analysis by first considering a flat FRW background.

4.2.2 de-Sitter Space and a Toy Model

In the basic calculations of the previous section we assumed a Minkowski spacetime. In order to
promote our formalism into a more cosmological one, let us begin by considering a simple action
with a minimally coupled massless scalar field with a kinetic term and a stochastic potential term.
Throughout we take Planck mass Mp; = (87TG)’1/2 and units c=h=Mp;=1.

sm:% [ day/TG[R - (0,0)% + 2V (¢:2)] - (4.25)

where we take the metric as
Guv = diag(la_a(t)v_a(t)a_a(t)) (426)
with a(t) = exp(Ht) and H = 0.

“In contrast to our approach, in stochastic inflation one considers the coarse-grained effect of sub-horizon quantum
fluctuations realised as ‘noise’ on the dynamics of long-wavelength modes. This also differs considering the treatment of
the stochastic effect.
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Replicated action

Following the formalism introduced in the previous sections, we write the action as

N 1 4 3 S 2
SV[o] =5 [ d'a a*(0) 2[R (0u60)" + 2V (0uia)] (427)
a=1

The stochastic average of the replicated generating functional can be written as

27~ [oiew] [ TTplses |- 355"} (1.9

where we have once again Wick-rotated to Euclidean action. The next step requires a little more care.
We should express the variance of the stochastic potential, i.e V2. We begin by making the following
assumption: The stochastic potential depends exclusively only on time, i.e.

V(g,z) > V(g,t) . (4.29)

At this point, we will not discuss the time dependence of the correlation function for the random

potential and simply write the form in replica space as®
V(¢a7t)v(¢b7t’) = C(tat,) f[hab(ba(bb] ; (431)
where we used a mean field like notation in writing ¢, = ¢4(t,x) with a = {1,..., N} . Moreover, the

functional F (not to be mistaken with free energy F') depends on the couplings of the replica fields
and a some metric hyp on the scalar replica field space. The generating functional then becomes

PR N N
zN=fﬂD[¢c]exp{_%§fdt a(t) [ (R-(0u00)")

(4.32)
N

a3 /a3 / ch ,/ wbPa .

+a§1/dt 0 [ata@) [a (tt)]—"[hbqﬁgbb]}

Note that the replicated potential term is attractive since the all replica fields share the same action.
Let us begin simply by assuming short-range temporal correlations

C(t,t") ~5(t—tHA(t) . (4.33)

Generating functional takes the (compact) form,

_ N N v
zZN - [quw)c] exp {R— %az:l/dt agfd3x (_(au(ba)Q + A a3 I;f[habqbaqbb])} , (4.34)

where we have omitted showing time dependence of the scale factor a(t) = a and A(t) = A . The basic
structure of our formalism is essentially the same with that of multi-field inflation [84-86]. We can
simply write the scalar part of the action as

S_Nzljz\[:[dta?*fd?’x (=606 (0uaddp) + A @ Fhapdats]) (4.35)
¢ 24 ab(Ouda0" Py abPaPb]) - -

°Tt should be noted, however, that the most widely used definition for the variance of the stochastic potential is

V(o)V(¢') o< (¢~ ') . (4.30)

Our formalism intents to be more general in accounting for the full spectrum of couplings among replica fields.
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Background

Let us calculate the inflationary constraints on the replica potential for this model (i.e. AF), assuming
spatially flat FRW universe (also see Chapter §2) and homogeneity for the replica scalar fields ¢, = ¢4 (1)
with the metric

ds? = dt* - a*6;;dx'da’ . (4.36)

Scalar replica fields give a set of Klein-Gordon equations akin to that of multi-field scenarios [87|

Ga +3Hoa ~ X a® 65> Fg, =0, (4.37)
b
where we simplified our notation with

N
Flhapbat] =F » > =, Fg,=0F[0¢a , ¢o=do/dt , also H=afa . (4.38)
b=1 b

In order to inflation to happen at all, our scalar potential must be sufficiently flat hence it must satisfy
the following conditions,

(Fp)* < (F)? and [Fg,9, < F. (4.39)

Following the above condition, we also assume slow roll dynamics, q'b'a < 3H gf)a . Hence in addition to
Eqn. (4.39) we have the slow roll condition

3Hoo =\ a® 6 Y. Fg, - (4.40)
b

However, we note that the background equations we calculate in this formalism are not physical since
we actually are modelling for a single scalar field coupled with gravity driving inflation, not multiple
fields. Moreover, any measurable physical quantity will be the limiting case where we take the number
of replica field to zero N — 0. While our replica fields are not real objects, they are nevertheless
realisations of the actual disordered inflationary universe and it is clear that they have to (more or
less) satisfy inflationary conditions. Hence in a technical way, they are representative of the ‘background
distribution’. This is why calculation of the background in this way is not for vain, it constrains our
replicated system.

4.2.3 Variational Method

Previously we calculated the two-point correlation function as the trace of what we called the full
replica propagator D, which is a N x N matrix. We will now use the Feynman variational method
introduced in Section §3.5 to approximate the full replica propagator D, with an a priori unknown
N x N matrix, G, — Dgp, non-perturbatively. We will use the calculations in the previous section to
derive replica structure.

Variational Action

The machinery is essentially the same as introduced with the exception that we have used a more
general formalism here. First, we introduce our variational ansatz in the compact form as

Sh[4] =fdt agfd?’x (Gao"d”) . (4.41)

and

Wi =a [ dx (G’ (4.42)

where

Gy (1. k) = Gy (t. k) + 00 (4.43)
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and G(_),lab = 5abG61(t, k) is the propagator for the free part of the action.

Saddle Point Approximation

Previously we introduced the free energy inequality

F> (SN - S™) s vur + Froar (4.44)

var

where F' is the free energy of the full theory and

Foae =In ZN (4.45)

var

The expectation value shown with ( - ), is taken with respect to time-dependent Hamiltonian HY

Our method is to calculate the right-hand side of Eqn. (4.44) and follow with a stationarity equa-
tion OF/0G. =0.5 In order to do this we have to calculate the following expectation value with
respect to variational action

[ o Flhadat )i (4.46)

We begin by making the observation the for the generic case in Eqn. (4.46), the functional form inside
the expectation value can be written as

f[hab /k,/kei(k*/)‘xd)ak(bbk'] . (4.47)

Performing the spatial integral in Eqn. (4.46) and one of the integrals in phase space in Eqn. (4.47)
we make the definition

(f[hab[(¢ak¢b—k])Hvar = ]:“[ a‘kahabgab] - (4.48)

The equations are essentially the same. In order to calculate the replica structure o, we take the
derivate with respect to the propagator G.;. However, the exact result will depend on the form of
the functional. The correctness of the saddle point equation relies on two conditions being satisfied,
namely the ‘free energy’ inequality in Eqn. (4.44) and the stability at the saddle point OF/0G,, = 0.
Next, we will discuss these conditions.

Saddle point conditions

The inequality in Eqn. (4.44) is satisfied if both sides of the inequality are convexr. The ‘free energy’
F' is convex by definition since it is a Legendre transform. Nevertheless it is worth noting that we
introduced a coarse-grained coupling term between replica fields in the ‘effective’ action, which mimics
the so called ‘coarse-grained free energy’ in O(N) symmetric field theories studied most extensively in
the context of renormalisation group flow in [88-90]. There, authors show that the coarse grained free
energy becomes convex for only k — 0 (see e.g. [90]). Proving the convexity of the general effective
representations in Eqn. (4.44) with this way is beyond the extend of our work here. Instead we will
make another observation. Since we take the expectation value with respect to a positive weight
(i.e. the variational Hamiltonian), we will always underestimate the right hand side in Eqn. (4.44).
Hence this inequality will necessarily hold. This was first shown by J. Jensen in 1906 [91] and then
formalised as the variational principle in Eqn. (4.44) by R. Feynman [80].

On the other hand, the condition 0F/0G}, =0 is perhaps more stringent and assumes stationarity
at the point (¢t*,k*). This proplem was first formulated by Thouluess et. al. [92]. In our case this

8Take care to not mistake the free energy Fyar with the replica potential term F .
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corresponds to calculating the eigenvalues of the Hessian of the free energy in replica field space. We

denote this as .

O*F [ i havGa)
agozbagcd

where we used a compact notation for the functional in Eqn. (4.46). The stability of the saddle-point
approximation depends on the positivity of all eigenvalues of Eqn. (4.49). It may be very demanding
to prove this relation for any given replica potential F. Instead we note that in [79] G. Parisi et. al.
showed that for a fully symmetric replica structure (see Section 3.5), this is satisfied for a 3-dimensional
manifold if

Mab,cd(t7 k) o< (4.49)

P [ haga] = 0003, . (4.50)

with «v > 1. In the rest of this section we will assume this holds in 3 + 1 dimensions as well.

4.2.4 Variational (¢¢) calculation

In this section we will calculate the corrections to two-point correlation function of the scalar field ¢
from the variational method. Since we are not taking metric fluctuations into account at this point,
our method and results are not cosmologically accurate. Our intention at this point is mainly to
demonstrate the corrections from various scenarios. In what follows, we will make the simplifying
assumption of full replica symmetry, i.e. 0 := oy, for a + b and & := 0,,. Moreover we will assume the
form for the two point function

(G610 = G 1) = lim TG, (451)
where
gab(tak) = [ GO(tak)_l + 0qa ]_léab + |: GO(t7k)_l( GO(t7k)_1 + O-aa)]_lo- . (452)

where the symbol ( * ) signifies that we have ‘fitted’ o4 to true propagator D(t, p) with the saddle point
equation OF[0G,(t*, k) at the given coordinates k*, ¢t*. The parameter Gy(t, k) is the propagator
for the free part of the original action in Eqn. (4.25). In order to calculate the correction from o, we
must first make an ansatz on the coupling term in Eqn. (4.31).

Monomial Stochastic Potentials

Let us begin by considering the well studied inflationary scenario where one considers a potential in
the form

V(¢a,t) = Vs &g , (4.53)

where Vj is some stochastic mass term satisfying V5 = 0 and V:;Q(t) # 0, coupled to some (integer) power
of the fields. Once again, the difference in our analysis is that the stochastic term is quenched. In order
to calculate non-perturbative results, we will now discuss the form of the functional F. Following the
notation in Eqn. (4.31), we make the following ansatz

F = F[(¢atp)"] and C(t,t):= V_f(t) 5(t—t") (4.54)

where comparing to our previous compact notation, we have hyp, := 1 and A(t) := V_f(t). We will omit
showing the time dependence of the latter in what follows. We begin by noting

FieFla® [ ] (4.55)

and

OF ) ~,[ _3f ]
= a3t — 170,00 | 4.
90 a "o( )0acOpd x F' |a kgb (4.56)
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where we omitted a trivial p-integral in the form /p 63(p —k*) which comes from the derivative of the
argument of the functional

9Ga(t,P)

=5t = 1)03(K* = P)ucOpa 4.57
Gt ) ( )0° (K" = P)dacOpa (4.57)

where in what follows we will omit the ( * ) symbol in the momentum coordinate k for simplicity of
notation. Moreover, we denote

F'Ix] = 0F[x]/0x . (4.58)

Applying our formalism derived in the previous chapter, we arrive at the expression for the replica
structure

oo = a N Fla? fkgab] ath. (4.59)

where a7? from Eqn. (4.56) cancels three powers from a*% and a, := a* for clarity of notation. Following
our previous arguments, lets first assume the functional F has the form

Flx] o< x"™/(1+n),

! n (460)
Fx] e x™ -
Using the above relations in Eqn. (4.59), we get
a—S n
ou=+a N 55 [ Ak K2Gu (k) a=b, (4.61)
272

where we assumed the propagator for correlations among replica fields depends on the amplitude of
the phase vector |k|. Next, we make the observation that in the limit N — 0

]lviino ol = +a" B\ (

a;® "
o f dk k2 Tr[[gab(t*,k)]]) : (4.62)

and from Eqn. (4.21) we know that the above expression is equivalent to

-3 n
lim o/, = +a™>\* (a— f dk k* G(t*, k)) , (4.63)
N—-0 271'2

where we see that the contribution from the diagonal elements scale as Oy (1) in the limit N' - 0 hence
we cannot ignore them in our calculation. Next, we make the fully replica symmetric anzats, o = o
where we write

Gap(t", k) = [ Go(t*, k) + 02y 1 0ap + [ Go(t*, k) ( Go(t*, k) +0,)] ‘o™ . (4.64)

Finally by using Eqn. (4.21), we get

G ) = lim <TG (1" 10T [ ot 1) a6 | (4.65)

+ a*[ Go(t", %) Go(t*, k)" + a*3)\*&*)]

where

-3 n
~% CL* 2 *
G = (2772 f dk k2 G(t ,k)) . (4.66)

We now return to our initial discussion of the physics that sources the quenched disorder on super-
horizon scales. Previously we argued that super-horizon disorder effects the modes around the horizon
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crossing due to longer modes, which have long passed the horizon, have become quenched. Hence,
we expect the faster modes to be effected in a relatively narrow ‘window’ of momentum around the
horizon crossing. In order to realise this, we take our upper limit to be the horizon crossing ky ... We

SBH* ke "
5* o (a* /A " dk k—“E) , (4.67)

472

write

where we introduced small deviation parameter from scale invariance € := ng—1 < 1 (see Section §2.4.3).
We observe that this term contributes corrections that increase at most logarithmically in 1/k for e = 0
with a high-momentum cut-off at most at the horizon crossing.

Difference correlation

Replica method was first derived for spin glass models. Spin glass models can crudely be though
of disordered Ising models in two-dimensions, where the strength of the couplings between various
degrees of freedom is collected from a probability distribution. In replicated spin glass models, each of
N realisations is represented by collection of spins situated in an L x L lattice much like a realisation
of various atoms in a crystal. An essential physical parameter, first suggested in [75] and then brought
up to sophistication by G. Parisi [93, 94], is the order parameter, p,, which parametrises a ‘distance’
measure among realisations in the form pgy ~ ¥;;[s4(i) — sp(j)] where {7, j} represents the lattice
points of various spin degrees of freedom. From a field theory perspective, this amounts to considering
a potential scaling with a ‘distance measure’ between field realisations, or in other worlds, a difference
correlation |79].

For our purposes, a difference correlation introduces a power law scaling with respect to the difference
between the amplitudes of two realisations of classical super-horizon wave-modes ¢, and ¢ at equal
time. Let us begin by parametrising the dependence of the functional part of the potential, F, in
spatial coordinates. In the simplest form, this object will be as follows,

F = F[(¢pa— )?], where C(t,t'):=0(t—t")A(t) . (4.68)

We then calculate the Fourier transform of this functional and take the expectation value with respect
to variational action introduced as before. This results in the functional dependence

F:= .7:"[/1;(9@@ + Gup — 2gab)] : (4.69)

and

oOF . _

oG- ¢ 36(t = ") [SacOad + ObeObd — 20acOpa] X F' [fk(gaa + Gpp — 2gab)] : (4.70)
cd

Applying the variational formalism as before, we get for the non-diagonal contributions to the replica

structure

1 n
Oap =207\ (ﬁ f dk k*(Gaa + Gup - 2gab)) a*b, (4.71)

where we once again assumed the definition of the functional as in Eqn. (4.60). For the diagonal
elements we get
Oaa== Y. Oab - (4.72)
a(#b)
We see that this time in the limit N — 0 the contribution from the diagonal elements can be neglected
and the simple form in Eqn. (4.51) holds for the fully symmetric replica structure o, (k) = o(k)* for a # b.
Moreover by simple arithmetic, we note that for the fully symmetric case we have from Eqn. (3.44) in
the limit N - 0,
Gaa(k) + G (k) = 2Gap (k) ~ Go(k) - (4.73)
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Finally using the above relations we write
* *3\ * ]- 2 * "
o’ =2a"\ (—fdkk Go(t ,k)) . (4.74)
272

Much like before, this effect can be observed to have at most logarithmically increasing corrections with
1/k. Moreover since the diagonal contributions (or self-couplings of replica fields) can be neglected in
the limit N — 0, replica corrections appear only on the second order in Go(t*, k). Shortly, we find

AG(t*, k) ~ o x G3(t*, k) , (4.75)

where the fully symmetric replica structure is given in Eqn. (4.74). Hence we see that disorder in-
troduced to single scalar field inflation in this form does not have a relevant” correction to power
spectrum. We will finish this section with few comments.

Our calculations in this section was simply motivated by applying replica formalism and variational
method to a test field in de Sitter spacetime. In order to calculate any cosmological parameters,
we have to sophisticate our formalism. This may be done by considering the metric and scalar field
perturbations around a homogenous background. By doing so we could link our corrections to two-
point curvature perturbation spectrum which has significance in cosmology. We make an attempt for
this in the next section with various simplifying assumptions.

4.2.5 Linear perturbation & dynamics

In the previous sections we applied the so called replica field theory method to two simple scenarios.
In both, we calculated correlation functions for some classical scalar field in homogeneous de Sitter
space described with the metric in Eqn. (4.36). However, if we want to calculate any quantity that has
relevance in cosmology, we must take into account the fluctuations of the metric. In what follows, we
will study this using the methods introduced in the review Section §2.4.4.

ADM formalism with replica fields

We will introduce perturbation to the metric in Eqn. (4.36). As we discussed previously, there are
many ways to do this. We choose to do calculation by following the ADM formalism. We begin by
making the observation that the replicated action has the form of an action in Eqn. (4.35) describing
multi-field inflation [84, 95| (also see for review e.g. [85, 86])

SN - % f d*x \/—_g(R— 9" 0,000, 0" + X a® Zf[habaﬁaaﬁb]) : (4.76)
ab

where we sum over contracted indices. The first term in the brackets is the Einstein tensor, the second
term is the canonical kinetic term and the third term is the potential term of the multi-field action.
The form of the the action for the perturbed metric in ADM formalism for single field case was given
in Eqn. (2.51). In the case of multiple replica fields, the ADM action becomes [84]

V-l _/ d4:v\/-_9[NR(3) —2NA a® Y Flhaptats] + N H(EGEY - E?) - Ng" 0,¢,0;¢"
! N I (@7)
+ N7H(ad® — da(N'0id") = (N'icha) 6" + (Nlaz‘%)(Nlai(ﬁa))] :

where we sum over contracted indices. It is important here to note that ¢% is the three-dimensional
metric on slices of constant t. Next, the variation of the action with respect to Lagrange multipliers

"Here by relevant, we mean correction that scales with oc k™" where r < 3.
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N and N; gives the constraint equations (respectively) as in Eqn. (2.53)

~g"0i0a0;0" = 2X @° 3 Flhapbate] - N (B B - E*)+
v ST | (4.78)
~N7($ad" = Gu(N'0,6") = (N'Di6) 3" + (N'Di6a) (N'D16)) = 0.

and
Vi [NHE: - E6)] = N7 600" — (N'0;4)0; 0" . (4.79)

In order to proceed, we now have to make a gauge choice. Since we are interested at this point with
linear perturbations around FRW background, we will use the flat gauge

glj = aQ(t)(SIJ 5 (480)

in order to obtain spatially flat time slices.

Second order action

As we discussed in the first chapters, the Universe is observed to be very homogenous with only very
small deviations from homogeneity. This is realised with the next step in the perturbation theory,
which is to split our scalar fields on the flat hyper-surfaces into a homogeneous background component
and a part representing the small linear perturbations,

P ="+ Q. (4.81)

In order to measure any cosmological observables such as correlation function of curvature perturba-
tions, we need to be able to calculate the fluctuations ) around the homogeneous background. Here,
we will describe the procedure that follows Eqn. (4.81) and will not show all the steps in calculation.
We begin by redefining the Lagrange multipliers as before, N = 1+J§N and N; = 0;x which become [84]

1 - a
ON = 576.Q" (4.82)

and
2

a L) I H Ea
Vix= oV (Qaqba - $aQ" - ﬁasacz“) : (4.83)
In order to write the action, one expands Eqn. (4.35) up to quadratic order in terms of linear pertur-
bations. Substituting the expressions in Eqn. (4.82) and Eqn. (4.83), one arrives at an expression of
the action for the scalar perturbations. Here we give the final result from [84]

SN Q] = % f dt &z a® (9,Q.0"Q" - X a® F.upQ Q" + TpQ°Q") . (4.84)

where Fqp = 0?F0¢,0¢y and Ty is defined as
1d{a®: -
= —=— | =0, . 4.
Tab a3dt(H¢ ¢b) (4.85)
In what follows we will assume Eqn. (4.85) is negligible.

4.2.6  Variational (QQ) corrections

First we redefine our variational action and Hamiltonian for fluctuations as follows

SN - f dt o® f Bz (G1Q Q0 ) (4.86)
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M) =a* [ d*n (G1Q Q") | (487)

where in what follows, we will assume the free energy inequality in Eqn. (4.44) holds for Eqn. (4.84)
and (4.86).8

Perturbative disorder

The replica field action for linear fluctuations {Q,} around a flat FRW background satisfied by all
realisations of the replica fields {¢,} in Eqn. (4.84) is a general representation of the most disorder
scenarios.’ In what follows, however, we will make the simplifying assumption that the disorder is
perturbative, namely the homogeneous background part of the replica field is same for each realisation

¢ (t, k) ~ o(t) + Q*(t, k) . (4.88)

Difference correlation revisited

The general action given in Eqn. (4.84) may take a complicated form depending on the replica field
couplings realised by the functional F. Here we will make the simplifying anzats where we assume
difference correlation among replica fields,

F=F[(a~)°] = FL(Qa~Q)*] - (4.89)

where in the second line we used the fact that we take disorder to have a perturbative effect. Moreover,
observe that the second derivative of the functional can be written as,

o (n) -
Fan= 2 oy (1) (3 0(Qu + Q1) - 2(Qu = Q0)?) - 2Qu = Q0)) (Qu- Q)™ . (490

As can be seen, the above expression is constant, F.q, o< O(1) for n:= {0,1}. Hence we find that the
lowest non zero contribution from the second term in Eqn. (4.84) is quadratic in replica fields. By
making the definition

o= [ a0 (Qu@iF )y (4.91)
we see for the term in Eqn. (4.90) of first order O(1) in replica field fluctuations, this gives
Fs = a”® fk Gab (4.92)
LO
and
0" =0l =a"\" for all {a,b} . (4.93)

This would give an constant additive correction to the two point correlation function which is otherwise
free from disorder

(QuQ-k)" = G* (k) ~ [G (k)" + a*]‘l +0" [Go (k) NGy (k) + a*)]‘1 , (4.94)

where G (k) = H*/2k®. Moreover since the fluctuations are perturbative for any given realisation,
¢ > @4, we can generalise this equation for any order in replica field fluctuations in the coupling term

8For this statement to be general, we may have to require for the fluctuations to decouple in Eqn. (4.84) from the
homogeneous background evolution for a given replica field ¢,. In the next section, however, we will assume perturbative
disorder where this will not be an issue.

9To be exact, we should clarify that the action in Eqn. (4.84) applies to scenarios where disorder does not effect the
kinetic term in Eqn. (4.76).
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by making the simplifying approximation,

————(Qu- Q)" = $*F[(Qu- Q)] . (4.95)

Ev?{n

4.2.7 Disordered kinetic coupling

In the previous sections we introduced replica field approach with variational method in a simple way,
considering a limited range of scenarios. We have realised disorder as a stochastic mass-like term
coupled to a scalar field. We then applied the replica trick and calculated correlation functions by
coupling realisations where we used a saddle-point approximation to get the most suitable correction
to the free propagator. Our variational approach forced us to calculate a constant replica structure
04 which we found to have no significant effect on the power spectrum. This is since different phases
must decouple in the action so that we can calculate the variational expectation ( - ), for a given
term quadratic in replica fields. It is tempting, however, to ask within this simple formalism, whether
one might consider a way to have a correction to the correlation functions that scales with some power
of k.'° One way to consider such a scenario is to introduce disorder as a stochastic potential coupled
to a kinetic term. Here, we will consider the following coupling

1 1 :
SN=% f dt A a® f 3z }'[hab—28i¢aaz¢b] , (4.96)
27 a
where i := {1,2,3} spatial coordinates. Variational expectation value then returns

1 X _
<SN>Hvar = 5 Z f dt A a6 fl:a‘ > L |p|2habgab] . (497)
ab

For the action in Eqn. (4.35) we get (for hgp :=1)

[ -5
o (k) =a* Nk F [% f dp p* Q;b(p)] for all a,b . (4.98)

where we used the saddle point equation OF /0G4 (t*, k) := 0. Moreover, the diagonal terms are

-5
. * ok *71.2 a, 4 *
lim oz, (k) = " XK F [—QW [ v Tr[[gab(pn]] . (4.99)

where we have used the relations k = |k| and p = |p| as well as assuming the replica propagator depends
only on the magnitude of the vector p. Moreover in Eqn. (4.99) we used the relation

* 1 * ]‘ *
gaa = N ; gaa = NTr[l:gab]] ) (4100)

which is true if all diagonal elements in the replica structure are the same & = 0,44, or true in general for
N — 0. Finally using the relation in Eqn. (4.52) and Eqn. (4.51) we can write the replica propagator
gab as

G ()= (o) + 12 6%) k5 (G (Gak) k26 ) (4.101)

Here we will make a clarification. This goal can not be achieved by introducing some spatial dependence on the
variance of the stochastic potential since this would reflect only as a constant correction to the correlation function. One
alternative approach would be to directly promote the replica structure to scale with momentum o — o(k) := {(k)o
where e.g. £(k) o< k* and we fit for o only. However we will be considering a more physical reason for the momentum
dependence.
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where -
5" = a*A*ﬁ’[%fdp p* G*(p) ] : (4.102)

The results in Eqn. (4.101) show the k dependent correction to two-point function in the presence of
superhorion disorder effecting the kinetic term in a scalar field action in de Sitter spacetime.

However, so far for the kinetic consideration we have only derived some basic equations for a scalar
field in de-Sitter spacetime. In order for our calculations to represent the physics of inflation, we must
consider metric fluctuations and introduce disorder perturbatively as previously studied. We will not
attempt this as this would require a multi-field perturbation theory with a non-canonical kinetic term
as studied in [86]. Instead in the next section we will consider an alternative scenario, EFT of inflation.

4.2.8 No super-horizon treatment of EFT of Inflation?

We begin with the stating that the EFT of inflation formalism introduced in Section §3.4.2 is appro-
priate for micro-scale physics of sub-horizon fluctuations.'! Our discussion, on the other hand, involve
very long super-horizon wave modes that are frozen and have become classical which we associate as
the source of disorder. Even if we assume these modes have a stochastic effect on the faster modes
represented in the EFT formalism, we would still need to calculate correlation functions around (if
not outside) the horizon crossing where the gauge invariance, i.e. the R ~ —Hm correspondence, is no
longer valid. This is simply because the Goldstone modes 7 continue to grow outside the horizon.
Nevertheless, we will still make an attempt to justify this section by considering a window of validity
in which one can calculate the correlation functions on super-horizon scales, classically. This would
be after the horizon crossing to allow Goldstone modes to have become classical, and before too much
after the horizon crossing in order for the formalism to be still applicable. Moreover, in what follows,
we will introduce disorder to the effective action in Eqn. (2.80) as a perturbative effect generating
non-trivial spatial kinetic coupling of replica fields in the form

V (ma, )V (mp, t') = Migio (1) 6(t 1) (95ma0'mp) (4.103)

where we consider the following effective action

SN - f dt f &Pz (—Mng (frafra _ Gima0im” ) + MY Oima0'my 7”’) . (4.104)

2 2
a ab a

By using the above relation in Eqn. (4.101) with 6* = a* M} we find

(mcra) = (GO KarMgd) k2t Mgt (o) (Gok) + k2 Mgt )) L (410)

is is is

where in this case )
H 1
Gr(k)y i — 4.106
(k) 2M2|H,| K (4.106)

The speed of sound c;

When introducing a term like in Eqn. (4.103), it might be interesting to consider the diagonal replica
‘self-interaction’ terms for the spatial kinetic term which take the form

i
0;Tmq0' g

(-MZH +a® Mgy,) - (4.107)

1We would like to make clear for the reader, by EFT of inflation, we refer to the EFT describing microscopic physics
of inflation. Not the superhorizon EFT (see e.g. [96]) in stochastic inflation theories, which is most possibly another
reasonable setting for such classical treatment.
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Since the spatial and time kinetic terms are different, introducing disorder in this way will ‘change’
the speed of sound ¢, for the Goldstone modes 7 that is otherwise ¢s = 1. This is can be defined as

3ar4
02 Y b a Mdis
ab *— Yab ™ 2177

M2|H]|

(4.108)

Using this relation, we can rewrite the action as

. —ag. b
sg}ff:fdt a3fd3x(—Mp21H (ﬁa#a_cng)) . (4.109)
a

Finally we now relate the two-point function for Goldstone modes to the two-point correlation function
for curvature perturbations around the horizon crossing under the influence of disorder. We do this by
taking into account the change in speed of sound (for the free propagator) by rescaling the momentum
k — csk where we defined ¢ := %Tr[[cab]]. We find

(RacRox) = (G (k) + K20 M2 )™ + k20 MG Giy(k) (K2a™ MGt + Go' (k)™ (4.110)

where

~ H? 1
Go(k) = ——————— . 4.111
O( ) (2M§1|H*|C§3k3) ( )

In Figure 4.1 we plot the deviation from the free power spectrum as a function of speed of sound in
the large k limit which scales cubically in the leading order. By expanding the relation in Eqn. (4.110)
around a small deviation from cs ~ 1 we get

- - H3 3 J2E
A% (k) ~1+ (—3 4+ O[HE]) Adis + (3 J3 He O[HE]) M+, (4.112)
a* a*k  a2k3
where B o
A% (k) =k P(k) (4.113)
and 5 } .
ki=k/H , P(k):=P(k)/H , 2MylH|=1 , Ags:=1-c2. (4.114)

Moreover we normalised this expression with 2M31|H | ~ 1 and used the relation M§1|H | > H* to collect
terms higher order in H in Eqn. (4.112). As we have seen before in Chapter §2, the disorder-free
analogue of the expression in Eqn. (4.112) is scale invariant. We see that the kinetic coupling of
disorder introduces a small constant correction along with scale-dependent corrections higher order in
H. 1t is apparent from Eqn. (4.112) that the deviation from scale invariance in higher orders in H
is a small and effect since our effective formalism is valid only around the horizon crossing. It might
nevertheless be interesting to calculate the deviation from scale invariance in Eqn. (4.112) with more
care. We leave this for future work. We will conclude this section with a discussion on the constant
part of the correction.

4.2.9 Discussion

In calculating classical corrections to correlation functions, we have so far limited ourselves to intro-
ducing replica method and variational approach in a simple and general way. The corrections we
calculated were scale invariant with the exception of Sections §4.2.7 and §4.2.8. In these two sections
we discussed the scenario where the kinetic term is influenced by disorder and found that the replica
structure o(k) scales with momentum squared k?. Nevertheless, it is apparent from our results that
disorder introduced in this way is irrelevant as k - co. However, since we are considering the effect of
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Figure 4.1: The normalised scale independent power spectrum as function of speed of sound ¢;. The
normalised parameter in vertical axis is scaled to satisfy the relation A% < k* Pr(k) where k = k/H
and Pr(k) := Pr(k)/H. Finally in this plot we attained 2M§1|H | ~1 and used the relation discussed

in Section §2.5, M31|H | > H*. The orange line represents the scenario with kinetic disorder while the
blue line represents the case without of disorder. This plot simply shows that the deviation from the
free case increases cubically with decreasing speed of sound c;.

disorder to influence the modes around the horizon crossing, it is worth discussing if one might have
large disorder corrections in this region. Let us begin by considering the corrections from the replica
structure calculated in Eqn. (4.65) and (4.66)

~%
g =

a;? 7

- [dk: Kot x|, (4.115)
2m2

AR

where we have replaced the bounds of the phase integral with cut-offs with an low-momentum IR-cut-
off, Air, and some high momentum cut-off Ao. For a scale invariant spectrum, the above equation
gives a logarithmically divergent correction term in the form of

a3 Ao
7= —=5In{— . 4.11
o (27r2 H{AIR}) (4.116)

We will now consider the high-momentum cut-off. This has to be at most at horizon crossing
Ao :==kpc ~a*H* to allow for the wave-modes to have chance to become frozen and contribute to
disorder. We note that the replica structure scales with 5* = a3 In{a*}, hence we see that & — 0 as
a. — 0. Now lets consider a replica structure in the form Eqn. (4.102)

_ -5
5 = a*A*f'[“;fdk K G* (k) ] . (4.117)
272
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If we make the definition for the functional, F'[x]:= x", we get

-5 12 n
5 = o\ [ LI e (4.118)
272

where we used G* (k) := g« k~3. The factor ky, .. is the momentum amplitude at the horizon crossing. It
is clear from the above expression that the effect of disorder rapidly vanishes for a, — co and positive
n. We find that disorder introduced to super-horizon scales in this section is likely to remain very
small and vanish with a - 0 and k — 0.

We complete this section with few remarks. The way we introduced disorder into the super-horizon
description of inflation was highly limited by our ability to decouple different phase modes in variational
method. This constrained us to consider only a few types of couplings and we only studied short-
range correlations between coordinates. The next step towards a more complete theory would be
to better define the variational method. We will leave this for future work. The application of the
replica method, however, is quite general and can be treated as a multi-field scenario with the total
number of fields taken to a limit at the end of calculations. The calculations that survive this analytic
continuation contribute to the physical parameters of the system. In fact, we have explicitly seen this
when calculating the replica structure throughout this section.!?

4.3 Towards a quantum theory of early Universe disorder

Much like in the super-horizon scales, a common consensus on cosmological quantum theory of sub-
horizon quenched disorder does not exist. Our intention in this chapter is to review the formalisms
with which one can study the microscopic disorder in the early Universe. In what follows, we will
begin by considering perturbative treatment of disorder. We will then extend our understanding of
cosmological in-in formalism and relate it to the non-equilibrium quantum field theories that have
much relevance to the study of disorder in condensed matter scenarious. We will conclude this section
with a discussion on possible extension of the formalism introduced so far with the replica theory and
furthermore emphasise the similarities between the super-horizon classical framework introduced in
Section §4.2. We have discussed the analogies between disorder in condensed matter physics and various
phenomena in early Universe cosmology in Sections §3.3 and §3.4. In contrast to our classical super-
horizon calculations, the quantum treatment of sub-horizon dynamics is much richer with emergent
phenomena.'® Perhaps the consideration of quenched disorder effects are most appropriate shortly
after inflation, during (p)reheating since it is phenomenologically suggestive that the physics is much
less constrained with symmetries and highly non-adiabatic during this period. While in the following
sections we focus on inflationary dynamics, our discussion and formalism applies for post-inflationary
dynamics as well.

4.3.1 Perturbative treatment of disorder

In Section §4.1 we introduced the replica method in calculating correlation functions. The necessity of
replicating the system was discussed in previous sections and directly related to quenched characteristic
of the disorder. We will now return to this issue and discuss it in dept. In the presence of quenched
disorder one cannot take an average over disorder in the same footing as the system due to the
difference between the time-frames of the impurities and system’s own degrees of freedom. From a
phenomenological perspective, this is related to non-ergodicity of the system, where due to quenched
nature of the impurity, an ensemble average of the local degrees of freedom in a given volume will

121t is suggestive that within this formalism, the replica structure, which mimics the self energy for the system, shows
universality as it does not depend strongly on the number of replica realisations.

BFor clarity, we point out that complexity is not necessarily a quantum phenomena. Nevertheless, we make this
statement since we are interested in quantum phenomena such as particle production and localisation due to interference,
etc.



4.3. Towards a quantum theory of early Universe disorder 54

not be equal to the asymptotic values of the systems’ parameters reach in time. In other words, a
system with quenched disorder is in a non-equilibrium state. This brings us to the issue of making
measurements on a non-equilibrium system by simply perturbing it. By definition, if a system is in a
non-equilibrium state, even a very small perturbation, which would otherwise be followed by system’s
rapid conversion to its true ground energy state, may have much longer lasting effects on the system.
As we discussed before, this was why we applied the variational method as a non-perturbative approach
to calculate quenched disorder effects on super-horizon scales in Section §4.2. The replica structure
gave us the ability to probe the free energy landscape and calculate for the minimum free energy of
the given system. We now wish to do the same for a sub-horizon theory of disorder. In Section
84.2, the simplicity of our calculations relied on the classical nature of the fields and the theory. In
order to consider non-equilibrium systems for quantum theories, we have to sophisticate our formalism
significantly. We will make this attempt in what follows. First, however, we will consider the simplistic
scenario where we can treat disorder perturbatively for illustrative purposes.

Annealed disorder

We will begin by considering a scenario where the disorder can be treated with perturbation theory.
This means that our system is more or less in equilibrium and shows ergodicity. Hence, here we will be
treating disorder essentially as it is annealed disorder (see Section §3.2.1). Although annealed disorder
is phenomenologically less rich than quenched disorder, it is still interesting as it can introduce noise
to the power spectrum as well as resonant features which we will discuss shortly. Since the quantum
theory of disorder is much more involved than its classical analogue, the annealed disorder case would
be a good starting point to gain some insight into the calculations. The first approach on this was taken
recently by D. Green in [97]|. In what follows, we will reviewing the calculations done in [97]. There,
the authors refer to the disorder as quenched while the perturbative treatment in the rest of the work
necessarily degrades the disorder to annealed characteristic instead. Nevertheless, authors describe the
quenched characteristic as the lack of feedback between the field fluctuation and the perturbatively
introduced stochastic coupling term. By this, they refer to the fact that the stochastic potential they
introduce does not ezclusively depend on spatial coordinates, hence it induces no dissipative effect
which would reflect back to the background equations of the system. This is much like the way we
introduced classical disorder in the previous section with similar motivations. Moreover, this simple
assumption allowed us to easily decouple different modes from each other and perform the expectation
value with respect to a variational Hamiltonian. However, this has no direct relation our definition of
the quenched characteristic of the disorder. Next, we will review the results in [97].

EFT of inflation formalism

Throughout this chapter and we will be mainly using the EFT of inflation formalism as it provides
a simple and general treatment of inflationary microscopic dynamics.'* We already introduced the
effective field theory formalism for inflation in Eqn. (2.80). Here, we begin by introducing perturbative
disorder with the split

MAH(t) » MAH(t) + Mhh(t) and My () - My 5(t) + m35(t) | (4.119)

where the terms H and M§’3 are fixed while / and ma 3 are Gaussian stochastic variables. Next, we
will give the resulting corrections on the n-point correlation functions calculated in [97]. We introduced
the in-in formalism for calculating correlation functions in Section §2.8.1. Introducing the annealed
stochastic effect to our action, the resulting perturbative 2nd order correction to n-point correlation

1 Also see Section §3.4.2 for further justification when making analogies between inflation and condensed matter
physics.
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becomes

fen®)-% [ dnde) [ dndm) OO m) )

oo (1-i€) —oo(1-ie)
- . (4.120)
“oRe [ dnd'(r) [ aral(m) (Oi(rl)oj(m)@(mc,-j(Tl,Tz)) ,
—oo(1-ie) —oo(1-i€)
where
Cij(Tl,TQ) = (xi(Tﬂl’j(Tg)) s :rm- = {Mglil,m%,g,} and Oi,j = {7:(2, —aizaiﬂ'aiﬂ'} . (4.121)
Throughout this chapter we will use conformal time 7 ~ —#. Moreover we assume that the fields
satisfy my := ﬁk&;r( + h.c. and
H 1 ;
T = —————————(1—ik7)e™™ | (4.122)

2 My | H |2 k32

where d;r( is the creation operator. Finally we choose the variance of the stochastic potential term to

be [97]

Ci]'(TaT,):(SU%( Hr )p+15(7_ 7') (4123)

where p allows some deviation from scale invariance. The calculations are straight forward and we will
omit the details and directly give the results and follow with a discussion.

Disorder corrections from [97]

We will consider corrections from the /i term. This can be considered as corrections to slow roll inﬂation.
The calculation is done by placing the operators Oy = 72, Oy = a 20;70'n and T19) = Mglh into
Eqn. (4.120). One arrives at

4+(1 p)p (pﬂ') (H)p
A k) dis = P k)———— — T — 4.124
(RiR k) ais e R (k) 2 p cos | 3 [p] % ( )
where in the physical limit p - 0 this becomes
i H 1 3 k
;171—I>I(1)A <RkR*k)dis - _2A—1P’R(k) I:]—j + Z - (’}/ +In {ﬁ})] . (4125)

We used the notation ( - )4 to indicate the averaging over disorder. It is apparent that this correction
is not entirely physical since it diverges in the limit p — 0 and moreover the scale invariance is violated
by the finite part where we see a multiplicative logarithmic correction. We will discuss these issues
in the next section. Here, we also give the results for the trispectrum corrections in slow-roll as given
in [97]

H PR(kl)PR(kg)(S(lq + k2)5(k3 + k4)

Il)l_I)% A (Rkl ngngRk4>£ﬁs = 6444

—16k3 + 31kiks — 1653 16(k3 + k3) (4.126)

(k1 - k3)? k1k3

ArcTanh (@) + perm.
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resonant excitations varying amplitude
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R_kl R—k?,

Figure 4.2: Diagrammatical demonstration of the trispectrum in Eqn. (4.126) where the exchange
between two pairs of fields is due to the stochastic effect.

Resonance excitations and further discussion

In the previous section we have written the divergent contributions from disorder for both the power
spectrum and trispectrum calculated in [97]. This divergence is due to the delta-function in Eqn. (4.123)
where we defined the variance of the stochastic potential. The delta-function allows for arbitrarily rapid
shifts in the stochastic parameters. Stochastic parameters determine the energy at which the states
can be excited, which in return are allowed to become arbitrarily large. This is best understood with
an analogy of ‘resonance’ which have been discussed in [97-100]. We can realise this by relating the
disorder to oscillatory features. We do this by writing

d .
zi= | et (4.127)
2
where w is the comoving frequency and
M H?
Clw,w') = j;l (2m)0(w + ') | (4.128)
1

which gives Eqn. (4.123) in the limit p — 0. From this equation it is apparent that disorder introduces
arbitrary fluctuations to the system. One way to compensate for this is to introduce an exponential
suppression beyond some frequency cut-off for w > A;, where the delta function is not a good approxi-
mation. For the two-point calculation, this results in including a factor e“2*7 where €y, :== H /AL in the
path integral. With this suppression, the power spectrum in Eqn. (4.125) becomes

i A (ReR ) = Py [ 3 - 2m [ D (4.129)
p—0 kTt k _2A1 R 4 ' .

For the 4-point function, we should consider suppression terms in the form exp{%em’l Y k‘z} where
k; represents the external momenta. We will conclude this section with further discussion on the the
corrections to the trispectrum in Eqn. (4.126). We have by definition forced the stochastic coupling
potential to not depend on the spatial coordinates exclusively. This resulted in no-momentum exchange
between the two pairs of fields in trispectrum representation. Nevertheless the trispectrum is irreducible
since the time dependence of the stochastic potential leads to exchange of energy. We illustrated this
diagramatically in Figure 4.2 where the variance of the stochastic term C(7,7") realises the exchange
between the field pairs. Finally the second term in large brackets in Eqn. (4.126) represents the effect
of disorder in randomly varying the power spectrum.
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Adding disorder to inflationary models

Although the perturbative characteristic of the disorder in [97] differs from our discussion in the previ-
ous sections, the formalism introduced there is nevertheless informative. Specifically from an effective
field theory perspective, the general framework of disorder allows one to consider a wide spectrum
of possible applications. In fact, the calculations reviewed in this section suggest the possibility of
simply adding perturbative disorder to inflationary models. On this note, we return shortly to trapped
inflation [69] introduced in Section §3.4.3. If we consider the effect of disorder as it randomises the lo-
cations where a particle y; is produced, this would promote the particle number density to a stochastic
quantity. Let us consider the total number density of produced particles in the form n(t) ~ 33; ny, (t).
With the effect of disorder, this quantity is to be collected from a probability distribution P(n;t). In
order to calculate the evolution of the total number density of produced particles n, one could then for-
mulate a Fokker-Planck equation for the probability distribution P(n;t). Similar procedure have been
considered for non-adiabatic particle production during reheating in [60]. It is indeed suggestive that
the inflationary models such as trapped inflation may prove fruitful in considering quenched disorder.

4.3.2 In-In formalism revisited

In this section we will review some of the initial steps towards going beyond the perturbation theory
and studying a larger spectrum of phenomena in relation to disorder in the early Universe. We begin
by returning to our discussion of the in-in formalism.

Review

In Section §2.8.1 we introduced the in-in formalism and have given the ‘master formula’ in Eqn. (2.97).
There, we used the operator formalism for expectation values which simplified considerably in calcu-
lating corrections to correlation functions perturbatively. In order to gain more insight into the theory,
let us start by considering a diagrammatical formalism. We will now discuss the Feynman rules for
the in-in formalism. We consider drawing all diagrams for the calculation of the expectation value
for a given term (@) of Nth order in interaction. Quite different from the in-out formalism, this
time all vertices are distinguished as ‘R’ and ‘L’ due to the difference between the time-ordered and
anti-time-ordered product. Namely, the ‘R’ label represents the field propagating forward in time and
label ‘L’ represents field propagating backwards in time. We show the path integral in Figure 4.3.
For a diagram with N vertices, there will be 2V ways one can choose each vertex to be either ‘R’
or ‘L’ which would contribute either —i or +i respectively. Moreover the formalism gets even more
complicated as we consider the lines connecting these vertices to each other. We have three types of
exchange between vertices. A line connecting a two right vertices (or a right vertex to an external
line) contributes the Feynman propagator (T{¢(x)¢(z')}) where as a line connecting two left vertices
contributes a propagator in the form (T{#(z)#(z’)}). Finally, we will have lines connecting a left
(right) vertex to a right (left) vertex which contribute the propagator (¢(z)¢(x’)). With this better
understanding of the in-in formalism, we will now review the path integral.

The in-in path integral

In order to go beyond perturbation theory, it is much more preferable to use the path-integral formalism
rather than the operator formalism in Eqn. (2.97). We begin by writing the path integral as given
in [20]

(Q(1)) f H d&"; ) tH dfz_gf’)
XeXp{‘i f_oo dt’ ﬁ[fL(t'),fL(t’)';t]}exp {z [; ar’ ﬁ[ﬁR(t'),éR(t’)’;t]} (4.130)
" (H‘S(an(t) —€Rn(t>>) QUEL(t)) W (61(~00))Wo(Er(~o0))
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P Hfi(t)

to !

t — oo
L

Figure 4.3: Demonstration of the in-in formalism closed time path (CTP) integral..

where the field £ represents field fluctuations around a homogeneous background and the index n
includes all fields and their conjugates as well as spatial coordinates. The paths within the exponential
values are written as

LLEW),E@Y5]:= X, [ da Tt x)Qu(t',%) - HIQ(), TI(#): 1], (4.131)

where we represent the conjugate fields as II. Index a runs from all the fields realised in the Lagrangian.
The variable ¥y[£] in Eqn. (4.130) is the vacuum wave function taken at the initial time

Wo[€(=00)] o< (infg(=o00)) (§(~00)lin)

e [t : (4.132)
p— ¢ /eet 3.%' 3 ga X, u I !
p( 5 [Lare s [ [ @y tutena (t)Qb(t))

where € is a positive, infinitesimal, exponentially damping factor used to make the path integral converge
once Wick rotated to Euclidean signature!®. The parameter &, is a positive-definite kernel.'® Next,
we expand the Lagrangian £ into a quadratic term Ly and an interaction term —H;. The quadratic
term can be written as

Lo[&(t), &) 5t] = [ APz T (¢, x)Qa(t',x) — Ho[Q(t'), TI(t): 1] , (4.134)
a
Together with the vacuum wavefunction, we can now define the free propagators of the system as

G e (e (1) = [ ' olen(t). )1

: (4.135)
258 [ d [ &y e y)Qnax HQm(y. )}
ab
and similarly
. > Gl (" ELn (8L () 2= " ar LoléL(t),€p(t);t]
2
- (4.136)

_%Z/d3$fd3y 8ab(X7Y)QLa(Xat)QLb(y’tl)}’
ab

15This is often called the ‘te’ prescription and explained in detail in [12].
For a real scalar field, this is simply

E(x,y) = ﬁ / Ppe® V) /p2 4y m? (4.133)



4.3. Towards a quantum theory of early Universe disorder 59

note however the sign difference between two expressions. Next, one writes the product of delta
functions in Eqn. (4.130) in terms of a Gaussian distribution

180620~ 6 1)) o0 - Seant) - €00
" " (4.137)

- (= 3 Cor () 600 0) - 0 1)) €10 - € (4))

where .

Coe (t', ") = zdnnfé(t’ -t)o(t" -t) (4.138)
and €' is yet another positive infinitesimal. The delta function serves as the integral over the so-called
boundary field which contracts the ‘R’ and ‘L’ fields in the free theory. In addition to the free part
of path integral, the interaction Hamiltonian introduces (from a diagrammatical language) lines that
connect right and left vertices to each other, e.g. iGEL (#,¢") and also to themselves, e.g. —iGEE (¢ ).
The G’s are determined by the condition [20]

iGE—¢C C —iGRE jGQRL 10
( ¢ —iGg—c)(z'GLR ict | =0 1 (4.139)

where we have written G*® := (GFF)T. Because the above equality must be independent of the exact
value €/, we get the following relations

ghaghit-1, qgtaglt=1, (4.140)
ghaghlt-o, qGghagti-=0, (4.141)
cGH =cahl | caflt-cgttt (4.142)

The first and second equations in Eqn. (4.140) are the inhomogeneous wave equation for the propagator
and its complex conjugate with solutions

GRE(, ") = i (T{&u(t)&w (1)}) (4.143)
and
Gl (") = =i (T{& ()& (E")}) (4.144)

where we the n and n’ indices include all fluctuation fields and conjugates and their spatial coordinates.
Moreover, from Eqn. (4.141) we see that GFY and GEF satisfy the homogeneous analogue of wave
equations satisfied by G®* and GFL. Finally using Eqn. (4.142) and Eqn (4.138) we find

iGRE(t,t2) = (Em(t2)En(t1)) (4.145)

and
iGLR(t1,t2) = (Em(t1)én(t2)) - (4.146)

We will conclude our review of the in-in formalism with a discussion of the generating functional.!”
Differently from the in-out formalism first introduced in Eqn. (4.2), we now have with boundaries at
the initial time and interaction at some return time ¢. Hence, we can write the generating functional
for the in-in formalism as

Z[Jr i) = [ Do linlo,t), (6,thin),, (4.147)

7See for further discussion e.g. [101].
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where the integral of the internal part is the identity operator. This is essentially the path integral given
in Eqn. (4.130) where we now have two source terms J R and JL representing the independent ‘right’
and ‘left’ external sources with which the transition amplitudes given in Eqn. (4.147) are calculated.

4.3.3 Non-equilibrium (quantum) field theories

Throughout this work we have discussed the non-equilibrium scenario as the natural environment to
study quenched disorder. We will now take a look into state-of-the-art quantum non-equilibrium field
theories, see e.g. [62]. Here, we intend to point the reader towards future work in this area in relation to
what has been discussed in this paper. We first review the generating functional and the path integral
in non-equilibrium field theories.

The generating functional

We begin by noting that all aspects of the in-in formalism introduced so far applies directly to non-
equilibrium field theories and have central role.!® Much like in cosmology, for non-ergodic systems,
the only boundary conditions that is known about the system and can be applied are at the initial
time. Naturally in the non-equilibrium field theories, one also uses the closed time path integral given
in Figure 4.3. The generating functional for correlation functions in non-equilibrium theory is given as

Z[Jr rs Bs po] = Tr{pg Te exp{ i(8[¢]+fd4x Jr(x)pr(x) - f d*z Jp(z)¢r(x)
(4.148)

+ % fd% d4y¢(x)R(x,y)¢(y))}} ,

where in order to make the inversely directed fields apparent we have written the external source
terms in a compact notation. The only difference this time is the third term in the exponential,
which is R(z,y).' We will study this term shortly. First, lets further understand the formalism in
its correspondence to the in-in prescription. We begin by calculating connected two-point functions
which are essentially the G' propagators we calculated previously

6°Z[Jrr, R]

oL =G ) (@) (1.150
o )| =G o) (4151)
| =G )+ ). (1.152)
| =G +6(x)00). (1159

where we area taken the initial conditions to be Gaussian, i.e. Tr[pg] — 1. The expressions for G
propagators are same as introduced in the previous section.

181 non-equilibrium field theories of condensed matter physics, this formalism is called Schwinger-Keldysh.
90One may also find the term po unfamiliar. This term simply parametrises the initial conditions, namely it is

Trpo] = /Drj)LquR\I/S(qﬁL(—oo))\Ilo(qSR(—oo)) . (4.149)

For the rest of the paper we will assume the initial conditions are Gaussian Tr[po] — 1.



4.3. Towards a quantum theory of early Universe disorder 61

Effective action

We now review the effective action in non-equilibrium quantum field theory. We begin by defining
logarithm of the partition function W, i.e. the ‘free energy’ same as in Eqn. (4.3) with the partition
function Z[Jp, /Rs R] having different source terms. A Legendre transform with respect to these source
terms will contribute different correlation functions. More specifically, a Legendre transform with
respect to source term Jyr will give one particle irreducible effective action shown with I'[¢]. This
object is parametrised only by the one-point function ¢. A Legendre transform with respect the
bilinear source term R in Eqn. (4.148) leads to the two-particle irreducible (2PI) effective action
I'[¢, G] parametrised by the two-point function. These are

5W|:JL/R7R] .
T odu(z) (¢a()) (4.154)
and
W[J R, R] 1
W T 5 (¢a($)¢b(y) + Gab($, y)) . (4.155)

where for simplifying of the notation we omit writing the terms ‘L’ and ‘R’ for the one-point and
two-point functions. In the above equation and for the rest of this section, we will consider all one
point functions (e.g. ¢4) to carry either ‘R’ or ‘I’ depending on the source term as well as every two-
point function (e.g. Gyp) to carry two indices with either ‘R’ or ‘L’ each as shown in Equations (4.150)
0 (4.153). In order to get the standard 1PI effective action I'[¢] from Eqn. (4.154), one sets R = 0.
For a more general theory with non-zero R, one promotes the standard expressions to correspond for

the bilinear source term. This amounts to writing [43]

Go'(¢) > Go'(¢) —iR , (4.156)

where we have used matrix notation for the free propagator Go o and the source term Rg,. Much
like we have done before in the classical application of variational method, one approximates the 1PI
effective action with a saddle-point approximation to find

i _ .
0]y = 8"[¢] + 5 Trin[Go ' (9) - iR] (4.157)
where S®[4] is the modified classical action given as

S70):= 5101+ 5 [ Ranle,0)u()n() (1.159)

In what follows we will take a closer look into the 2PI effective action, also in relation to our previous
calculations. The 2PI effective action is a functional of the fields ¢, (2) and the propagator Gup(x,y)
as given in Eqn. (4.155). One calculates this by writing

[0, G = WlTm Bl - [ 6a(@) I @) =3 [ (0a(@)u(w) + Gunlw. ) Ra(ry) . (1159)

Note here the stationarity condition is given as

e, G] 1
m = 2Rab(x7y) ) (4.160)

which is the equation of motion for the propagator G4,. For the 1 loop expression of 2PI effective
action gives

I, Gl =T [¢]a) - —f[qﬁa(x)(bb(y) +Gap(z,y) | Rap(,y) - (4.161)
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Using this equation and also the stationarity condition in Eqn. (4.160) we arrive at the relation

5F[¢7 G](l) _

e [} 1
) 2 19)=—5 : 4162
6Gap(,y) QGab(x’y) + 2G0,ab($,y,¢) 2Rab(x,y) (4.162)

or equivalently
G =Gyl (¢) - iR . (4.163)

Now we write these relations back into the general equation in Eqn. (4.159) to find°

T[é,G] = S[6] + %Trln Gl %n« G5 (#)G + T[4, G g + const. (4.164)

where the second from last term represents the higher order loop expansions of the effective action.
Finally we will make an attempt to better understand the term I'[¢, G](Q). Applying a variational
approach to the expression in Eqn. (4.164) we rewrite the propagator as

G (2,y) = Gy (2,43 6) = iRap(2,y) — Sap(2,9; ¢, G) - (4.165)

where

5F2 [¢7 G]
5Gab(wa y)
The propagator ¥ is the proper self-energy which satisfy the relation first given in Eqn. (3.40) where

we have promoted the free propagator to Gy' — Gy —iR. Next, we will conclude this section with a
discussion on these relations.

Eab(l‘a Y; ¢7 G) =21 (4166)

Discussion

By considering the effective action formalism in quantum field theory in Section §4.3.3, we have written
the expression for the proper self energy, ¥,;,, which is a functional of the coordinates as well as the
fields. The general equation in Eqn. (4.164) is calculated following the same prescription as we had in
our classical calculations, i.e. the saddle-point approximation for the effective action and stationary
condition with respect to the full propagator of the system. In fact perhaps it is reasonable to consider
the replica approach with variational method studied in Section §4.2 as a simpler classical analogue
of the formalism introduced in this section. In Section §4.2 we begin with a single field action with
a stochastic mass-like term. We achieved the bilinear representation of field couplings by replicating
the system to N-realisations and we formulated an action for all N-realisations. At this point the
N component action is completely analogous to a multi-field action representation with arbitrary
couplings between fields as we have discussed in §4.2.5. The classical variational method introduced in
Section §4.2.3 allowed us to parametrise the contribution from the field couplings which corresponds to
the non-diagonal part of the replica ‘structure’ o,p. As discussed before, o4, mimicks the self-energy X.
Of course the action in Eqn. (4.164) does not reflect N realisations. In order to incorporate the ‘replica’
fields into this action, one only needs to add an additional index that runs through all replicas. This is
not uncommon in contemporary disordered condensed matter physics non-equilibrium quantum field
theory studies (see e.g. [102]) and allows for a rich set of possibilities where one can map the N-replica
system into some other formalism and calculate the effects from replica field couplings before taking
N — 0 or 1 depending on the details of the problem. Finally, considering the formalisms introduced
throughout this paper, we arrive at the understanding that a natural quantum treatment of quenched
disorder in early Universe cosmology may be through studying non-equilibrium variational effective
action in the in-in (or Schwinger-Keldysh) formalism.

203ee also for review e.g. [43].



Chapter 5

Conclusion

Perhaps one of the more notable discoveries in theoretical physics within the last decades has been the
significance of the dualities between formalisms. From a phenomenological perspective, a duality could
correspond to mapping a dynamic system, which may be well understood in one branch of physics,
onto another. In this work, we tried to take a step in this direction and study the condensed matter
phenomena in early Universe cosmology. We have mainly focused on the mechanism of disorder as
studied in condensed matter physics. Studying the quenched character of this effect lead us to consider
alternative methods than what is currently available to early Universe cosmology. In the last chapter,
we made attempts towards establishing formalisms for calculating the effects of such phenomena. We
will now summarise our ideas.

In Chapter §3 we introduced various analogies between condensed matter physics and early Universe
cosmology. There, we had two main arguments. First, we considered inflation as a condensed matter
phenomena and made analogies between the propagation of a particle in an environment, such as in a
condensed matter system, and the propagation of the inflaton through it’s potential. In this discussion,
we focused mainly on effective field theory (EFT) of inflation which has additional properties that
further helped with our analogy. These properties include the decoupling from gravity and exact
correspondence of inflaton fluctuations with curvature perturbations at the horizon crossing. Here,
we make the observation that the EFT of inflation is indeed a suitable formalism for establishing
links with condensed matter phenomena. This has significance for the discussion in this paper and
also for the future study we suggest in this area. Our second main argument in Chapter §3 was to
introduce the phenomenological correspondence between the early Universe and the condensed matter
systems in extreme conditions. We collected these under the definition of ‘non-equilibrium’ systems.
There, we reviewed thermalisation, prethermalisation and related phenomena in relation to inflation
and post-inflationary dynamics.

From a more technical point of view, our main focus in Chapter §3 and the following chapter is disorder.
We started discussing disorder as it was discovered in mid-late 20th century. This also allowed us to
introduce the elementary notions of complexity and emergence. These have significance in our study and
constitute to our main motivation in our consideration of disorder. Especially, we studied the quenched
disorder as the facilitator of many emergent phenomena including localisation and percolation which
we discussed in Chapter §3. Next in the same chapter, we reviewed some of the contemporary efforts in
the modern condensed matter research. These consisted mainly of studying non-equilibrium systems’
dynamics which we also related to quenched disorder. One particular phenomena we mentioned was
the emergence of slow dynamics. Particularly from a phenomenological perspective, it is suggestive
that the emergence of slow dynamics may have a wide application in early Universe cosmology. With
this, and also other reasons established in this chapter, we understand that a better understanding of
disorder is important in considering some of the interesting phenomena in the early Universe. Finally
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in this chapter, we introduced a replica field theory formalism for calculating correlation functions in
disordered systems.

At the end of Chapter §3, we proceeded to suggest that the cosmology lacks an adequate formalism to
study quenched disorder during inflation. Hence in Chapter §4, we suggested ‘replica field theory’ as a
formalism to study classical disorder effects in super-horizon scales. This formalism allows us to probe
the minimum free energy landscape and estimate the self-energy in a classical field theory. We applied
this to inflation and calculated corrections to power spectrum. While at the first order these corrections
are irrelevant, it might be interesting to see if this formalism allows us to have physical signatures that
can be observable. We leave this analysis for future work. Next in Chapter §4, we made an attempt
to discuss the quantum field theory of disorder in the early Universe. There, we made two important
observations. First, we suggested the possibility of adding perturbative disorder to inflationary models.
We followed a previous attempt in developing a formalism for perturbative disorder in effective field
theories of inflation. Considering disorder as a perturbative effect on various inflationary models is
possibly an interesting approach and may turn out to be fruitful given the wide range phenomena
related to disorder. Trapped inflation is perhaps a good place to start considering such effects. We
also leave this to future work. Our second observation considers specifically the quenched disorder.
Following our discussion in Chapter §4 on the fact that the quenched disorder necessarily demands
a non-perturbative treatment, we made an attempt to consider a quantum field theory of disorder
in the early Universe which goes beyond the perturbative treatment. There, we simply pointed out
the correspondence of non-equilibrium quantum field theories and cosmological in-in path integral.
We finally arrived to the conclusion that if we are to consider studying disorder in microscopic early
Universe, non-equilibrium quantum field theories may provide the correct theoretical framework.

Throughout this paper we tried to take steps towards studying disorder in cosmology, as it is defied
in condensed matter theories. Although our work was on mainly considering formalisms, we have seen
that early Universe cosmology and specifically inflation, indeed made it possible for us to introduce
and calculate for the mechanism of disorder. Considering the classical methods studied in this work, it
would be interesting to see whether if we can improve the variational approach in estimating the free
energy in a given scenario. Considering quantum physics, it should be possible to extend the existing
models of inflation by simply introducing disorder to models’ parameters and calculate the corrections
from this effect. Finally for a complete study of disorder in the early Universe, we must work towards
extending the non-equilibrium field theories to realise the dynamics of inflation in de Sitter space. We
have seen in the replica applications of these theories that inflationary scenario can be studied with
similar condensed matter tools. It would be interesting to see to what extend this correspondence
between disorder in condensed matter formalisms and early Universe physics can be established.



Bibliography

1]

2]

13l

4]
[5]
[6]
17l

8]

19]

[10]

[11]

[12]
[13]

[14]

[15]

[16]

Planck Collaboration. Planck 2015 Results. XIII. Cosmological Parameters. arXiv preprint, 2015.
[arXiv:1502.01589].

Jennie H Traschen and Robert H Brandenberger. Particle production during out-of-equilibrium
phase transitions. Physical Review D, 42(8):2491, 1990. [PhysRevD.42.2491].

Lev Kofman, Andrei Linde, and Alexei A Starobinsky. Reheating after inflation. Physical Review
Letters, 73(24):3195, 1994. |hep-th/9405187].

Viatcheslav Mukhanov. Physical foundations of cosmology. Cambridge university press, 2005.
Scott Dodelson. Modern cosmology. Academic press, 2003.
Daniel Baumann. Tasi lectures on inflation. arXiv preprint, 2009. [arXiv:0907.5424].

Richard Arnowitt, Stanley Deser, and Charles W Misner. Canonical variables for general rela-
tivity. Physical Review, 117(6):1595, 1960. [PhysRev.117.1595].

Richard Arnowitt, Stanley Deser, and Charles W Misner. Republication of: The dynamics of
general relativity. General Relativity and Gravitation, 40(9):1997-2027, 2008. [Springer].

Clifford Cheung, A Liam Fitzpatrick, Jared Kaplan, Leonardo Senatore, and Paolo Creminelli.
The effective field theory of inflation. Journal of High Energy Physics, 2008(03):014, 2008.
[arXiv:0709.0293|.

Paolo Creminelli, Markus A Luty, Alberto Nicolis, and Leonardo Senatore. Starting the universe:
stable violation of the null energy condition and non-standard cosmologies. Journal of High
Energy Physics, 2006(12):080, 2006. [IOP Science].

Leonardo Senatore and Matias Zaldarriaga. The effective field theory of multifield inflation.
Journal of High Energy Physics, 2012(4):1-62, 2012. [arXiv:1009.2093].

Steven Weinberg. The quantum theory of fields, volume 2. Cambridge university press, 1996.

Cliff Peter Burgess. Goldstone and pseudo-goldstone bosons in nuclear, particle and condensed-
matter physics. Physics Reports, 330(4):193-261, 2000. [arXiv:9808176].

Eiichiro Komatsu. Hunting for primordial non-gaussianity in the cosmic microwave background.
Classical and Quantum Gravity, 27(12):124010, 2010. [arXiv:1003.6097].

Eiichiro Komatsu, David N Spergel, and Benjamin D Wandelt. Measuring primordial non-
gaussianity in the cosmic microwave background. The Astrophysical Journal, 634(1):14, 2005.
lastro-ph/0305189.

Nicola Bartolo, Eiichiro Komatsu, Sabino Matarrese, and Antonio Riotto. Non-gaussianity from
inflation: theory and observations. Physics Reports, 402(3):103-266, 2004. [astro-ph/0406398].

65


http://arxiv.org/pdf/1502.01589v2.pdf
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.42.2491
https://arxiv.org/pdf/hep-th/9405187v2.pdf
https://arxiv.org/pdf/0907.5424v2.pdf
http://journals.aps.org/pr/abstract/10.1103/PhysRev.117.1595
http://link.springer.com/article/10.1007%2Fs10714-008-0661-1
http://arxiv.org/pdf/0709.0293.pdf
http://arxiv.org/pdf/hep-th/0606090.pdf
https://arxiv.org/pdf/1009.2093v2.pdf
https://arxiv.org/pdf/hep-th/9808176v3.pdf
http://arxiv.org/pdf/1003.6097v2.pdf
http://arxiv.org/pdf/astro-ph/0305189v2.pdf
http://arxiv.org/pdf/astro-ph/0406398v2.pdf

BIBLIOGRAPHY 66

[17]

[18]

[19]

[20]

[21]

[22]

23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Julian Schwinger. On the bound states of a given potential. Proceedings of the National Academy
of Sciences, 47(1):122-129, 1961. |[NAS|.

Leonid V Keldysh. Diagram technique for nonequilibrium processes. Sov. Phys. JETP,
20(4):1018-1026, 1965. [inSPIRE].

Juan Maldacena. Non-gaussian features of primordial fluctuations in single field inflationary
models. Journal of High Energy Physics, 2003(05):013, 2003. [IOP Science].

Steven Weinberg. Quantum contributions to cosmological correlations. Physical Review D,
72(4):043514, 2005. [hep-th/0506236].

Philip W Anderson. Absence of diffusion in certain random lattices. Physical review, 109(5):1492,
1958. [APS].

Edward Witten. Emergent phenomena in condensed matter and particle. Sidney Colemann
Conference, 2005.

Abrahams, Elihu and Anderson, PW and Licciardello, DC and Ramakrishnan, TV. Scaling
theory of localization: Absence of quantum diffusion in two dimensions. Physical Review Letters,

42(10):673, 1979. [APS].
Philip W Anderson. More is different. Science, 177(4047):393-396, 1972. [World Scientific|.

John Cardy. Scaling and renormalization in statistical physics, volume 5. Cambridge university
press, 1996.

Jiirgen Berges, Nikolaos Tetradis, and Christof Wetterich. Non-perturbative renormalization
flow in quantum field theory and statistical physics. Physics Reports, 363(4):223-386, 2002.
[hep-ph,/0005122].

Esteban A Calzetta and Bei-Lok Hu. Nonequilibrium quantum field theory, volume 10. Cambridge
University Press Cambridge UK, 2008. [Cambridge University Press|.

PW Anderson, R Balian, R Maynard, and G Toulouse. Ill-condensed matter. Les Houches
Session XXXI, page 161, 1979.

D Belitz and TR Kirkpatrick. The Anderson-Mott transition. Reviews of modern physics,
66(2):261, 1994. [APS:66.261].

Patrick A Lee and TV Ramakrishnan. Disordered electronic systems. Reviews of Modern Physics,
57(2):287, 1985. [APS:57.287].

Scott Kirkpatrick. Percolation and conduction. Reviews of modern physics, 45(4):574, 1973.
[APS:45.574].

David Sherrington and Scott Kirkpatrick. Solvable model of a spin-glass. Physical review letters,
35(26):1792, 1975. |PhysRevLett.35.1792].

David R Nelson. Defects and geometry in condensed matter physics. Cambridge University Press,
2002.

A Brooks Harris. Effect of random defects on the critical behaviour of Ising models. Journal of
Physics C: Solid State Physics, 7(9):1671, 1974. [IOP Science].

Pierre C Hohenberg and Bertrand I Halperin. Theory of dynamic critical phenomena. Reviews
of Modern Physics, 49(3):435, 1977. [RevModPhys.49.435].


http://www.pnas.org/content/47/1/122.short
http://inspirehep.net/record/3567?ln=en
http://iopscience.iop.org/article/10.1088/1126-6708/2003/05/013/meta
https://arxiv.org/pdf/hep-th/0506236v1.pdf
http://140.120.11.121/~lcli/file/periodical/contact/Ambref/ref13.pdf
http://users.ictp.it/~mkiselev/Problems/Club/abra1.pdf
https://www.tkm.kit.edu/downloads/TKM1_2011_more_is_different_PWA.pdf
https://arxiv.org/pdf/hep-ph/0005122v1.pdf
http://www.langtoninfo.com/web_content/9780521641685_frontmatter.pdf
http://journals.aps.org/rmp/pdf/10.1103/RevModPhys.66.261
http://journals.aps.org/rmp/pdf/10.1103/RevModPhys.57.287
http://journals.aps.org/rmp/pdf/10.1103/RevModPhys.45.574
http://people.physics.anu.edu.au/~tas110/Teaching/Lectures/L1/Material/Sherrington75.pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.701.2947&rep=rep1&type=pdf
http://journals.aps.org/rmp/pdf/10.1103/RevModPhys.49.435

BIBLIOGRAPHY 67

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

48]

[49]

[50]

[51]

[52]

[53]

David J Thouless. Electrons in disordered systems and the theory of localization. Physics Reports,
13(3):93-142, 1974. |Elsevier].

Alexei A Starobinsky. Stochastic de sitter (inflationary) stage in the early universe. In Flield
theory, quantum gravity and strings, pages 107-126. Springer, 1988. [Springer|.

S Groot Nibbelink and BJW Van Tent. Scalar perturbations during multiple-field slow-roll
inflation. Classical and Quantum Gravity, 19(4):613, 2002. |[hep-ph/0011325].

S-H Henry Tye, Jiajun Xu, and Yang Zhang. Multi-field inflation with a random potential.
Journal of Cosmology and Astroparticle Physics, 2009(04):018, 2009. [arXiv:0812.1944].

Amir Aazami and Richard Easther. Cosmology from random multifield potentials. Journal of
Cosmology and Astroparticle Physics, 2006(03):013, 2006. [hep-th/0512050].

Simon R Broadbent and John M Hammersley. Percolation processes. In Mathematical Proceedings
of the Cambridge Philosophical Society, volume 53, pages 629-641. Cambridge Univ Press, 1957.
[Cambridge Univ. Press].

Nevill F Mott and WD Twose. The theory of impurity conduction. Advances in Physics,
10(38):107-163, 1961.

Jurgen Berges. Introduction to nonequilibrium quantum field theory. arXiv preprint hep-
ph/0409233, 2004. [hep-ph/0409233].

Marcos Rigol, Vanja Dunjko, and Maxim Olshanii. Thermalization and its mechanism for generic
isolated quantum systems. Nature, 452(7189):854-858, 2008. |[nature06838|.

Rahul Nandkishore and David A Huse. Many body localization and thermalization in quantum
statistical mechanics. arXiv preprint, 2014. |arXiv:1404.0686].

Jirgen Berges, Sz Borsanyi, and Christof Wetterich. Prethermalization. Physical review letters,
93(14):142002, 2004. [hep-ph/0403234].

Michael Gring, Maximilian Kuhnert, Tim Langen, Takuya Kitagawa, Bernhard Rauer, Matthias
Schreitl, Igor Mazets, D Adu Smith, Eugene Demler, and Jérg Schmiedmayer. Relaxation
and prethermalization in an isolated quantum system. Science, 337(6100):1318-1322, 2012.
[arXiv:1112.0013].

Arijeet Pal and David A Huse. Many-body localization phase transition. Physical review b,
82(17):174411, 2010. |arXiv:1010.1992].

Andrea De Luca and Antonello Scardicchio. Ergodicity breaking in a model showing many-body
localization. EPL (Europhysics Letters), 101(3):37003, 2013. |arXiv:1206.2342.

Mauro Schiulaz and M Miiller. Ideal quantum glass transitions: many-body localization without
quenched disorder. arXiv preprint arXiv:1309.1082, 2013. [arXiv:1309.1082].

Ferdinand Evers and Alexander D Mirlin. Anderson transitions. Reviews of Modern Physics,
80(4):1355, 2008. [arXiv:0707.4378|.

Jens H Bardarson, Frank Pollmann, and Joel E Moore. Unbounded growth of entanglement in
models of many-body localization. Physical review letters, 109(1):017202, 2012. [arXiv:1202.5532].

J Eisert, M Friesdorf, and Christian Gogolin. Quantum many-body systems out of equilibrium.
Nature Physics, 11(2):124-130, 2015. [arXiv:1408.5148].


http://www.sciencedirect.com/science/article/pii/0370157374900295
https://www.researchgate.net/profile/Alexei_Starobinsky/publication/227320641_Stochastic_de_sitter_(inflationary)_stage_in_the_early_universe/links/543689dc0cf2dc341db35955.pdf
https://arxiv.org/pdf/hep-ph/0011325v2.pdf
http://arxiv.org/pdf/0812.1944v3.pdf
https://arxiv.org/pdf/hep-th/0512050v2.pdf
https://1988c0fbd715ddc21e4eab393a153f2278df184c.googledrive.com/host/0B8_joYJa2eNzfkNIQ2ZiY1hxS0FlMTI4ZC1IYnRUZ0ttd0NrQlYxcEdMZnFSMnpYZ3ltbUE/v53/3/S0305004100032680.pdf
https://arxiv.org/pdf/hep-ph/0409233v1.pdf
http://www.nature.com/nature/journal/v452/n7189/full/nature06838.html
http://arxiv.org/pdf/1404.0686v2.pdf
http://arxiv.org/pdf/hep-ph/0403234.pdf
http://arxiv.org/pdf/1112.0013.pdf
http://arxiv.org/abs/1010.1992
http://arxiv.org/pdf/1206.2342v3.pdf
http://arxiv.org/pdf/1309.1082.pdf
http://arxiv.org/pdf/0707.4378.pdf
http://arxiv.org/pdf/1202.5532.pdf
https://arxiv.org/pdf/1408.5148v2.pdf

BIBLIOGRAPHY 68

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

N Nessi, A Tucci, and MA Cagzalilla. Quantum quench and prethermalization dynamics in a
two-dimensional fermi gas with long-range interactions. Physical review letters, 113(21):210402,
2014. [PhysRevLett.113.210402].

Ryan Barnett, Anatoli Polkovnikov, and Mukund Vengalattore. Prethermalization in quenched
spinor condensates. Physical Review A, 84(2):023606, 2011. [arXiv:1009.1646].

Patrick B Greene, Lev Kofman, Andrei Linde, and Alexei A Starobinsky. Structure of resonance
in preheating after inflation. Physical Review D, 56(10):6175, 1997. [hep-ph/9705347].

Aditi Mitra. Correlation functions in the prethermalized regime after a quantum quench of a
spin chain. Physical Review B, 87(20):205109, 2013. [arXiv:1302.2953].

IV Gornyi, AD Mirlin, and DG Polyakov. Interacting electrons in disordered wires: Anderson lo-
calization and low-t transport. Physical review letters, 95(20):206603, 2005. [cond-mat/0506411].

Thomas Vojta. Quantum griffiths effects and smeared phase transitions in metals: Theory and
experiment. Journal of Low Temperature Physics, 161(1-2):299-323, 2010. [arXiv:1005.2707].

Mustafa A Amin and Daniel Baumann. From wires to cosmology. arXw preprint
arXiw:1512.02637, 2015. [arXiv:1512.02637].

Lev Kofman, Andrei Linde, Xiao Liu, Alexander Maloney, Liam McAllister, and Eva Silverstein.
Beauty is attractive: Moduli trapping at enhanced symmetry points. Journal of High Energy
Physics, 2004(05):030, 2004. |hep-th/0403001].

Jiirgen Berges. Nonequilibrium quantum fields: from cold atoms to cosmology. arXiv preprint,
2015. [arXiv:1503.02907].

Daniel Baumann. The effective theory of single-field inflation. Department of Applied Mathe-
matics and Theoretical Physics, 2012. [lecture notes].

Michael Peskin and Dan Schroeder. An introduction to quantum field theory. 1995.

Jonathan Frazer and Andrew R Liddle. Multi-field inflation with random potentials: field di-
mension, feature scale and non-gaussianity. Journal of Cosmology and Astroparticle Physics,
2012(02):039, 2012. [arXiv:1111.6646].

Shamit Kachru, Renata Kallosh, Andrei Linde, and Sandip P Trivedi. De sitter vacua in string
theory. Physical Review D, 68(4):046005, 2003. [hep-th/0301240].

S-H Henry Tye. A new view of the cosmic landscape. arXiv preprint hep-th/0611148, 2006.
[hep-th/0611148].

Jonathan Frazer and Andrew R Liddle. Exploring a string-like landscape. Journal of Cosmology
and Astroparticle Physics, 2011(02):026, 2011. [PhysRevB.16.1217|.

Daniel Green, Bart Horn, Leonardo Senatore, and Eva Silverstein. Trapped inflation. Physical
Review D, 80(6):063533, 2009. [arXiv:0902.1006].

AD Dolgov and DP Kirilova. Production of particles by a variable scalar field. Soviet Journal of
Nuclear Physics-USSR, 51(1):172-177, 1990. [inSPIRE].

Lev Kofman, Andrei Linde, and Alexei A Starobinsky. Towards the theory of reheating after
inflation. Physical Review D, 56(6):3258, 1997. [hep-ph/9704452].

Konstantin Efetov. Supersymmetry in disorder and chaos. Cambridge University Press, 1999.
[lecture notes].


http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.210402
http://arxiv.org/pdf/1009.1646v4.pdf
https://arxiv.org/pdf/hep-ph/9705347v1.pdf
http://arxiv.org/pdf/1302.2953v2.pdf
http://arxiv.org/pdf/cond-mat/0506411.pdf
http://arxiv.org/pdf/1005.2707v3.pdf
http://arxiv.org/pdf/1512.02637v3.pdf
https://arxiv.org/pdf/hep-th/0403001v2.pdf
http://arxiv.org/pdf/1503.02907v1.pdf
http://www.damtp.cam.ac.uk/user/db275/TEACHING/INFLATION/EFT-of-Inflation.pdf
http://arxiv.org/pdf/1111.6646.pdf
http://arxiv.org/pdf/hep-th/0301240v2.pdf
http://arxiv.org/pdf/hep-th/0611148v3.pdf
http://journals.aps.org/prb/abstract/10.1103/PhysRevB.16.1217
http://arxiv.org/pdf/0902.1006v2.pdf
https://inis.iaea.org/search/search.aspx?orig_q=RN:22045258
https://arxiv.org/pdf/hep-ph/9704452v2.pdf
http://ipht.cea.fr/Docspht/articles/t12/020/public/2012_Efetov_lecture1+2_by_Ribault.pdf

BIBLIOGRAPHY 69

(73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[36]

[87]

[33]

[89]

90]

KB Efetov. Supersymmetry and theory of disordered metals. Advances in Physics, 32(1):53-127,
1983. [Advances in Physics|.

Thomas Guhr, Axel Miiller-Groeling, and Hans A Weidenmiiller. Random-matrix theories
in quantum physics: common concepts. Physics Reports, 299(4):189-425, 1998. [cond-
mat/9707301].

Samuel Frederick Edwards and Phil W Anderson. Theory of spin glasses. Journal of Physics F:
Metal Physics, 5(5):965, 1975. [IOP Science|.

JJM Verbaarschot and MR Zirnbauer. Critique of the replica trick. Journal of Physics A:
Mathematical and General, 18(7):1093, 1985. [IOP Science].

Martin R Zirnbauer. Another critique of the replica trick. arXiv preprint, 1999. [cond-
mat /9903338].

Frederik Denef. Tasi lectures on complex structures. String Theory and Its Applications (Tasi
2010): From Mev to the Planck Scale-Proceedings of the 2010 Theoretical Advanced Study Insti-
tute in Elementary Particle Physics, page 407, 2011. [arXiv:1104.0254].

Marc Mézard and Giorgio Parisi. Replica field theory for random manifolds. Journal de Physique
I, 1(6):809-836, 1991. |jpa-00246372].

Richard Phillips Feynman. Slow electrons in a polar crystal. Physical Review, 97(3):660, 1955.
[PhysRev.97.660].

Florian Kiihnel and Dominik J Schwarz. Stochastic inflation and replica field theory. Physical
Review D, 79(4):044009, 2009. [arXiv:0810.5686].

Florian Kiihnel and Dominik J Schwarz. Large-scale suppression from stochastic inflation. Phys-
ical review letters, 105(21):211302, 2010. [arXiv:1003.3014].

Florian Kiihnel and Dominik J Schwarz. Stochastic inflation and dimensional reduction. Physical
Review D, 78(10):103501, 2008. [PhysRevD.78.103501].

David Seery and James E Lidsey. Primordial non-gaussianities from multiple-field inflation.
Journal of Cosmology and Astroparticle Physics, 2005(09):011, 2005. |astro-ph/0506056].

Thorsten Battefeld and Richard Easther. Non-gaussianities in multi-field inflation. Journal of
Cosmology and Astroparticle Physics, 2007(03):020, 2007. |astro-ph/0610296].

David Langlois and Sébastien Renaux-Petel. Perturbations in generalized multi-field inflation.
Journal of Cosmology and Astroparticle Physics, 2008(04):017, 2008. [astro-ph/0610296].

Misao Sasaki and Ewan D Stewart. A general analytic formula for the spectral index of the
density perturbations produced during inflation. Progress of Theoretical Physics, 95(1):71-78,
1996. [oxfordjournals].

Andreas Ringwald and Christof Wetterich. Average action for the n-component ¢ 4 theory.
Nuclear Physics B, 334(2):506-526, 1990. |cond-mat/9803240].

Christof Wetterich. Average action and the renormalization group equations. Nuclear Physics
B, 352(3):529-584, 1991. |Elsevier].

Nikolaos Tetradis and Christof Wetterich. Critical exponents from the effective average action.
Nuclear Physics B, 422(3):541-592, 1994. |[hep-ph/9308214].


http://www.tandfonline.com/doi/pdf/10.1080/00018738300101531
http://arxiv.org/pdf/cond-mat/9707301.pdf
http://arxiv.org/pdf/cond-mat/9707301.pdf
http://iopscience.iop.org/article/10.1088/0305-4608/5/5/017/meta
http://iopscience.iop.org/article/10.1088/0305-4470/18/7/018/meta
http://arxiv.org/pdf/cond-mat/9903338v1.pdf
http://arxiv.org/pdf/cond-mat/9903338v1.pdf
https://arxiv.org/pdf/1104.0254v1.pdf
https://hal.archives-ouvertes.fr/file/index/docid/246372/filename/ajp-jp1v1p809.pdf
http://journals.aps.org/pr/pdf/10.1103/PhysRev.97.660
http://arxiv.org/pdf/0810.5686v1.pdf
http://arxiv.org/pdf/1003.3014v2.pdf
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.78.103501
http://arxiv.org/pdf/astro-ph/0506056v2.pdf
http://arxiv.org/pdf/astro-ph/0610296v3.pdf
http://arxiv.org/pdf/astro-ph/0610296v3.pdf
http://ptp.oxfordjournals.org/content/95/1/71.full.pdf
http://arxiv.org/pdf/cond-mat/9803240.pdf
http://www.sciencedirect.com/science/article/pii/055032139190099J
http://arxiv.org/pdf/hep-ph/9308214v1.pdf

BIBLIOGRAPHY 70

[91]

[92]

193]

[94]

[95]

[96]

97]

98]

[99]

[100]

[101]

[102]

Johan Ludwig William Valdemar Jensen. Sur les fonctions convexes et les inégalités entre les
valeurs moyennes. Acta Mathematica, 30(1):175-193, 1906.

JRL De Almeida and David J Thouless. Stability of the sherrington-kirkpatrick solution of a spin
glass model. Journal of Physics A: Mathematical and General, 11(5):983, 1978. [IOP Science].

Giorgio Parisi. Order parameter for spin-glasses. Physical Review Letters, 50(24):1946, 1983.
[PhysRevLett.50.1946].

Mehran Kardar, Giorgio Parisi, and Yi-Cheng Zhang. Dynamic scaling of growing interfaces.
Physical Review Letters, 56(9):889, 1986. [PhysRevLett.56.889).

David H Lyth and Yeinzon Rodriguez. Inflationary prediction for primordial non-gaussianity.
Physical Review Letters, 95(12):121302, 2005. [astro-ph/0504045].

CP Burgess, R Holman, G Tasinato, and M Williams. Eft beyond the horizon: stochastic
inflation and how primordial quantum fluctuations go classical. Journal of High Energy Physics,
2015(3):1-43, 2015. [arXiv:1408.5002].

Daniel Green. Disorder in the early universe. Journal of Cosmology and Astroparticle Physics,
2015(03):020, 2015. [IOP Science].

Siavosh R Behbahani, Anatoly Dymarsky, Mehrdad Mirbabayi, and Leonardo Senatore. (small)
resonant non-gaussianities: signatures of a discrete shift symmetry in the effective field theory
of inflation. Journal of Cosmology and Astroparticle Physics, 2012(12):036, 2012. [IOP Science.

Siavosh R Behbahani and Daniel Green. Collective symmetry breaking and resonant non-
gaussianity. Journal of Cosmology and Astroparticle Physics, 2012(11):056, 2012. [arXiv:
1207.2779|.

Raphael Flauger and Enrico Pajer. Resonant non-gaussianity. Journal of Cosmology and As-
troparticle Physics, 2011(01):017, 2011. [arXiv:1002.0833].

Ali Kaya. The functional measure for the in—in path integral. Classical and Quantum Gravity,
32(9):095008, 2015. [arXiv:1212.3066].

Mehrtash Babadi, Eugene Demler, and Michael Knap. Far-from-equilibrium field theory of
many-body quantum spin systems: Prethermalization and relaxation of spin spiral states in
three dimensions. Physical Review X, 5(4):041005, 2015. [PhysRevX.5.041005].


http://chimera.roma1.infn.it/ENZO/SISDIS/PAPERS/dat.pdf
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.50.1946
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.56.889
http://arxiv.org/pdf/astro-ph/0504045v4.pdf
http://arxiv.org/pdf/1408.5002v2.pdf
http://iopscience.iop.org/article/10.1088/1475-7516/2015/03/020/pdf
http://iopscience.iop.org/article/10.1088/1475-7516/2012/12/036/pdf
http://arxiv.org/pdf/1207.2779v2.pdf
http://arxiv.org/pdf/1207.2779v2.pdf
http://arxiv.org/pdf/1002.0833.pdf
http://arxiv.org/pdf/1212.3066v2.pdf
http://journals.aps.org/prx/pdf/10.1103/PhysRevX.5.041005

	Abstract
	List of Figures
	Introduction
	Cosmology
	 The Homogeneous Universe
	 FRW Spacetime
	Conformal time and horizon 
	 FRW Dynamics

	Shortcomings of the Standard Big Bang Theory
	Horizon Problem
	Flatness Problem

	 The Inflation Primer
	Inflation as a Solution
	Basic Dynamics
	Scalar field driving inflation
	Slow-roll inflation

	 Cosmological Perturbations 
	Linear perturbations
	Gauge invariance
	Basic statistics
	ADM action
	Comoving gauge

	 Effective field theory of inflation
	 Unitary gauge
	 The most general Lagrangian
	 Introducing the Goldstone boson
	 Decoupling Limit
	The R correspondance

	Observations of the Early Universe
	The cosmic microwave background
	Temperature Fluctuations and The Power Spectrum

	Non-gaussiantities
	Primordial bispectrum
	Shapes of bispectrum

	Cosmological quantum corrections
	In-In Formalism: Corrections from quantum effects


	Condensed Matter Phenomena & Disorder
	 Complexity and emergence
	 Condensed matter point of view and complexity
	Emergent phenomena
	 Coarse Graining and Renormalisation Group (RG)
	 Establish links with Cosmology

	Disoder or `Ill-Condensed Matter
	Quenched Disorder
	Percolation and localisation

	Topics in modern condensed matter
	Thermalisation
	Prethermalisation
	Localisation revisited
	Emergence of slow dynamics
	Non-equilibrium universality

	Analogies with inflation
	 Emergent slow dynamics on super-horizon scales
	EFT of inflation
	Random potential

	Tools for calculating effects of quenched disorder
	Replica trick
	 Replica approach
	 Variational method


	Applications and Formalisms
	The two-point correlation function with replicas
	Connected n-point correlation function
	Replica Trick
	Two-point correlation function
	Full Replica Propagator

	Super-horizon dynamics
	Physical description
	de-Sitter Space and a Toy Model
	Variational Method
	Variational "0359359 `"0359359 32768"4360360 "5365365  calculation
	Linear perturbation & dynamics
	 Variational "0359359 `"0359359 32768"4360360 QQ"5365365  corrections
	Disordered kinetic coupling
	No super-horizon treatment of EFT of Inflation?
	Discussion

	Towards a quantum theory of early Universe disorder 
	Perturbative treatment of disorder
	In-In formalism revisited
	Non-equilibrium (quantum) field theories


	Conclusion
	Bibliography

