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Abstract

Our current understanding of gravity is limited by the challenge of probing extremely high energy scales,
which are far beyond the reach of terrestrial experiments. Theoretical frameworks such as string theory and
loop quantum gravity remain largely untested, as building a particle collider capable of accessing these scales
would require structures on the order of the solar system. However, the early universe—particularly during
the inflationary epoch—naturally operated at such energy scales, offering a unique observational window into
high-energy physics.

Inflation is the highest-energy process known to have occurred in the history of the universe, making it a
compelling setting to investigate particle production, field interactions, and signatures of new physics. Crucially,
these phenomena can leave observable imprints in the cosmic microwave background (CMB), particularly in
the form of primordial correlation functions.

This thesis explores how particles produced during inflation—via gravitational effects or interactions—affect
cosmological observables such as the power spectrum, bispectrum, and trispectrum. We employ tools from quan-
tum field theory in curved spacetime, including Bogoliubov transformations to understand particle production
and the in-in formalism, to compute these correlation functions and interpret their physical implications. Special
attention is given to non-Gaussian features, which serve as powerful diagnostics of field content and interactions
during inflation.

By treating the early universe as a natural high-energy particle detector, we explore the connection between
the theoretical machinery of quantum field theory with the observational data encoded in the CMB. The
resulting framework enables us to test inflationary models and search for evidence of new physics beyond the
Standard Model—buried in the statistical patterns of the sky.
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Chapter 1

Introduction and Motivation

Who are we? Where did we come from? What’s the purpose of life? These timeless questions have haunted
ancient philosophers for centuries—usually while they stared into campfires or scribbled on scrolls with dramatic
sighs. While answers to some of these remain elusive, today we tackle a slightly more manageable one from the
cosmic mystery grab bag: Where did everything come from?

time

Inflation Reheating CMB LSS

Figure 1.1: Correlations in late-time cosmological observables—like LSS distribution or CMB
anisotropies—originate from primordial correlations on the reheating surface, which marks the end of infla-
tion and the start of the hot Big Bang. These correlations carry imprints of inflationary physics. Figure
adapted from [1].)

Cosmology is the branch of science that attempts to answer this question, among others. In this report,
our focus will remain on inflation and what it could teach us about our universe. The birth of the universe
and the subsequent evolution that led to the formation of large-scale structures is one of the most fundamental
and profound questions in cosmology. Our current understanding of Large Scale structure formation is based
on cosmological perturbation theory. It gives us a set of differential equation which govern the linear time
evolution of growth of structure. However, as for any system which is evolved by a set of differential equation
from the past to infinite future, one needs the set of initial conditions. The initial conditions set by quantum
fluctuations which took place during inflation and they obey gaussian probability distribution.

It is not the only problem that Inflation solves, but the motivation for considering inflation arises naturally
when we consider the framework that Hot Big Bang Cosmology provides. It had many problems, such as[2]

e Horizon Problem: Why does the Cosmic Microwave Background Radiation resemble the Black Body
radiation emitted by object at thermal equilibrium at T = 2.7K, if the distant patches in the sky were
not in causal contact. Which mechanism did the universe use to establish thermal equilibrium?
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Figure 1.2: Two views of the horizon problem. Left: Conformal diagram showing light from two regions of the
sky (separated by ~ 2°) reaching the observer today. Their past light cones hit the initial singularity before
intersecting, implying no causal contact. Right: Spatial slice at constant time illustrating the same: regions
lie outside each other’s particle horizons. Yet, they exhibit identical CMB temperatures.

e Flatness problem: How the universe could have such a precise density of matter and energy to be so close
to flat. It could be thought of as fine tuning problem in cosmology.

e Monopole problem: Exotic unification models like GUT predict the existence of magnetic monopole and
yet none has been observed so far.

These problems among others can be solved by assuming an exponentially expanding phase preceding the Hot
big bang model. Inflation makes it possible for the entire observable universe to have had been in causal contact
in the past so that thermal equilibrium could be established which is what the Horizon problem is all about.
The rapid expansion also flattens out any spatial curvature as well as dilutes the abundance of unwanted relic
such as magnetic monopole.

Another interesting idea of interest in cosmology is that of Gravitational Particle Production (GPP), which
suggests a possible mechanism for producing matter in the Early Universe. GPP is the creation of particles
from vacuum in the expanding universe (similar to how Black Holes radiate) entirely due to their gravitational
interaction. The idea is somewhat similar to production of electron and positron in the presence of strong
electric field[3] with gravitational field replaced by strong electric field.

The vacua of quantum fields in the early universe are among the most fascinating states to study, primarily
because the definition of the vacuum — understood as a state with no particles — evolves over time due
to gravitational dynamics. This idea is analogous to a forced harmonic oscillator in quantum mechanics. If
an impulse is applied to a harmonic oscillator in its ground state, it becomes excited to higher energy states,
exhibiting oscillatory behavior. In the context of inflationary cosmology, this implies that a state initially devoid
of particles becomes populated with them due to gravitational effects. When quantum fields are interpreted as
harmonic oscillators in momentum space, their behavior in curved spacetime resembles that of a forced harmonic
oscillator. This is the idea behind gravitational production of particles during inflation. In the adiabatic limit,
i.e. slowly expanding universe scenario, we observe no particle production[4].

One of the most beautiful consequences of considering Inflation is that it is one of the highest-energy
phenomena ever to take place in the universe. The highest energy scale that one can reach at the Large Hadron
Collider is in the few TeV range, whereas inflation took place at the energy scale of 104 GeV. Inflation not only
solves a few problems but also introduces many more. The most fundamental being the observational effects
that one can measure.

The scientific method demands that we experimentally recreate the phenomenon over and over again to
observe the same effect and ensure that the process being studied is not the result of statistical fluctuations.
However, the birth of the universe was a phenomenon that cannot be recreated in a lab. Therefore, it is natural
to ask how we can infer the high-energy processes or GPP that took place during inflation. Because, inflation
was very high energy phenomenon, which means that during this phase, particles lighter than inflationary
expansion scale could have been produced. However, since, we have no direct way of accessing the inflationary
era. How do we recognize the presence of these new particles during inflation from CMB? More importantly, why
isn’t the structures in the universe randomly distributed? One such resolution lies in studying the cosmological
correlation functions and use them to infer particle production signatures and other events which took place
during inflation from the CMB. Correlation functions in field theories are expectation values of field operator
between vacuum states.

(OOX) = (000X |0)
These correlations are like the fossil record of the universe which could help us understand the origin and
evolution of cosmological perturbation.
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Figure 1.3: From quantum seeds to cosmic structure: Primordial fluctuations, seeded by quantum fluctuations
during inflation, were amplified by gravity and shaped by plasma physics into the anisotropies seen in the CMB.
Over time, gravitational clustering transformed these fluctuations into the large-scale structure we observe
today, including galaxies and galaxy clusters.

It is clear that studying correlation functions and CMB holds the key to understanding much of the early
universe. We quickly motivate why one should consider studying this from the perspective of CMB Physics. The
farthest we can look back in time is the surface of last scattering, where the CMB was released. The CMB is not
isotropic but has small anisotropies which varies with position.
These anisotropies should not have existed if the early
universe had been in perfect thermal equilibrium; in- time
stead, they reflect initial quantum fluctuations in den-
sity, which were later amplified by gravitational in-
stability. These fluctuations correspond to variations
in matter density at the time when the first atoms
formed. Over time, collisionless dark matter began
to accumulate, creating gravitational potential wells
into which baryonic matter fell, eventually leading !
to the formation of large-scale structures. This sug- :
gests that a natural place to start investigating the E
origin of large-scale correlations is with the correla- ' v
tions sourced by quantum fluctuations during infla- : '
tion. These quantum fluctuation set the initial con- ])I]»{’f(‘fl‘llf{li‘{)l,
dition for each perturbation mode during radiation
dominated era whose evolution lead to the large scale Figure 1.4: A schematic diagram of how particle produc-
structure formation that we observe today. tion during inflation lead to the development of density

fluctuation in the early universe.

density

fluctuations

1.1 Goals and Structure of This
Thesis

In this work, we explore how the correlation functions generated during inflation can be used to study particle
production, field interactions, and possible signals of new physics. We begin by reviewing the statistical
framework of cosmological fluctuations and the in-in formalism for calculating correlation functions in time-
dependent spacetimes. We then study quantum field theory in curved backgrounds, focusing on the observer-
dependence of vacuum states and the mechanics of particle production.

Subsequent chapters investigate how these phenomena manifest in the CMB, with emphasis on non-Gaussian
features that encode rich information about the inflationary era. The tools developed here bridge the gap
between high-energy particle physics and observational cosmology, offering a way to test fundamental physics
through the lens of the sky.

Ultimately, this thesis aims to explore the growing body of work that treats the early universe as a cosmic
detector—an arena where the deepest laws of nature may have left behind observable signatures.



Chapter 2

Statistics of Fluctuations

Inflationary cosmology provides a natural mechanism
for the generation of primordial density perturbations
from quantum fluctuations of fields in a rapidly ex-
panding background. These fluctuations serve as the
initial seeds for the cosmic microwave background
(CMB) anisotropies and the large-scale structure we
observe today. A central aspect of modern cos-
mology is to understand the statistical properties of
these fluctuations and extract information about the
physics of the early universe from their imprints.

In the simplest models, these primordial fluctua-
tions are predicted to be nearly Gaussian and scale-
invariant. This prediction arises from the assump-
tion that quantum fields begin in the Bunch-Davies
vacuum—a vacuum state which coincides with the
Minkowski vacuum at short distances and smoothly
evolves with the background spacetime. Each Fourier
mode of the field behaves as an independent quantum
harmonic oscillator, and the ground state wavefunc-
tion for such a system is a Gaussian. Consequently,
the probability distribution for the primordial fluctu-
ations is also Gaussian to leading order.

In this chapter, we aim to understand where this
Gaussianity comes from. Specifically, we ask: What
is the probability distribution for a single perturbation

Figure 2.1: Visualization of a 2D Gaussian random field
representing fluctuations in an early-universe-like set-
ting. Each bump corresponds to a local deviation from
the average — a ”quantum wrinkle” in the primordial
fabric. While the bumps appear random, their underly-
ing pattern is governed by statistical correlations, which
we study through tools like the power spectrum and cor-
relation functions.

mode during inflation? To answer this, we work in the Schrodinger picture and treat each mode as a time-

dependent quantum harmonic oscillator.

p
H=—+V
o TV (2)

In Quantum Mechanics, we start with a wave function, which is defined as

P(z) = (2[y)
and, we have (setting i = 1)

with

The schrodinger equation (with flat metric) becomes:

Similarly, in quantum field theory, the Hamiltonian for a scalar field is given as:

1 1
H: —H2+ —W2¢2

2

2

We begin by considering the eigenstate of the quantum field operator. P:

O(t,z) |¢) = B(t,2)|9)

(2.1)



where ¢(t, ) is the spatial profile of the field at a given time ¢. We have
Ylo(t, z)] = (lv) with b(t,z) |¢) = o(t, ) |0)

and, R R
[@(z),11(y)] = id(z — y)

The schrodinger equation then becomes:[5]

i%l[}[(b(t,x)] = (—;(%2 - ;oﬂqﬁ) V[o(t, z)]

This looks like the Schroedinger equation for harmonic oscillator (with m = 1) and thus we know that the
wavefunction for ground state is gaussian i.e.

($|0) = Ce™ 8 4(t2)* g=iFon

As long as the primordial density fluctuation has linear dependence over the above quantum field, it should
obey a Gaussian distribution. There are other ways to detect whether the distribution is Gaussian or not.
By measuring odd-order moments of the distribution function. The bispectrum is the first non-zero moment
observed in non-Gaussian distribution, in the sense that if the bispectrum is non-zero, the distribution surely
is non-Gaussian. Note that the converse is not necessarily true. Hence, if we measure a non-zero bispectrum,
we can be sure that the distribution is non-Gaussian and there are some interaction or particle produc-
tion taking place. Measurements of higher-order correlation functions (or non-Gaussianity) are the analog of
measuring collisions in particle physics. This is what inspires the study of these non-Gaussianity in the CMB
correlation function, to be named “cosmological collider physics”[6].

We can see the same from path integral approach as well. The wavefunction at any given time (which we
can set to ¢, = 0 without loss of generality) can be formally computed by the path integral formalism:

Vg = /Dq) oiS1®]  iS[Pal]

with
®(0) =10 P(—c0t) =0

_ 1'27122
S[q>]/dt(2c1> 2w<I>),

where ® is the deviation from equilibrium and w is the constant frequency of the oscillator. On-shell, the action
can equivalently be written as a pure boundary term

Consider a scalar field, whose action is

t* 1 . 1 . 1
S[(I)cl] = /t dt |:2at(q)cl(bcl) - 5(1)(:1(@01 + WQ(PCI)] = 7q)clq)cl

’
t=t*

2

i

where we have integrated by parts and used the fact that the classical solution satisfies the equation of motion

by + w?dy = 0. To determine the classical solution ®(t) we have to specify two boundary conditions: We
require:

1. the late-time value of the oscillator position is ®¢(t. = 0) = ¢, and
2. the early-time limit is the minimum-energy solution ®.(t) ~ e™“*.

The unique solution satisfying these boundary conditions is ®.(t) = ¢e™*. Substituting this into above, we get
§=50 = ewls)=ew(-307) = W=t

We see the familiar fact that the ground state wavefunction of the simple harmonic oscillator is a Gaussian.
The width of this Gaussian determines the size of the zero-point fluctuations of the oscillator:

_ 1
2w’

(@*)
We conclude that in the absence of interaction, Inflation to a large extend predicts gaussianity. Therefore, any
deviation from gaussianity has the potential to teach us much more about the early universe and inflation that
we cannot ignore it. Therefore, it is important for us to understand how to calculate the bispectrum (three

point function), trispectrum (four point function), and other measures of non-gaussianity.



2.1 Cosmological Correlation Function

The main object for studying the statistics of fluctuation is the correlation function. Power spectrum, bis-
pectrum or trispectrum are some of the most used correlation function in the study of statistics of the early
universe quantum fluctuation. There are mainly three ways to evaluate the correlation function in quantum
field theory relevant for cosmological study. They are as follows:

e In-In Formalism

(O(t)) = (@ Te' i MmO 0 (pype i W) 1y
where T denotes anti time-ordering.
e Wavefunction Approach
e Bootstrap

However, we will limit ourselves to In-In formalism, but in the next chapter we will explore few aspects of
Bootstrap philosophy.

2.1.1 In-In Formalism

One of the starting assumption of S matrix formalism is the requirement of adiabatic switching[7]. We need
the interactions to be turned “on” and turned “off” adiabatically. When the interaction is turned "on” and
7off” adiabatically, the initial and final states are eigenstate of free Hamiltonian. If we now, consider a non-
equilibrium process such as inflationary cosmology, where the interaction never ceases and particles are still
evolving. The dynamical coupling due to gravity becomes important around the Hubble radius and thereafter,
such that there is no “out” state in this case. Thus, Out of equilibrium', we can neither apply the adiabatic
theorem nor specify the final asymptotically free state and thus the standard S-matrix formalism breaks down.
Even if, we could turn the interaction off in asymptotic future, if the |0)_ . and |0),, are not same upto a phase,
as is the case in Hawking radiation. The in-out formalism will not work in such case.

Therefore, we have to look for alternate formalism which can deal with this problem. In the presence of
non-equilibrium perturbation, the asymptotic initial and final states do not even belong to the same hilbert
space. The idea of in-in formalism is to avoid any reference of initial and final state. To avoid any reference to
the final state in the asymptotic future, the trick is to simply rewind the time evolution back to the asymptotic
past and hence the name, “in-in” formalism.

Let’s start with defining an equal time in-in correlator as the expectation value of some operator O with
respect to some state |2) in Heisenberg Picture:

(0) = Qo)

Since we assumed O(t) to be product of equal time operators acting at different point in space, it is important
to mention the consequence of such choice. Time ordering of O is therefore irrelevant. We will assume O(t) to
be Hermitian as well, therefore:

QLom* =o' Q) = (Q09) e R.
We will use the interaction picture for evaluating the correlation functions, therefore we will utilize the following
property|8]:
On(t) = Uf (£, 0)01 (U1 (t,0) and 19) 5 = Un(0,8)[20)

with the assumption that both pictures coincide at ¢ = 0. All that remains now is to define the |2). Since
we will only be interested in the case where |2) is the vacuum of interacting theory which in the far past
asymptotes the free theory vacuum |0), defined by ay |0) = 0 (but ag |©2) # 0).

lim |Q) = |0)

t——o0

We assume that, |Q2) minimizes both Hgy as well as Hiyg, therefore we can use following reasoning to define
the above.

efiHint(tfti)

Q> _ Z efiHim(tfti)

n

n) (n|Q2)

1by equilibrium we mean, the final state vector is not changing with time



= e~ Fo(t=t) |0) (0]Q) + Z e Enlt=t) |1n) (n|Q)
n#0

under t; — t;(1 — ie)

_ efiEo(tfti)eeEoti 0> <0|Q> + Z efiE"(tfti)eeEnti TL> <TL|Q>
n#0
In the limit t; — —oo, we have: ‘
. lim e~ Hm (=t 0) = |0)
i—>—0Q

Therefore we define:

Up(t, —o0) = Te~ I ootrio & Hin (@)

e o
U;r(tv _OO) =Te JL o (1piey Gt Hine ()
Here T is the time ordering operator and T is the anti-time ordering operator. Hence,

(O1) = (Q O(t) |2) = (0] U} (t, =) Or (t)U (¢, —00) [0)
= (0 Tel S soipio dt,Hint(t/)OI(t)Te_ifioo(l—ie) dt’ Hing (t") |0)
The above result is derived in Interaction Picture. If we can use the assumption of adiabatic switching, such

that _
10) gt = € [0}y,

out

then, both in-in formalism and in-out formalism coincide.

2.2 Feynman Rules

Rather than using the above mentioned general expression for calculating the correlation function. We will
often rely on the diagrammatic approach. The diagrammatic approach to computing in-in correlation functions
follows a set of rules that can be stated without explicit derivation. For an interaction Lagrangian of the form

\%4
»Cint = _ﬁq&nv
n.

the Feynman rules are summarized as follows:

1. Begin by drawing the final time surface at t = ¢,.

2. Include all relevant diagrams contributing to the desired process, allowing interaction vertices both above
and below the final time surface.

3. e Propagators corresponding to lines that intersect or terminate on the final time surface are Wightman
functions:

Wi(t. ') = fi(®) fi (1),
where the time argument ¢ corresponds to the uppermost vertex and ¢’ to the lowermost.

e Lines entirely below the final time surface are associated with the Feynman propagator:
Gr(k;t,t') = Wi(t,t)0(t —t') + Wi (', )0(t' —t).
e Lines entirely above the final time surface correspond to time-reversed Feynman propagators:

GF(k;t/at) = G;(kvtat/)

4. Assign a factor of —iV to each vertex below the final time surface and iV to each vertex above it. Here,
V' is determined by functional differentiation of the interaction Hamiltonian. Momentum conservation is
imposed at each vertex, along with an overall momentum-conserving delta function in Fourier space.

5. Integrate over the time coordinates of all vertex insertions using the measure dt = dta3(t). For diagrams
with internal loops, also integrate over the loop momenta.



6. Include any relevant symmetry factors, dividing the diagram by them where applicable. If diagrams are
related by reflection across the final time surface, consider only one representative and take 2 Re of the

final result.

These rules will be employed to compute the correlation functions in the context of our analysis.

anti
time
Zy x3 ordering
T ) T3 Xy
t
time
ordering
L2 Ty
L1 €3
1 T9 T3 T4
t
T2 Ty
z1
t T1 1) Ty X4

ZTo

Figure 2.2: We see how the feynman diagrams in the in-out formalism transform into in-out feynman diagram.
Note that in the first diagram z1 = (t1,21) and x2 = (t2, Z2) share a common vertex on both sides, in second
diagram, z; and x3 share the same vertex and in the last z; and x4 share the same vertex.



Chapter 3

Quantum Field Theory in curved
spacetime

In flat spacetime, quantum field theory provides a well-defined framework for particle physics, with a unique
vacuum and global Poincaré symmetry that guarantees energy conservation and a consistent particle interpre-
tation. However, in curved spacetime or non-inertial frames, these assumptions no longer hold. The very notion
of particles becomes observer-dependent, and the vacuum state is no longer unique. This breakdown lies at the
heart of phenomena such as Unruh and Hawking radiation, and plays a crucial role in the physics of the early
universe.

In this chapter, we develop the formal structure necessary to describe quantum fields in curved and acceler-
ating backgrounds. We begin by revisiting canonical quantization of the scalar field in general curved spacetime
and introduce the Klein-Gordon inner product to extract a consistent creation and annihilation operator al-
gebra. The ambiguity in the choice of mode functions leads naturally to Bogoliubov transformations, which
relate vacua associated with different observers.

To make this abstract discussion concrete, we study Rindler spacetime — the coordinate system appropriate
for uniformly accelerating observers — and derive the Unruh effect: the prediction that such observers detect
a thermal spectrum even in Minkowski vacuum[9]. The transformation between Minkowski and Rindler modes
is worked out explicitly using Bogoliubov coefficients, with a focus on preserving commutation relations. We
further explore Killing vector fields as generators of isometries, showing how they can be used to identify
conserved quantities and interpret positive-frequency solutions as particle states.

This chapter lays the groundwork for understanding gravitational particle production in an expanding
universe, which we explore in detail in the next chapter. By carefully analyzing observer-dependent vacuum
structure, we develop the mathematical and physical tools needed to describe particle creation purely due to
spacetime dynamics.

3.1 Bogoliubov Transformation

This part is crucial for understanding how particle production modifies the vacuum and which can then impact
the observable correlators like the bispectrum. We begin by defining the commutator between the annihilation
and creation operators in the context of canonical quantization and limit ourselves to the scalar field in this
chapter. Given the solutions f and g to the Klein-Gordon equation, the commutator is defined as:

[a(f),a%(9)] = (f,9),
where the norm (f, g) represents the inner product of the solutions f and g, and is given by:
(9) =i [ VIS @) - @0f)g)

This expression for the inner product arises from the structure of the Klein-Gordon equation, ensuring that the
commutator between the annihilation and creation operators is consistent with the quantization of the field. It
is important to note that this inner product is antisymmetric, meaning:

(9, 1) ==}, 9)-

We can also verify this symmetry explicitly as follows:

(6 1) =i / /TR {9(0cf") — (Beg) °)



= _<f7 g>

Next, we define the field ¢(¢, ) as a sum over the creation and annihilation operators:

o(t,x) = Z (akuk + a;rcu,*;) .

k

Using this definition, we can express the annihilation operator ag as the inner product of the field ¢(¢, z) with
the mode function wug:

ag = (ug, ¢(t, x)).

In curved spacetime or non-inertial coordinates, different observers will disagree on what constitutes a
vacuum or particle. This disagreement is encoded mathematically through Bogoliubov transformations, which
relate two distinct sets of mode functions. Crucially, if the vacuum defined by one observer appears as a squeezed
state to another, this results in a non-zero particle number expectation — a key signature of gravitational
particle production.

Much like in classical physics, we studied that canonical transformations preserve the structure of Poisson
Brackets, i.e.:

{P, Qe ={P",Q} e

A similar concept also exists in quantum field theory for creation and annihilation operators. We start with
the condition that:
[a7 aT] = [b7 bT]

and the transformation relation which satisfies it

b=rcia+ CQ(ZT

bt = dia+ doal
since we know that:

bl = (cra + cpal)t
= c’{aT + cla
= dy = C§
dg = CT
now
[b,bT)+ = [c1a + e2al, al + cha)+
= cf[cia + coa’,al]L + c3lera + caal, a)x
0 0
= cila, a']s + cjealala T cseracal + c3la’, o]
= (] F3)[a,al]s

where, + refers to fermionic or bosonic creation and annihilation operator respectively. Now, we will apply this
concept to study Unruh radiation. The goal is this

1. Solve the KG equation in minkowski coordinates
2. Solve the KG equation in rindler coordinates

3. Find the transformation of creation and annihilation operator between the two coordinates which preserves
the commutation relationship.

There is another key result that we have to discuss. Given how the modes transform between two coordi-
nates, how can we find the corresponding transformation between the creation and annihilation
operators in the two coordinate systems?

o(x) = laifi +al f] o(x) = > [bigi + blg;]

i %

Let us consider the following transformation between modes:

fi= Z @ij9; + Bijgj
J

10



then,

o(z) = Z[difi +al ff]

= Z a; Z(aijgj + Bijgl) + al Z(a;jg; + B5595)
i J J

- Z Z(O‘waz + Bza g + Z Bija; + a”al)

J

_Z (Z al]al+ﬁ23 z gj+z 51Jal+azgaz)g;>
= "[bjg; +blg]
J
If we wish to think in terms of matrices then,
- 2l
I z*g O‘?j 9;
E’i aji By |4y
pt x| |4t
b; 6]1 Q| |G

Similarly, we consider the inverse transformation:

gi = Z)\ijfj + i f}
J

The coefficients can be extracted by utilizing the normalization condition:

<fia.fj> :513
<f1*7f]*> = - <fiafj>* - 751’1

The last condition is direct consequence of how Klein Gordon inner product is defined. we get:
<gl7fj <Z)\zkfk+ﬂzkfkvfj>
= Z)\ik (frr [5) + malfast7)
k
= Z AikOkj = Nij
k

0

and
(9i, f}) = <Z ik S +,Ufikfl:7f;>
k
= Z)\ik (frs £7) + par (F55 1)
%
= Z —likOkj = —ij
k
utilizing
(a,b) = (b,a)" = — (a*,b")
we get:

<giafj> = <fjagi>* = a;i
—Bis

11



= Bji
Hence,

9i = Z(a;ifj - Bjifj*)

J

Finally the transformation can be expressed as:

o(x) = Z[i)zgz + IA’IQ:]

:Z b Z s fy - Bif )+BIZ(ajifj*— 1)

=1 J(ag.bi — b ngrZOfﬂ — Bibi) 7

:Z<Z( *A ;zb;r fJ+Za]1 ﬁlj )f)
J %

ot
aj

In matrix form:
{gz} _ [0@*@ —ﬁjz} [fj]
9; =By aji ] LI}

ai| _ oy =B
al] — =By iy

The above transformation corresponds to bosons, since

2 —p2=1
In case of fermions, we have

O[2 + ﬁZ -1

but the inner product would also be defined in equivalent manner.

3.2 Rindler Spacetime

The accelerated observer is described by the trajectory:
c . c
ct(t) = — sinh(aT) x(1) = — cosh(ar)
o) o

and, we observe that
2
c
222 = &
o2
where « is the norm of 4-acceleration. We can define the new hyperbolic coordinate, more acquainted to study
accelerated motion.

ceflﬁ/c Ce“&/c

ct = sinh(an) x =

cosh(an) (3.1)

Let us for a minute look back at the coordinate transformation. Clearly this covers only the region z > 0 and
as

r—t= geag/c[cosh(an) — sinh(an)] = geaﬁ/ce‘”’ >0

Our coordinate transformation only covers the region x > |t|, not the entire spacetime. To extend the
coordinates to all of spacetime, we must also include the other three regions. R I'T and R IIT are spacelike, so

12



we won’t focus on them here—they can be accessed via analytic continuation if needed. For R IV, we simply
flip the signs, yielding:

at/e at/e
ct=—= sinh(an), ==
a

cosh(an), for z < |t| (3.2)

Strictly speaking, we're abusing notation since both R I and R I'V have £,7 € (—o0, +00), but this will be
handled by clearly stating the region under discussion. The origin remains uncovered, but it’s a zero-measure
point and can be ignored for now. We'll revisit analytic continuation in section 3.4 during our discussion of
Bogoliubov transformations.

In the new (en, &) coordinates, the metric becomes ! :

ds® = Adi? — da?
2

- <d {06:/6 sinh(an)D - (d [Ce:/c cosh(an)D

2
= {6@5/6 sinh(an)dé + ce**/ cosh(an)dn}

2

2
- [eag/c cosh(an)d¢ + ce**/ sinh(an)dn}
— 62a§/c [02d772 _ de:I

The proper acceleration in these coordinates is:

22— 242 — %
!
2208/, 2
c e 2 . 2 C
e [cosh®(an) — sinh®(an)| = e
= a=ae "/

We can easily spot that the metric tensor is independent of ¢ and thus d., = (1,0) is the killing vector in
this coordinate. The norm of this killing vector field is given by

B g™ gnf 1
9(9,,0,)=(1 0) [ g gte 0
=g

= >0 (3.3)
This is timelike killing vector. Switching to natural units with ¢ = 1. The Klein Gordon Equation of massless
scalar field for the Rindler observer is:

1
mau( lglg"” 0, ¢) =0

672(158#(621159/»“’8”)(25 =0
6720'557](62&597777 87])¢ + 672a£a§(62a5955 ag)(b =0
] —1

202 — 53) = 0

These are differential equation with constant coefficient, thus the general solution is linear combination of plane
wave solutions.

¢ = ZAe — ikt n Beik"’z“ _ ZAe_iknm-ikgg + Beiknn—ikeg
with k* = (k,, k¢). The solution to Klein Gordon Equation in minkowski coordinate is given via:

_ —ikit+ikzx ikit—ikex
p=) Ae 'k + Be
I1With the redefinition d€ = (1 + %E) d=¢=%In (1 + %é) = e/ =14 %é, we get:

a

ds? = (1 + 25)2 2dn? — d&?

13



3.3 Killing Vector Field

In general relativity, killing vector fields are defined as the generator of isometry in the same sense, as we define
momentum as generator of translation in Quantum Field Theory. The group theoretic structure of these killing
vector fields emerges from their lie algebra. I'd like to remind us that from weinberg’s QFT volume 1, we learnt
that the eigenvalue of the generator of symmetry is the conserved quantity. Therefore one can expect a version
of the same to be true even here. We will use the killing vector field to define the basis, but first we need to
revise certain things.

A general coordinate transformation can be expressed as:

ya — eeﬁsxa _ eeﬁxa

~ r® — e” (§=¢E10p)

In the exact above sense, we interpret the killing vector £ as the generator of isometry i.e. they preserve the
norm of 4-vectors. Killing vectors are quite useful in the General Relativity as they lead to certain conserved
quantity along the geodesic as follows:

dK,pt
dX

= pVVV(K;LpH)
=p" (Vo K.)p" + p" K (V.op")
1
= ipypﬂ(vap + V,uKz/) + K,u(pyvupu)
=0

The first term vanishes due to Killing equation and the second term due to Geodesic Equation. Another insight
can be borrowed from studying the exponential map of killing vector fields in Minkowski spacetime. We begin
by first finding out the killing vectors:

Vuxe +Vux, =0
Note that F;k = 0 in Minkowski coordinates. For y =v =1t
Vixt + Vixe =0 = xi = f(z)
forpy=v==xa
ViXe + VaXe =0 = xo = g(t)
forpy=tandv ==z

Vixz +Vaxs =0
19g(t)  Of(z)

c ot or 0
This implies that the solution are
f(z) =—= g(t) = ct
Therefore, in component form:
x" = (z,ct,0,0) Xp = (—x,ct,0,0)
or, withc=1
X = x0; + 10, (3.4)

We will use this representation to derive the Lorentz Transformation. Consider the following:

, -1 . n
ePXg = Z mﬂ (20; +10,)"
n=0
_ B s P 3
—x—i—ﬁ(:vat—i—t@z)x—i—g(acat—i—tam) x—i—y(mat—&—tax) x...
2 3

:x—i—ﬂt—i—%(m@t—i—t@w)t—k%(w&t—i—tax)x...
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<1+52+ )x+<6+§?+ )

= cosh(B)x + sinh(S)t
Similarly
= 1 n n
n=0
_ B 33 3
5 N |
=t o+ oy (20 + ) w + g7 (40, + 10;) 1
2 3
= (1+6+ ) (ﬁ+5+ >
= cosh(B)t + sinh(5)z
and
Xy =y
ePXy =2

Represented in matrix form:

t/ cosh(B) sinh(8) 0 Of |t
z'|  |sinh(8) cosh(8) 0 0Of |z
y | 0 0 1 0| |y
2’ 0 0 0 1| |z

The above transformation describes boost. Since, it is used to jump between the frame of references. The
conserved quantity associated with this is:

Xup" = —2E + pyt

d g’ {
Xt = —E— = t
P +p 2 +

= —’yEv + v?mu

) "
is due to ‘{% =0:
T

= v mu + y*mo (using E = ym)
=0

We have another killing vector field which describes the rotation about z-axis
g = (05 -Y,T, O) = 7ya:c + Iay

The relevant transformation is:

oo 1 n
% = Z a&” (—y0y + x0y)"
n=0
62 2 3 3
=x+0(—y0, +x0,)x + o1 (—y0z + 20y)" x + 3 (—y0z + x0y)" x
02 93
=2 — 0y — = (—y0y +20y)y — = (—y0y + 20y)

_ﬁ 2 _ﬁ 3l
(1 o1 +. > (9 3] +. )
— cos(0)z — sin(0)y

Similarly,

>~ 1 .
Py =2 —0" (—yds +20,)"y

n=0

15



2 3

0 0
+ = (—y0: + xay)Q y+ — (—y0: + ;zzay)S Yy

=y+0(—ydy +20,)y 51 3

62 63
7y+093+§( y8x+z8y)x—§(fyam+x8y)y
62 63
(g Jur(o-ge )
= cos(0)y + sin(f)x

Represented in matrix form:

t/ 1 0 0 0] [t
| |0 cosf® —sin® 0| |z
¥yl |0 sinf cosf® 0| |y
2! 0 O 0 1 |2

The conserved quantity associated with this killing vector is:

d
@@p“ =0 = &' = —ype +apy, = J.

Since, the metric in Minkowski spacetime is independent of all coordinates, there are 4 Killing vectors along
each of those axis?>. We define

H = (E,pz, Py, D2)

= (1,0,0,0) Kipt = E

KT =(0,1,0,0) K.p* =ps
= 3y = (0,0,1,0) Kyp¥ =p,
Z—@E(O,O,O,l) K.p* =p.

The transformation associated with them are:

et'Ktx(t): 'O, (t)
n n )

_ !
z:: o =t +)

which is the taylor series expansion of position of particle. The general form of Killing vector field in Minkowski
spacetime is given as

0 = )+ )

where 2+ = (:1:0, !, 22, x3) and the killing vectors associated with translation are:

M =(1,0,0,0) el =0
_ <2> _

(2) (07 ]-a 03 0) ozB - 0

¥ =(0,0,1,0) ) =0

e =(0,0,0,1) el =0

These above generators lead to conserved quantities such as Energy and Momentum. The Killing vectors
associated with boost and rotation are:

CEO Q?l 12 I3
[0 1 0 0]
) 5) _ -1 0 0 0 (5) 1.0
¢, =0 €ap = 0 0 0 0 :>6Q5x (x ,—X ,0,0)
0 0 0 0 |
[0 0 1 0]
©) _ 6) _ 0 0 0 0 (6) 2 1
¢’ =0 €ap = 1 0 0 0 :>6an (J; ,—X ,0,0)
0 0 0 0 |

2This is the exact reason why killing vector fields are useful. They don’t just provide us the constant of motion but also indicate
that there exists a special coordinate system in which the metric is independent of those coordinates
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0 0 0 17
7 0 0 0 O 7
ch) =0 e((w) = 0 0 0 0 = e((w)xﬁ = (:133, —1:0,0,0)
| -1 0 0 0 |
0o 1 0 0]
®) _ ®) _ 0O 0 1 0 ®),8 _ 2 1
¢, =0 €ap = 0 -1 0 0 = €,4T 7(O,z, z,O)
| 0 0 0 |
0 0 0 0]
_ ©) _ 0 0 0 1 9.8 _
cl(lg) =0 €ap = 0 0 0 0 = eaﬁxﬁ = (O,x?’, —xl,O)
|0 -1 0 0 |
[0 0 0 0]
10) _ (10) _ 00 0 0 (10), .8 _ 3 2
c(Q ) =0 €0 = 0 0 0 1 = €48 xB—(O,O,x,—x)
|0 0 -1 0 |

The above matrices are the matrix representation of killing vectors which are the generators of Poincaré Group
mentioned in quantum field theory textbooks.

3.4 Back to Wave Equation

Reverting back to the KG equation in Rindler coordinate:

ot Ox
= ¢ (cosh(an)d; + sinh(an)d,)

= a(z0; + t0y)

A,

We quickly observe that this is the generator of boost along x-axis. Referring to (3.3) and (3.4), we find that

it is timelike killing vector field. Reminding ourselves that in Quantum Field Theory, all these generators are

actually operators and thus, it makes sense to consider their eigenfunctions as the preferred basis for calculations

and interpretation of solutions. We consider the eigenvalue equation for plane waves in Minkowski spacetime.
atAefik:ttJrik:ww _ 7Z'ktA€7iktt+ikxa:

atBeiktt—ik:mw _ iktBeiktt—ikmw
In the unitary representation, the above equation looks like:

Z-atAe—iktt+ikwac —_ ktAeik,,t—ikmm

Z-atBeiktt—ikmf _ _k,tBe—iktt—&-ikmm

ikit—iky,x —ikit+ikyx

hence, Be are the negative energy solution and Ae are positive energy solution. Therefore, it
is reasonable to expect that A will be interpreted as ‘annihilation’ operator which destroys particle and B will
be referred as ‘creation’ operator. For Rindler observer?:

anAefiknrH»ikgé _ 7’L'knA67ik"n+ik‘5£
8nBeik,,n7ik:5§ _ iknBeiknnfiksﬁ

Thus, based on the argument of identifying the coefficient of positive eigenvalue plane wave solution as the
annihilation operator. We interpret A as the annihilation operator and B as the creation operator. Hence,

—iktt—&-ikzx_i_az eiktt—ikzx]

10 / - dks [ax, e
minkowski = |0k,
—o0 \/ 27r(2kt)

and
—ikpyn+ike€ T ikyn—ike€
( £5 bk‘ge ( 3 ]

ke
rindler = ——— by, e
Prinal /m 277(2k,,)[ e

3Note that here we are using the eigenbasis of generator of boost for mode expansion
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The key idea is this: since the wave equation is conformally invariant and Rindler space is conformally related
to Minkowski, we can expand the field in plane waves—just as in flat space. Using lightcone coordinates
simplifies things further: positive-frequency modes in Rindler match directly with their flat-space counterparts
(and similarly for negative-frequency modes). This lack of mode mixing significantly simplifies the computation
of Bogolyubov coefficients. Instead of handling each case separately or computing the full Klein-Gordon inner
product, we can isolate modes via a simple Fourier transform. We start by splitting the field into positive- and
negative-frequency parts.

o0 dke . ) ) ) 0 dk ) . ) )
cindlor = 7 e—zknn—i-zkg{ + bT elknn—zkgé +/ 7‘5 b ezknn—i-lkg{ + bT e—zknn—lkgﬁ
O k | reTmN ke |
(3.5)
From the wave equation
(1/0262 _ 2) —ikyntike _ ()
(—kafe + kg)e Fntiked = 0 = k) = |kec|
Defining k = |k¢| and using u4 = 1+ & with ¢ = 1, to switch to null/lightcone coordinates:
< dk . , oo dk , 4
indlor = b e—zku, + bT ezku, + / b e—zku+ + bT ezku+ 3.6
Princ /0 27r(2k)[ ; g 0 \/27T(2|k\)[ F —k ) (3.6)
doing the same xy = ct + x with w = |k;| in Minkowski spacetime with signature (+ — ——).
—ikit+ikgx T ikit—ikgx
minkowski +a, e
¢ kowski / \/m k:l. ]

—i|kgc|t+ikyx + aLxeilkwclt—ikwx] (using ky = \kwc\)

oo v/ 27( 2|k

using w = |ky|

—WT _ WL —iwT W
+af [a_ge +4al et

/ © dw [ n / > dw
= ————a —_—
o 2r(w) o /272w
Now comes the chief advantage of this approach mentioned above: since the notion of positive/negative momenta
is preserved under the conformal transformation from Minkowski to Rindler space, we can directly identify

/°° dk 1 —iku_ 4 ptiku_ /Oo dw [
_ e (& = T~ Ay
o \/27m(2k) k 0 \/27m(2w)
gk . . © dw
b e—zku+ + bJL ezku+ — /
/o Vo R = e

Peforming the fourier transform:

* dx_ o0 dk , .
/ €L el [bkefzku_ +b;261ku_]

oo V27 0 \/2m(2k)

—iWT _ T jiwx_
e +ale ]

a_we—zwx+ + aiwezwx+]

—iwx + aleiwx,]

/_de_i / \/W

— /OO P, [ape @2 4 gl eilwtez]
oo V21 Jo 27 (2w) .
> dw

= — w4 al 5w+
; r[ §(w—w') +alé(w+w)

Since the above mode corresponds to positive frequencies i.e. w’ > 0:

Qg * dx_

Ly /°° dk b
Vo ) ordo 2r(2R)

Cdr_ [ dk Jw , y , -
— “ —iku_+iw'z_ bT iku_ +iw’ T _
¢ / 2 /0 VoV k [bie +0ke ]

. Ly . .y
tku_ +iw'z_ + bzezku,Jruu w,]
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Since the above mode corresponds to positive frequencies i.e. w’ > 0:
Ay * dx_ [ dk 0
— = k

V2w —0o V21 Jo  +/27(2k)

® dx_ [ dk |w , . ) )
Gy, = Zb e—zku,-i-zw xT_ + bT ezku,-ﬁ—zw T _
/_oo V2m Jo V2w e k ]

we can express the above entirely in terms of minkowski lightcone coordinate as:

. . ’ . . !
iku_+iw' x_ + bl'iezku,q%w z,]

= ds?

rindler

2
dsminkowski

dt* — da? = €2 (dn? — de?)
do_dzy = e =) dy_du, (3.7)
From, above we see that (since there’s no mixing of coordinates)

—au—

e

—a
eau+

Ty =
a

or, using (3.1)

Ty =t+x

e
=— [sinh(an) + cosh(an)]

e [e‘”’ —e 9 e 4 e_a”]

a 2 2
- ﬁ et e eT ¥ FemM
a 2 2
a(éxm) +auy
¢ =1° (3.8)
a a
Thus,
® dr_ [ dk Jw i au—
Y= “lp —iku_ +iw e—— bT iku_ +iw’ €
“ / 21 0 \/271' k |:ke +
Similarly, the inverse transformation is given as:
> du— ’Lk?/ / —iwz T iwzx
- 1 gl giwe-
/, \/271' 2w © ]
 du_ > dk ik ok
Z U — b e 1RU — + b e'L U —
/w Nora 0 \/277(216)[ g S
© du_ ° dk bke_i(k_k/)u7 —I—blei(k—’—k,)uﬂ
oo V21 Jo  +/27(2k)
> dk
=/ \ﬁ[bké(k k') + blo(k + k)]
— bk/
V2K
Thus,
by, * du_ > dw —iwr_ +iku t iwxr_+iku
- Ay, - T Htage -
V2k —oo V21 Jo \/27r(2w)[ }
bk :/OO du_ < dw E aweiw“72u7 +iku_ _"_aTe—iw#-‘riku,
2r Jo V2m V w
e k k*
:/0 d law,/w (k) + aly| - F (-, ) (3.9)
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using above we can also get:

i [T K o B an] E R —
(be)" =0}, = /0 dw lai\/;fx —k) + w\[} F(w, k)] (3.10)

Similarly, performing the Fourier transformation on negative modes, we get:

/oo du+ Zk’ o0 dw [a efiwa;Jr_i_aT eiwa:+]
oo \/27r o 2r(@w) ” -
o du+ ik > dk ik T ik
= — L et U4 — [b_e tRut +o" etkut
/,oo Nors 0 \/27r(2|k|)[ g 4

> dk

—[b_
T

KOk — k') + b1 6k + k)]

Since, here k' < 0, we get:

-k _ + —iwzy+ikuy T iwzytikug
/ e +al e ]

NI NG S = ;e L
_/°° duy [ dw [a i
V2 Jo 2r@w]) LY

by, = /Oo du2+ oo \/d;} z {the i S ik -i—aiwei"ﬁa‘?r +iku+} (3.11)
_ ™ Jo s

uy Cogaug
+ikug T iwe +ikuy
+a_, e

and thus:

b_k :/oo du+ * dw E |:a1-_weiw605+ —iku, +a_w€7iw#7iku+:|
—oo V21 Jo V2m

b, = /OOO dw [al)\/iF(—w,k) + aw\/EF(wa)} (3.12)

We observe that (3.11) and (3.12) are same with the identification a' , = a,.

From (3.10), we get

Analytic Continuation

An alternative approach to deriving the Bogoliubov transformation—originally due to Unruh—is to expand the
field in a complete set of modes defined over the entire Minkowski spacetime.[10] These modes share the same
vacuum as the standard Minkowski modes but describe excitations differently. Crucially, they have a simpler
overlap with Rindler modes, making the Bogoliubov coefficients easier to compute.

The key idea is to analytically continue the Rindler modes across all of spacetime and express this contin-
uation in terms of the original Rindler modes. However, care is needed—particularly in Region I, where we
have:

Op = a(x0; + t0y)

whereas in Region IV, we have

Oy = —a(x0; +10,)
Therefore,
__dke  p(1) g—iknntike€ 4 (DT oFiknn—ike§ :
J /27 (2k) [t e +01 e ] In region I
Varkyg® NZETICR
¢(z) = (3.13)
—he (@) gihnntikel 4 p(2)1 o= iknn—ike :
S W e +b)T e ] Inregion IV
Ak, g® /ark, g

As we will see, this approach is similar to the one described in section 3.1. We start by writing the solution in
Minkowski spacetime

¢(aj)minkowski = /dk[akf + ajl;f*]
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[(p(z) = [dk[p@g® 1 b<z>f0(2)*])

(& U

R IV RI

R III

N

(6(x) = J ak[p g +b01gV7])

Figure 3.1: We can write the field in the region of overlap (z > [t|) of Minkowski space and Rindler space using
complete basis set as ¢(x) = [ dk[b™M) gV + bV g* 4 p(2)g(2) 4 p2)F (2%,

In Rindler spacetime, the solution in the combined region I and region IV is written as:

O(@)sindler = | dk[ DM gM) Mg 4 p2) g2 4 p21 5200 ]

defined in region 1 %defmed in region 4

a(x — t) = e*(cosh an — sinh an)

at (e‘m +em e — e“”)
= e —_

In region I:

2 2
— e—a(n=¢)
a(x +t) = e*(cosh an + sinh an)

an —an an _ o—an
_ e € +e e e
N ( 2 T

= ea(nt€)

In region IV, using (3.2):

a(—x +t) = —e®(— cosh an + sinh an)

ag (€ HeTYT e —em
=€ —
2 2

— e—a(n=8)

a(—x —t) = —e®(— cosh an — sinh an)

an —an an __ ,—an
_ e € +e e e
¢ ( 5 T 2

= ea(nté)

A quick observation tells us that region I and region I'V are related via a transformation of the form n — n+in.

Since, the solution with &, > 0 is only convergent in the region where Im{n — &} < 0, we have to take the

branch cut in the upper half plane. Therefore, the function g,(é) is analytic only in the lower half plane which

implies the transformation to be considered has to be n — n — 7w. Alternatively, If we now assume k,, > 0 and

so k, = ke¢c = k then we can write for g,(;) in region I:

Virkygll) = ekt — gmincr-6) — [omatn-0]"" _ [o( — ]

= o™l (x —t)" (3.14)
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In region I'V
Ty = o thamtibes = mike(n=0) = [omatr-] ™" _ [o( g 1 1))
_ [aeln(—x+t)]ik/n,

Since the above expression involves z*/* and the exponent can be non-integer. It is a multivalued function and

therefore we have to choose the branch-cut before we proceed.
Ty ®), = [aer MO T e [ letimimte = e (g gy

In the above, we made the choice of branch cut in the upper half of the complex plane therefore, we had to
consider t — liné (t — i€) i.e. approach the real ¢ axis from below for the sake of convergence.
€E—>

The choice of branch cut controls weather we get
e or e~ in the above equation. Since we consid- Im(t)
ered the branch cut in the upper half of the complex
plane, we are effectively doing the analytic continua-

tion in the lower half. The linear combination:
Vark g + e g% = 20" ( — )"

is similar to (3.14) and is to be interpreted as the
analytic continuation of g,(cl). We can consider a nor-

malized version with k, = ke =k :
1 . ok . t
hl(cl) _ [BTSQI(C ) +e™e 2—91(C )} Re(t)
QSinh(%)
1

Coming back to Minkowski coordinate

—iw(t—z) + a’[ eiw(tfzr)}

e w
minkowski — —F—|0we
Pminkona [oo \/277(20.2)[ ¢

We observe that e~*(=*) solution with w > 0 is Figure 3.2: Analytic continuation is viewed here as ap-
only convergent in the region where Im{t —z} < 0. plying transformations that extend or shift the region
Since it is convergent in this region, we need to ensure o conyergence. The extended solutions are patched to-
that it is also analytic here, which means we put the gother to form a global description (an atlas). Choosing
branch cut in the upper half complex plane.* the branch cut in the upper half of the complex ¢-plane,

Same procedure can also be applied to find the o aphroach the real axis via the analytic region as:
conjugate mode. In region I for k, > 0: lime_,o(t — i€)

47716779(_1122 = ethnntikel — pike(n+€) — {e“(""'g)} e = la(z + t)]“‘/a

=a™(x+ )" (3.15)
In region IV
47'(']4;779](92) = eikg’f]-l-’ik&,f - eik"(""'f) — |:ea(n+§):| ik/a — [a(—l‘ - t)]lk/a
\ ¢
[aefl% In{—a—(t— Z'6)}]’”% = [aelnlﬂf+t|+iﬂ]“€/a = ai’“/a'e*”"‘/a(gc + t)“‘/a
Thus,
1 x x
WY = B g + ¥ e E g
QSlnh(%)
1 z z *
R S Ry
2Sinh(%k)

One could wonder, what about region /1 and region 117 Actually, region I1 and region I1] are spacelike, so
we aren’t worried about them. Also, we expect the fields to commute in that region for the sake of causality.

4nz = Inre?? = Inr + 40 has a branch cut; as z(r;0 4+ 27) = z(r;0) but In z(r;0 + 27) = In 2(r; 0) + 27, here periodicity of z
and In z aren’t same. It is traditional to put this branch cut on the real axis, 8 = 0, but we can of course put it anywhere starting
at the origin. The important point being that if we rotate 6 by 27 we cross the branch cut.
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3.5 Relativity of Vacuum

In this section, we will evaluate the number of particles between Minkowski observer and Rindler observer. We
start by noting that b,(;) |0) ,; # 0 since, |0),, is the minkowski vacuum. The way to think about it is this, bg)

is the ladder operator corresponding to generator of boost, whereas a,(cl) is the ladder operator corresponding to
generator of time translation. Therefore, the shift in eigenvectors that ladder operators are supposed to do is
only for their respective eigenstates. We use the notation s (0]...|0),, = (...),,, where M denotes minkowski.

0= (),

[T [%
= /dw/dw M <0| |fli, Y F(—w” _k) + ay JF(W/’ _k)‘|
« Nawr/ & Pl k) + atn X P, 1) | (0)
w w b w w* b M

Only non zero contribution comes from:

k [k*
= /dw'dw\/ =\ —=F (W, —k)F(~w,k) (awal,)
WV w ——
S(w'—w)
:/dw

Now, we focus on integrating F'(—w, k):

oo d _ —au—
F(w, k) = / uexp(iwe Jriku_)
a

Ceo 2T

* du_ e au-— .
:/ exp(iw )6“‘3“
oo 2T a

making the substitution z = e~ we get

k 2
2NE(=
EiF (-

—ae” " du_ — dx

0o 0
[~
— 00 oo
—au—
exp <iwe > — e
a
—ik

eiku_ N [e—au_ ] -

Therefore

F(w,k) = %/ %eiwm/axfik/a
™ Jo

o0
_ dx = a=1 yiwe/a
0 27Ta
expressing in more familiar form:

Flo)= [ gharte, 3 po
0

21a a a

We can utilize the identity
/ dezs~ e = 75O (4) (with Re{b} > 0 and Re{s} € (0, 1))
0

Since, our s and b are purely imaginary, we will use shift them along real axis (e > 0) and then take the limit
e — 0.

ste)—1 e(b+e)z

F(w, k) =lim d—mx(

=0 [y 2ma
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Since, logarithm is multivalued function in complex plane. We consider the branch cut along —ve x-axis:

hm In(b+¢) = hm In ‘—z— +e

+ hmzarg( i— —|—e)
ln‘—‘ + hmztan <_w/a>
€

w T w
zln‘—‘ — 11— sgn (—)
a 2 a

Therefore, we get:

1 —s lim In €
F(w, k)= —ce fimy (ot )F(s)

21a
1 k w N w w
= —exp|i— {ln‘—‘—zfsgn (—)} r——
2ma a a a
1 .
= —exp {z ln‘—‘ + —sgn (w)]F (zw)
2ma a a
Since, we had already defined a > 0, assuming w > 0:

1 k. |w| Tk w
F(w, k) = 5 eXD |:la In ‘— + Q]F (—>

Ta a a

= gaenlimlz F -2 (-5

F(—w,k) = % exp {z In ’w’ - M}F <—M)

2a a
Flw, k) = F(—w, k)e™/" (3.16)

since,

Here we have two choice, either evaluate the integral explicitly or use an alternative trick by utilizing (3.9):°

by, b1,] = / dw/ dw’ kk*{F(w k)F(—w', k')
—F(~w, k)P, ~k')} [aw, al]
N—_——

S(w—w’)
— Sk —F)

using (3.16) and setting k = &’

50 = [ a2 [ p - 0 - 1P (-
0 w

> k 5(0)
A dw w’|F —w,k)\ —m
Thus,
5(0)
(Vi) = oo 7
We can absorb the delta function by using hard cutoff as:
6k — k) / dpel =k
1
= —— lim dxel(k Fe
21 L—oo J_p, V2T

5The canonical quantization condition over creation and annihilation operators depends on the convention used for Fourier
transform.
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at k=&

v
0(0) = —
and then express the particle number in terms of number density.

2T 2T

<nk> = 2 Fla _ 1  eFT _1

where E = Vk? + m2|,,—0 and we identify T = a/2x. Alternatively, we could also derive the same calculation
using analytic continuation. Let us expand the field in terms the analytically continued basis set:

$(z) = / dkleVhgt + VTRV 4+ P R+ DT
The same was originally expressed in terms of rindler coordinates as:

¢(x) = / dk[b gl + b gt + 6P g + b P TP

Therefore, we consider the bogoliubov transformation which connects the b,(:) and b;z) with cg) and c,(f). Since
the transformation matrix considered here is real and symmetric, we can rewrite the relationship between the

creation and annihilation as if:
91(:) _ |11 a12 h;(cl)
g(jg* as g2 h(_zz*
b](:) _ ay; a2 -1 CS)
b(j);r a1 G22 c(f,)j

hg) 1 |: ewk/za e—wk/za:| g’(fl)
W | T 2sinb(nha) e e | g2

then,

Earlier we derived:

Therefore, we get:

bg) _ 1 |: ewk:m e—zk/2a,:| 61(31)
b2t 2sinh(vhfa) e e | O
Now, we can evaluate the number density of b,(cl) modes noting that b,(cl) |0), = 0 where |0) is the rindler

vacuum. But bg) |0) ,; # 0 unless |0),, and |0) , coincide. We note that c,(cl) |0),, = 0, then:

<N,§1>> = 2 0[5V (0,

1 . . - ek
= Zsinnr) M 01 Vet e B (e 4 e )T (o),
1 —nk/2a (2T —mhjza (2
= Sy (Ol Tl oy
i @t ()
= mM (O ¢Zg g 10)p
(2@t + 162, 201
e~ Ha
= mM (0[6(0) |0) 5
e*ﬂk/a
= o a0
__ 90
= o1
where we have used [c,il),c,iQ)] = 0, because it can be shown that <h,(€1),h,(€2)> = 0. The above result is to

be thought of as, average value of occupation number of rindler modes b,(gl) in minkowski vacuum with the
assumption that each observer is sensitive to only one kind of modes.
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3.6 Hawking Radiation

We start from Eddington Finkelstein coordinate with a slight difference in how we define the tortoise coordinate.

r*:rJrQGMln( —2GM

T 1)
2GM
The metric with this redefinition, ©u =t — r* and v =t + r*, takes the form of:

ds® = — <1 - W) dudv + r2dQ
r

2GM

: <2ch - 1) dudv + r2dQ

2GM 1,
——e
-

2GM 1-r/26M B
= 7G+e” MM dudy + 12 dSQ) (3.17)

26M=1) duydo 4 12 dS)

If we define®:[11]
dU = e /"M gy dV = e"*M gy
we get:

2GM
———¢€
r

ds? = 1="26M gy gy + r2d02 (3.18)

In the near horizon limit:
ds® = dUdV

so the Kruskal vacuum is the appropriate one for an observer sitting next to the black hole horizon. On the
other hand, since Kruskal-Szekeres coordinates cover the whole of spacetime, they correspond to the Minkowski
vacuum that we studied in the quantization of a scalar field in Rindler space. In the asymptotic limit:

ds® = —dt® + dr? + r2dQ

Therefore, we assume the existence of two observer, one locally inertial observer and the other static or accel-
erated observer near the horizon. From (3.17) and (3.18), we have:

2GM ., v—u/aG M
_ e /2GM6 /4G M
r

REMAUAV + r?dQ?

2GM
dudv + r2dQ) = —iel_
r

Near the horizon,
e' MM qudy + r2dQ) = dUAV + r2d9?

The above expression is similar to (3.7), therefore, the rest of the steps are same as in Unruh radiation with
the replacement

1

a:m Uy =0 U_=u

-’L‘+ == V €Tr_ = U
in equation (3.8). Therefore, the temperature of the black hole is then, given as:

1
T =
8rGM

In this chapter, we only studied the field theory in curved spacetime where we had, atleast locally, a timelike
killing vector and still we observed that vacuum was not invariant. In the next chapter we will learn the same
physics but in the absence of timelike killing vector.

6In the popular literature, it is often defined like dU = ﬁe_”/“chu and dV = ﬁe”/“GMdv
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Chapter 4

Gravitational Particle Production

In quantum field theory on Minkowski spacetime, Poincaré symmetry is crucial for defining the vacuum state,
which forms the basis for constructing physical states. The vacuum in flat spacetime is defined as a trans-
lationally invariant state that is annihilated by all generators of the Poincaré group.[12] However, in curved
spacetime, especially that of expanding universe, this definition does not hold because there is no global timelike
Killing vector field. This means we need to find another way to define the vacuum.

One widely accepted method is based on the instantaneous diagonalization of the Hamiltonian.[13] The free
field is expanded as

o) = fulm)ar, + fi(n)a},

where fi(n) are the mode functions. To define the vacuum, this mode decomposition is substituted into
the Hamiltonian. At each instant, the Hamiltonian is diagonalized, and the mode functions that solve the
equations of motion while minimizing the eigenvalue of the Hamiltonian are chosen. The operator coefficients
corresponding to these mode functions are interpreted as annihilation operators and its hermitian conjugate
the creation operator.

The state annihilated by annihilation operator, associated with the selected mode, defines the vacuum state
at that instant. The creation operator corresponding to the same mode is then used to construct a basis set
spanned by the current vacuum. All other states are generated by the action of the creation operator on the
vacuum state.

This framework provides a natural way to discuss gravitational particle production, where the absence of
global symmetry in curved spacetime leads to effects like particle creation from the vacuum. A useful analogy
is the forced harmonic oscillator, where the dynamic spacetime background acts as an external driving force.
For instance, the Bernard and Duncan model illustrates how gravity can create particles, offering insights into
the interaction between quantum fields and curved spacetime.

4.1 Forced Harmonic Oscillator
We will briefly review the key features of Forced Harmonic Oscillator which makes them relevent for understand-

ing particle production in cosmological scenario. Similar technique is employed for studying the gravitational
particle production. The Hamiltonian for forced harmonic oscillator in quantum mechanics is given as

2
1
H= % + §w2x2 —J()x
The equation of motion becomes:
i+ w?r = J(t)

In quantum mechanics, the coordinate z and the momentum p, take the role of operators & and p, satisfying
the equal time commutation relation [Z,p,] = i. The equation of motion then, in Heisenberg Picture is given
as:

dz
BT
Zhdt [Z, H|=p
inPe _ (5, H] = %+ J(1)
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Similar to free harmonic oscillator treatment in quantum mechanics, we introduce the following ladder operator
(also known as creation and annihilation operator in field theory) as:

They satisy
[a,al] =i

at each instant of time ¢. Now, the equation of motion for a and a' is given as:

da i
== w4 —J(t
I iwa + \/%J()
/\T .

dal et — — g

They can be integrated to give:

7

(t) = {@(t =0)+ m /0 t e"wt’J(t’)dt’] et

a'(t) = {d*(t =0) - = /O t eiwt’m')dﬂ] it

where a(t = 0) and af(t = 0) are operator valued constants of integration. Substituting back and simplifying,

Q>

a'+a
V2w

We will now consider a simplified case where J(t) only acts during the interval 0 < ¢t < T and vanishes outside.
We will not any assume the exact form of J(¢) here but give the schematic form as follows:

H= %(eﬂa +aat) -

J(t)

J(t)

. out
n

Then,

i .
at>T) = |a(t=0)+ \/%/O em/J(t’)dt’] et

= [a(t = 0) + Jyle~ !

| i T t’ iwt
e Jt)dt' | e

V2w /0
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at(t>T)= |al(t=0) -




= [l (t = 0) + Jgle™!

We find:
[a(t > T),a'(t>T) =1

We adopt the following notation, going forward:

a(t > T) = dou a(t < 0) = ain
For ¢t < 0:
H=22a} an+1) =w <ajndm + 1)
2 2
Fort > T
H=w <ajnam + Joa, + Ty + | Jo| + ;) =w (ajmtaout + ;)

We see that the Hamiltonian which was diagonal for ¢ < 0 is no longer diagonal in a;i,. This is where the idea
of bogoliubov transformation comes in, which finds the new basis defined by new creation and annihilation
operator diagonalizing the Hamiltonian. The state which get annihilated by Gy are the new vacuum. The old
vacuum

&out |0>in = (din + JO) ‘O>in = JO |0>in

From this we understand that the two creation and annihilation operator in two different region define their
own vacuum which are distinct from each other. This is also one of the reason why we can not use the standard
S matrix formalism as that requires the initial and final vacuum to only differ by a phase factor. Initially,

w
in (0| H]0), = —
(O H [0),, =

Finally,
1 .
in <0‘ H |O>in =in <O| w 5 + aouta’OUt |0>in
1 2
=w [2 + [Jol }

Notice that the |0),  is no longer the lowest-energy state as ¢ > T'. This occurs when the system’s energy varies
in response to the external force J(t). Subtracting the zero point energy w/2, we discover that the initial ground
state is now in an excited state with energy |J0|2w. In the absence of this force, @i, = dout, thus the state |0)
always describes the vacuum state.

The motivation for considering the forced harmonic oscillator before going into particle creation models in
curved spacetime is that we can think of quantum fields as a set of harmonic oscillators. A free field can be
treated as a set of infinitely many free harmonic oscillators, whereas in curved spacetime, the fields have to be
thought of as a collection of forced harmonic oscillators. This has the implication that initial ground state of
harmonic oscillators when interpreted as vacuum state with no particle, turns into excited state due to action
of external force is interpreted as state with particles. So the action of time dependent source changes the
definition of vacuum. This is the mechanism used in particle production in the presence of time dependent
background.

in

4.2 Particle creation in Bernard and Duncan Model

According to the equivalence principle, the physics for an accelerated observer and an observer in curved
spacetime are equivalent. Therefore, it is natural to investigate the same phenomenon in curved spacetime. We
already explored one part of that problem in Schwarzschild spacetime. In this chapter, we start with a simpler
model where the time-dependent metric is Minkowskian at ¢ = oo and is varying in between. We will learn
that the vacuum state at ¢t = —oo evolves into a non-vacuum state at ¢ = +oo similar to what we just saw in
the case of forced harmonic oscillator. The metric tensor in FLRW spacetime is given as:

ds* = dt* — a*(t)dz?,
where the a(t) is the scale factor and it determines the expansion behavior of the universe. It is much easier to

perform calculations in the conformal coordinates where all the spacetime axes scale in same manner. To this
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motivation, we define a new time parameter 7, called conformal time, as dn = dt/a(t). In the new coordinates,
the metric becomes

ds? = a*(n)(dn® — dz*) = C(n)(dn® — da®),

and C(n) = a®(n) is defined to be the new conformal scale factor. For the rest of the part, we make the following
choice for the conformal scale factor[14]:

C(n) = A+ B tanh(pn),

where A, B and p are constants. A conformal scale factor is asymptotically Minkowskian in the limit n — o0
since

lim C(n)=A+B.

n—+oo

O R Out region

In region

Ui

Figure 4.1: A qualitative picture of the evolution of the scale factor in conformal time emerges, depicting a
scenario where both the in-region and out-region are flat, but feature distinct metric tensors. For particle
creation to take place, the vacuum has to transform rather than stay invariant under time translation of metric.

The asymptotic behaviour of the conformal scale factor can be seen in the figure 4.1. The static universe
corresponding to 7 — —oo is called the in-region, while the static universe corresponding to 1 — oo is called
the out-region. Even though both the in-region and out-region resemble Minkowski spacetime, however, as we
will see, the definition of vacuum in both of them will be different.

Introducing a scalar field
The equation of motion for massive scalar field is given as:
O+ m*)g(z,n) =0 (4.1)

We introduce a complete set of orthonormal mode solutions uy(x,n) of above in conformal coordinates, that
obey the properties

(uk,ur) = Op,
(up,u) = =0,
(ug,u;) =0.

The mode expansion of scalar field ¢(z,n) can be given as:

¢($a77) = Z [akuk(‘r’n) + al“/ﬁ(%ﬁ) s
k

where aj and az are annihilation and creation operators, respectfully.
Since we have assumed spacetime to be isotropic and homogeneous, a natural separation of mode function
into space and time part for the scalar mode functions uy is given as:

L ik
ug(x,n) = e 4.2
k(2m) = =™k () (4.2)
Substituting the mode functions (4.2) into equation of motion (4.1):

C%zx;g(n) + [F* + C(m)m?] xx(n) =0,

30



This differential equation can be solved in terms of hypergeometric functions, however, our interest is limited
to the form of solution in the in-region (7 — —o0). The solution is given as[14]:

. 1
1' m —
[ (x,m) T

The mode function for the out-region are:

eikx*iwinﬂ7 Win = []{32 =+ m2(A - B)]1/2

1 o
lim uzut(x’n) _ ezszzwoum, Wout = [kQ + mZ(A + B)]1/2

nN—00 V 47Twout
If the particles were massless, then we would have not observed any particle production. Since, the two mode
functions in the different static regions are clearly different for massive particles, we will observe particle
production. Instead of expressing Gyt in terms of linear combination of a;, and al  we will follow a slightly

f in?
different approach. We will express uj*(z, n) as a linear combination of the real and imaginary part of u"*(z, n):

u (,n) = agu™ (z,n) + Brug™* (z, n).

To find the Bogoliubov coefficients ay, and B, we use the full solution:

. 1 ) w_ wW_ W Win 1

in - i{kx—win——1In[2 cosh(pn)]} m.
it (2, _ - . > 14+ = == 1- ; =[1 + tanh

. S o (14 55 B B )

1 . w_ . wW_ Tw_ w 1

out = = kr-win——FI2cosh(pm)]} @ (g4 2= PP g Pout. 2 ik

"z, ) S : ) ( B P tanh ()]
where
1
w4 = i(wout + Win)

We explicitly make use of the following properties of hypergeometric functions'.

L(c)T'(c—a—10)
T'(c—a)l'(c—b)
T(e)T(a+b—c)
I'(a)l'(b)
oFi(a,b,c;2) = (1 —2)"%% yFi(c —a,c— b, c; 2)

2F1(a,b,c;z): 2F1(a7b71+a+bic;1iz)

oFi(c—a,c—bl4+c—a—b;1—2z)

we find
o (w)/ (1 — iwin/p)T(~itwout/p) (43)
win ) T(Ciwy /T =i /p)
and Lo
4 — <w) P10 — i/ p)T (wout /) ik (4.4)
Win T(iw_/p)T'(1 +iw_/p)
Using Egs. (4.3) and (4.4) and Euler’s reflection formula for Gamma function, we find:
|Oé |2 — SinhQ (Trwout/p)
b sinh(7win /p) sinh (7wt /p)
and
5 sinh?(mw_ /p)
|Br|” =

sinh(7rwiy /p) sinh(mweus/p)

we can check that it satisfies the normalization condition
|ak|2 - |5k|2 =1
The mean paricle density in the out mode would be given as:
in (0 [0}y, = | Bl

This is to be interpreted as following: the |0), are not populated with in modes but only out-modes. As such,
we need detector for out-mode to see particles in the |0);  vacuum.

1

. 2w: —ws .
using wout = 2w+ F win, and win + w_ = win + 3 (Wout — win) = “‘“*“’gut Win wouc;wm =wy
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Figure 4.2: The embedding and penrose diagram of de Sitter spacetime. Shaded region depicts region of de
Sitter spacetime observable to an observer at south pole § = 7. The dark shaded region is the static patch, it
is the intersection between the region of space that can affect the observer and the region that can be affected
by them.

4.3 Particle Production in de Sitter Space

In this section, we will expand our understanding by exploring the effects of gravity on particle production in
de Sitter space. In contrast to the previous section where we studied field theory in a conformally flat FLRW
universe, we will now examine the impact of the gravitational field on particle production in de Sitter space.
As we discussed earlier, in the context of a massless scalar field in a conformally flat spacetime, there was no
particle creation. However, this section will reveal that even massless scalars can experience particle production
in de Sitter space due to the presence of the de Sitter horizon. To begin our investigation, we will first consider
massless scalar fields.

Massless Scalar field in deSitter space

The metric tensor during inflation is approximately that of de Sitter space (a(t) ~ efft)

as:

in flat slicing is given

ds® = —dt* + a(t)*dz?

1
= (—dn? + di?)

H2p2
where we defined conformal time as dn = dt/a(t) = —d(¢~""/m). The Lagrangian for classical scalar field is given
as:
1 1
L=1/=g|59" 0u60u — 5m?*¢* = V(9) (4.5)

The equation of motion becomes:
O¢ +m?¢ + V'(¢) =0
for massless and free theory, we have m = 0 and V(¢) = 0:

O¢ = 0,0"¢ =0

1/01\0p 10% 3H O 1y,
J%J% o T e ¢

using a = —1/nH

182 2H0p 1 _,
2o "o @2y 270
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Thus,

0%¢
H2n267772 o 2H277

o¢

o H2772V2¢ =0
on

In momentum space:?

9.
¢r5¢;;+k2¢;z:0

where “means derivative with respect to 1. It has the solution of the form:?

H . H
1 — ikn)e™ +¢
o k) * V2k®

fr Ir

ok = C1 (1 + ikn)e=t*n

with the normalization of mode function, chosen so that

Ji@rfi) — (Ocfr) fe = —Hn[fx(On fr) — (Onfr) fr]
_ _iHSn?y

with the choice of inner product in curved spacetime given as:
() =i [ v/l @) = @0} = (9. 1) = = (5" )

we get (with the z—dependence of mode function coming from eiE'f):

B3z
H3p)3

(fio fir) =i x =il e F-E)T — (a5 (k — F)
Before we discuss the alternative derivation of the mode function, It’d be better to discuss the time evolution
of superhorizon modes characterized by k << aH:

¢ 9 1o

in momentum space

0%¢ dp 1,
ﬁ+3HE+?k $=0

In the limit ¥/a << H = kn << 1 = kn — 0, the mode function becomes constant. However, from EOM
we get:

32¢ a¢ eth
— +3H—=0 = ¢p=A B
T o=Ag T
We see that modes outside the comoving horizon suffer exponential decay and eventually as n — 0 it become
constant. The second way to derive the mode function is via redefinition ¢ = —H 7]“;;4~ Then, we get:
. 9. )
O = PRt RO =0
0 . 2H 9
—H% (UE+77UE) 7 (UE-FUUI-C‘) —k HUUEZO
2
Uy =+ ]{32 - | up = 0

2we have dropped the e?*% factors
3for continuous case:

o(x,n) = /dk[ckfke“g‘erc.c]

for descrete case:

_ ik-Z
¢(I77I) ;ck fke
fr(z)

4pecause we don’t know ¢ at infinite past, so we’d like to get rid of it before we can take the limit
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which is much easier to solve. It has the solution given as:

1 i ;
up=—=(14&-— | e
: \/2k‘< kn)

In the early time limit 7 — —oo, which essentially turns the de Sitter Klein Gordon Equation into Minkowski
one. We have

0
2
’ii,g-l— (kz_ZQZ>UE:0
iy + kPup =0 (4.6)
which has the solution
— Leiikn

Ua
kV2k
where we have chosen the overall normalization, so that the solutions have Wronskian +i. So that the mode
functions at infinite past are orthonormal i.e. (up, ug,) = (2m)%0(k — k’). At late time (n — 0), we can ignore

terms independent of 7:
2
i+ (k2 — = Jup =0
E ( 772) k

2
i — —uz =0
k 772 k

Hence, the solution would be:
up(z,m) = ug(@)n +ug(z)n
Therefore, we can express the field at late time as:

$p~ Y Oaley® (4.7)

where

for general mass.

Particle Production

In the infinite past we defined the mode function as positive energy solution (minkowski mode)®, we can express
the field in de Sitter space at some finite n as:

o = brui + quz

with {by, bL}, a new set of creation and annihilation operators which defines the new vacuum as by, |0) = 0. The
bunch davis mode function is given as:

and

. . 2
1 1 . i 1/1 1 . 1 . 1 .
(1= = e—zkn = (1= _Z= () 76—1167] + e—2zkn76zkn
2k ( kﬁ) [ kn 2 \kn 2k 2(kn)? V2k

-1 & _ _1
a =1 kn 2(]“7)2}|Oé2—|ﬂ2:1

with

_ 1 —2kn
B = sppee

Assuming, at early time, the total number nyinkowski iS

Tminkowski = 0

However, at later time, the number density, n,,, of massless particles in de Sitter space is given as:

1
2
nBD:|ﬁ‘ :4]{47’47&0

This is another indication of particle production in expanding spacetime.

Swhich is equivalent to choosing Bunch Davis vacuum
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Chapter 5

CMB as particle detector

In particle physics, colliders like the Large Hadron Collider (LHC) allow us to probe the properties of fun-
damental particles at incredibly high energies. One key aspect of this research is looking for certain peaks
which confer the existence of particle. The discipline of collider physics involves going from the direct collider
observables to the underlying lagrangian of the theory.

1
7
Mass: from resonance - ’
4
’
T T /
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Figure 5.2: Illustration of different types of non-
Gaussianity originating from the quantum fluctuation
during inflation. The diagram shows the feynman
diagrammatic view of how the inflaton perturbation
seed the region of overdensity and underdensity. Time
flows in the upward direction.

Figure 5.1: The invariant mass distribution of dipho-
ton events recorded by the ATLAS detector, showing
a clear excess near 125 GeV. This “bump” represents
the signature of a new particle, later confirmed to be
the Higgs boson, as predicted by the Standard Model.

One of the simplest questions one can ask is how to recognize the presence of new particles. In collider
Physics, the answer lies in the certain peaks in cross section near the mass scale of intermediate particles.
The spin information could be extracted by studying the angular distribution of scattering process. In the
cosmological case, instead of peak invariant mass distribution corresponding to the mass of the particle, one
finds that the higher-order correlations oscillate when the distance between correlated points varies, and they
do so with a frequency given by the mass of the new particle.

In the same spirit, cosmological collider physics proposes to use the cosmic microwave background radiation
(CMB) as a “detector” to study non-gaussianity in the early universe, effectively “colliding” new particles that
arose from quantum fluctuations during inflation[6]. These particles would not necessarily be ordinary matter
but rather new particles that arose from the quantum fluctuations during inflation.

In particular, cosmological collider physics allows us to study the properties of new particles that arise
from quantum fluctuations during inflation such as their mass and spin. These particles could have masses
comparable to the Hubble scale or even be massless fields that arose during this era. By studying the non-
gaussianity present in the primordial fluctuation spectrum, we can effectively reconstruct the history of particle
production and decays during this era, gaining insights into the properties and interactions of these particles.

Furthermore, cosmological collider physics provides an alternate approach to test theories of inflation and
the early universe. The standard model of cosmology is based on the assumption that the universe underwent
an exponential expansion during the era of inflation. However, this expansion could have been driven by a
variety of different mechanisms, including the presence of new particles or fields. However by analyzing these

35



Man-made colliders
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Figure 5.3: A comparision between the cosmological collider and man-made collider to highlight the difference.

statistical signatures left behind in the CMB, we can gain insights into which models are most consistent with
observations and which theories predict the correct level of non-gaussianity.

Since, we can not use the S-matrix formalism, we will employ the in-in formalism described in section
2.1.1 for calculating the correlation functions. We assume that Inflation can be modelled by perfect de Sitter
spacetime and we ignore any deviation away from it. Therefore, we will now proceed to study the correlation
function at the end of Inflation.

5.1 Two Point Function

The two-point correlation function is the cornerstone of cosmological perturbation theory and the primary
observable in the study of primordial fluctuations. It captures the statistical distribution of curvature per-
turbations in the early universe and directly determines the angular power spectrum of the cosmic microwave
background (CMB).

In the simplest inflationary models with a single scalar field slowly rolling in a nearly de Sitter background,
quantum fluctuations of the field are nearly Gaussian and statistically isotropic. As a result, the full statistical
content of these perturbations is encoded in the two-point function alone, with higher-order correlators vanishing
in the absence of interactions.
In this section, we compute the two-point function of
a scalar field in an inflationary background using the
in—in formalism. Starting from the mode expansion
of the field and the assumption of the Bunch-Davies
vacuum, we derive the standard expression for the
power spectrum of inflaton perturbations.

While the two-point function provides the leading-
order statistical prediction of inflation, it is inherently Figure 5.4: in-in Feynman diagrams for equal time two
limited in the amount of physical information it can point function on the reheating surface
convey. It is insensitive to the presence of interactions
or heavy particle content unless those effects modify the vacuum state or the effective mass of the inflaton. For
this reason, the study of higher-order correlation functions—such as the bispectrum and trispectrum—becomes
essential for probing beyond the minimal inflationary model. But before turning to those, we establish the
baseline result: the two-point function and the resulting power spectrum.

The two point correlation function for scalar field in de Sitter spacetime in momentum space at late time

€1 )

n=20
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(or small 7,7’ behavior)! can be expressed in terms of this mode function as:
($pmd () = 2m)°6°(k + ) f7

The mode function in momentum space is given as:

o= 1T 170520 oy (where v = /T~ 78)
if v is real
- ~(n") = H727T 2 H(—kn) H® (—kn')*
(p(me_g(n))" = —=(n')"* lim | H™ (—kn) Hy” (—ki')
n—0 N————
HY (k')
H27T / 3/2i _kn - Ty _k77 v
—T(nn) - ['(v) (2) +e™(~v) <2>
% —q F( ) *kn/ _D+ i7Tl/F( ) *kn/ v
— v e —v
™ 2 2
H2 2 AN 2 I\ Y
~ —(g)*? [P(V)2 /L ) + T (—v)? (knn) + terms
47 4 4
if v is imaginary
2
(Gen)o_e ) = LT )2 tim | B (—km) B (~kay)*
4 k
n—0 N———
ei"”’H,(,l) (—kn")
H2 3 i —kn\ " - —kn\"”
_ /2 —imv MU
T e L [m) (1) +emren (37
_ gty _ AN ) o ALY
=2 () emen (2]
T 2 2
H2 ) 2 AN 2 I\ Y
~ () lr(y)ﬂ (“") () (MW) + terms (5.1)
47 4 4

For massive particles m > %H , we can have imaginary v, which will show oscillatory behavior at late time
signifying particle creation in de Sitter space. The complex conjugate of Hankel function is given as:

B = o)
Then,

2
lim ‘Hf)(—kn)‘ = e lim HP (—kn)HWD (~kn)
kn—0 kn—0

e .o [ —kn ~ 2 .o [ —kn 2ip 27 cot(mp)
- (r(zm (1) +renr (5 ),

and the late-time limit of the power spectrum is

Jdim Py(n, ) = lim (6:()6_z())’ = lim |f,;<n>l2

= %e”“HQ( )3 hm ‘H(Q kn)

7EH2( . (r(mf (_2]”7)2“‘+F(i#)2 (—;cn)z“‘+ cholh(w))

1t is these late-time statistics that are relevant for our Universe. The fluctuations generated during inflation that survive until
late times are the things that serve as the initial conditions for the evolution of the universe at the onset of the hot Big Bang.
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Writing T'(£ip) = |T(+iu)| e, and using
T
T(ip))? = ——
ID(in)] psinh(mp)’

we can write this as

H2(—n)3 ) _k —2ip ) _k 2ip
lim Py(n, k) = A=) lez‘s(“) (U) + 7P <77> + 2 cosh(mu)
kn—0 )

~ 4yusinh(mp 2 2
H*(—n)* —kn

0 S 2ulog [ =21 — h .
2psih(my2) [( “°g< 2 ) 5)“‘” (”“)}

For large masses, pu > 1, the power spectrum scales as 1/sinh(7wu) — e~™ corresponding to the Boltzmann
suppression of the spontaneous production of massive particles. It is also interesting to consider the correlator
in the limit || << || and for |Z — &'| = 0:
3. . 3
. (2 +ip)T (2 —ip) F<3
211

. 3 —(n—n')*+2°
' 0)Y = H? = S 21—t 7 =
(p(n,Z)p(n',0)) (an)? 5 Tk g i 2; Ty

Taking the limit:

PG (8 i) (47777’> S T(@)T(-2ip)
(4m)? 0 L3 —in)T (3 —ip)

2 n Stip 3 n §—ip 3
- i T(—ip)T (2 +i a Tpr (2 —i
() e Grn)+(5) o (5-w)

if we used the ie prescription inside hypergeometric function, then we would have ended with:

_ H? N Ftim N\ Bie
(60,0000, 0)) = o [(:}7) r(ir (5 +in) + (L) rtar (5 -in)

+ c.c.

This extra '™ gives factors of e*™*_ which imply that the first term in above is now n=0
not suppressed exponentially for large 1 while the second term is suppressed by e=27#,
The first term is the one expected where we create a particle at 79 and destroy it at

n > no-

5.2 Three Point function

We used the in-in formalism to calculate the two-point function in the preceding section.

In this part, we will follow an alternate approach to calculate the three-point function -

purely from a symmetry perspective. Since this approach is highly constraining, we

will use it to calculate the three-point function at late times, where two of the fields are

scalar fields, and the third is a tensor field. Our goal is to construct an invariant that

respects the constraints imposed by the late time isometries of de Sitter spacetime,

which correspond to conformal symmetry. We use Embedding Space formalism for

deriving the three point function of two scalar and one vector field respecting conformal Figure 5.5: In-in feyn-

symmetry. On the null cone we will have man diagram of three
point function with

War

two scalar field and

D1(X1)bo(Xa) Tar (X3)) =
< 1( 1) 2( 2) ( 3)> (_2X1 . X2)0t123(_2X1 . X3)(¥132(_2X2 . X3)()4231 one vector ﬁeld or

where the powers o1, of the scalar factor are determined by the dilatation as in case massive field.

of scalar operators and the tensor structure Wy, equals to

(—2X5 - X3) Xamr — (—2X1 - X3) Xom — (—2X1 - Xo) Xamr

WM = 1 1 1
(—2X1 . XQ)E(_QXI . X3)§(—2X2 . Xg)i

which satisfies:

(X)MWy =0
(X)MWy =0
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(X3)MWy =0

The relative sign between terms in the expression for Wy, is fixed by transversality and the scaling behavior of
correlation function under dilatation is completely determined in the scalar part so the tensor structure have
scaling 0 in all variables (X — AX = W, — A°W,,). Projecting to physical space as:

oxXM
(B1(21)po(22) T (23)) = 6;:)‘ (01(X1)p2(X2)Jnr (X3))
3
we find, as explicitly computed before,
aXI\/I )
GTZXiMZ(.’L‘i—{Eg)M, 22172

—2X; - X = (v —x)%, i=1,2,3 (i <j),
so that we end up with the tensor structure

w. = |z2— v3l* (21 — 23)y — |w1 — w3 (22 — w3)y _ |223]* (213) 0 — |713]* (w23)
g |21 — wa|[v1 — 23]|T2 — 23] |z12]|213]|723]

Therefore, the three-point function of two scalars and one spin 1 operators in physical space is given by

|z25]* (213) p—|Z13]* (223)

_ [z12]|z13]|z2s]
<¢1 (xl)(;SQ(xz)Jﬂ(xS» a |$12|A1+A2—A3 |I13|A1+A3—A2 ‘x23|A2+A3—A1

2 2
_ |z23|™ (213) u — |213]" (w23)
- |$12|A1+A2—A3+1|x13|A1+A3—A2+1|x23|A2+A3—A1+1

Where Ay, Ag, and Az are the conformal scaling dimension of ¢1,¢2 and J,. The three-point function of
higher-spin operators J,,.. ,, is constructed from the above, analogously as what we did for the two-point
functions, since it turns out that W, is the only indexed object for three points that is conformal invariant.
The reason why we were able to do this is because the conformal symmetry is so contraining that it only leaves
few possibilities for the correlation function upto some constant. This constant is determined by the dynamics
of the conformal theory.

5.3 Three Point Function of two conformally coupled fields with a
general mass scalar field

In quantum field theory with conformal symmetry, we have two kinds of scalar field. One with mass term
which breaks the conformal invariance and another, a massless scalar field with coupling to gravity given as
Ling = ERP? respects it. It is natural to wonder about the interaction between them as one respects the
symmetry and another breaks it. We set the conformal scaling dimension A; = A = 2 and Az = A, and
define the following variables

k1 — ko ki + ko
=7 r="7

which gives us following

9 po 10 9 9o 109 9 WO kitk P D

Ok Okidp ksdp'  Oky OkyOp k3 Op’ Oks  OksOp  —k¥  ki+kyOp

also

O (1Yo 9 AN e 2 p 9 P 0N 1,0 L8
k2~ \ks) op? k2 \ks) 0p2°  0k2 kit keOp\ kitkeOp) K2\ Top T ap?
Next, we will solve the Conformal Ward Identity (CWI) for the conformally coupled scalar fields with the

following ansatz:

— —

(p(k1)p(k2)aalks)) = k5t TA2 872G (g, p)
= k272G(q,p) (where d = 3)
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Using ward identity for special conformal transformation. The generator for SCT takes the following represen-
tation in momentum space:

. 0 . 02 0?
Ko = [ (A=) = 2K Gpgre + b akaaka}
10 0?
Zku{ 2(A - d+1)k6k+8k2}
Since, in our case d = 3, the CWI takes the form of:
S 10 0? - -
b-k|—2(A— 2)%% o (p(k1)p(ka)oa(ks))

If we assume b - Eg = 0, then it leads to
(b-Ki+b-K)k272G =0
o - 9?2 o - O? A
bokims—b k= | k3 °G=0
< L ok? 1ak§) 3
kS 72 ki (92, — 02)G =0 = 9,0,G =0
Assuming, G(q,p) = G(p)

[5~I?1+5-1?2+5~I?3] kS T?G =0

| S L la=2a-A)  2pd, +p*o?
G-Fo b Bo) L0245y d B2 Z8) R APO L paag
LIy K2 w2

=—b-ks

K2 2[(p? — 1)02 + 2pd, + (A = 2)(1 — A)JG =0

where we used

10 92\ A (A=2)1=A) Ao, ki2(.0G ,0°G
(—2(A—3)k8k3+ak2>k G = R kDTG + = (25p+ ap)

The final expression
[(p* = 1)07 +2p0, + (A —2)(1 = A)G =0 (5.2)

is hypergeometric differential equation with poles at p = +1 and the solution is given as:
1—
Gp) = 211 (2 -AA-1L 1 2p>

We note that the bispectrum has branch point at p = 1, 00. This result will be important in upcoming part.

5.4 Four Point Function in ¢* and ¢* Theories

In contrast to earlier scenario, where we could calculate three point function purely from symmetry consider-
ations, the four-point functions are no longer uniquely determined by transformation properties alone. This is
because when you have at least four distinct points, you can construct conformally invariant cross-ratios[15].
These cross-ratios are special functions of the points that remain unchanged under all conformal transforma-
tions. For a configuration of four points, we find that there exist exactly two independent cross-ratios.

|$12||1734|. |z12]|z34|
|z13][224] | 223|214

As they are not uniquely determined by symmetry constraints, we will therefore use in-in formalism for deriving
the results.

A¢?* type interaction
We begin by stating the Wightman propagator,
H2

—ik(n—n")
ok = (mm)e

Wi(n,n') =
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Then, the four point function at later time 7, is given by:

M+
Iy = —iX DnWi, (0, M)Wy (1, ) Wi (14, 1) Wiy (04, 1)
—0o0
_ . A(Hn* / dn ez(k1+k2+ks+k4)
"6k, kpkska

A(Hn.)*
16k1 kokska (k1 + ko + ks + kq) '

This contribution is again purely real (I = I_), so the full correlator is just twice the above answer:

AHn)t 1

r_ AUn)T L
(Pky Phoy by ry) = 8k1kokzky ky

\¢> type interaction
We begin by considering a conformally coupled scalar. We can write the Wightman and Feynman propagators

explicitly

1
Wk(n,n’):Hznn’ﬁe Rn=n")

1 . ! . I
Gr(ksnn') = H*my' o e~ HF=g(n — i) + RO — n)}

Gglat)

Notice that these are exactly H?nn’ times their flat-space counterparts. (This is another manifestation of the
conformal invariance of the conformally coupled scalar.) The I, contribution is?

M
\{ V = (- i/\)2 DW’DU”WkI e " )YWiy (0,1 )G (ks 0’ ;0" Y Wiy (0, 0" ) Wiy (0"

A2H 2 e dn s dn e () o
= 2 'r] G a k o 1 ’Lk34’r]
16k‘1k:2k3k4/ / (k3o ")eteam

Iy

where, we expressed the second line in terms of the flat-space Feynman propagator. This integral is a bit

tricky to evaluate because it is divergent. As we will see, the divergences in I__ and I cancel against similar
divergences in I_4 and I;_. In order to isolate the divergent piece, it is therefore useful to add and subtract
a contribution to the above integral as

)\2H2 4 M dn UE d,’7 , q 1 . ’ 7 1 . ’ " . "
I _ Zk1277 G( at) ki /, my __~ dkr(m'4n") & ikr(n'4+n”) | Jiksan
++ 16k1k:2k:3k;4/ / p (k) = e "ok, ‘

flat)
afte

where we have defined

a a 1 i ’ "
G(é—l t)(kﬂnl,n”) _ Ggl t)(kIHY/J]”) _ Tkle kr(n'+n"")

We can now perform the integral involving Gp via a trick. We note that

o0 , 1.
fi/ dxe'™ = =,
a n

So we can write connected part
onnecre palt

>\2H2 / T 1" flat
I dx/d/ dn/dyy" e e G (s’
T 16/€1k2k‘3/€4l K1z ks ! e o ()
/"7* d77 /77* d77 z(k12+s)n/ ei(k34+8)n”
le ///

disconnected part

2vertices and propagators below the conformal boundary are time ordered and above the conformal boundar are anti-time
ordered.
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The time integrals in the first line now only involve flat-space quantities and can therefore easily be computed

0
17 1
I = dr'dn” zzn R (flat) Ern'.n") = —

The integral was performed using

" : ’ 1" 1
dn”/ dn'e iz’ giyn” o—ikr(n'=n") _ _ _
/ (kr +y)(z +y)

1
d /// d emn iyn’ ezkz(n -n") _
/ K 7 Tkt )@t y)
17 . ’ 17 1
d /// dr e givn”’ gikr(n'+n") _ _ -
/ ! e (ks +2) (k1 + )

We split I, into two pieces: a “connected” part, I_(ﬂ, which is the energy integral of I(x,y), and a “dis-

connected” part, I _(H)r, which involves integral of terms without time ordering. Performing the integrals of the
connected piece, we get:

/\2H2
1) = / dx/ dy I(z
tr 16k1/€2k3k4 k1o ks v1@y)
)\QIJ2 E—EL E—ER EL ER 7T2
= * Li Lip [ ——— lo 1 — ) - —
32k1k2k3k4k1[12< E )+12< E >+ (E)Og(E> 6}
where Li, is the dilogarithm and we define the variables Ej, = k12 + k; (the energy flowing into the left vertex),

Er = k34 + kr (same for the right vertex) and the total energy E = kio + kss = k;. We now calculate the
disconnected part:

7D = —)‘2}127711/17* Lﬂei(k12+s)ﬂ' /n* dl"ei(k“"'s)"”
T+ 32k1kokskskr | oo 1 o N’
)\2H2
= A8 oo (iEpn) log(iErn. 5.3
hhahakeky (08U ELN) o8 (iR, >3

This contribution diverges in the limit 7. — 0, which is why we split it off from I (f}r These divergences cancel

with the I;+ pieces, so everything is finite. Using the Feynman rules, we find

N
I, = =\ / D D" Wi, (0, 0" YWy, (1, 1" )W, (07,11 Y Wiy (07 1) Wiy (07, 1)

2772 4 . .
A"H1); /T7 %ei(k12+k1)n' /77 di//e_i(ku#w)n”

- 32k1kokskskr J_oo W — N
A2 2
=—=* ] i Ern.) log(—iERrns 5.4
32 fakakaks og(iErns) log(—iERn) (5.4)

In the last line, we evaluated the integrals, noting that the different ie prescriptions required for convergence
of the integrals lead to different signs of the arguments of the log for the " and 7”integrals. Adding (5.3) to
(5.4)we get,

A2H?n

(@)
I = A
+ 32k1k2k3k4k1

(—mlog(iELn.)) (5.5)

The sum of the I'Y and I_. contributions gives the complex conjugate of (5.5). Putting everything together,

we therefore find -
A H<n 2

I(d) I I(d) [ =t
* * 32k1k‘2k’3k4k1

(5.6)

Adding it all, the full correlator is®

<¢E1¢g2¢;§3¢g4>/ = 22Ty + I, _ +cc)

3The reason for symmetry factor is absense of 3! in Lj,; and because we have fixed the intermediate particle being exchanged.
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)\2H2774 E—EL E—ER EL ER 7T2
—92___ 7 77 Tx |14 o [ e i .
= 2 6k kakgkakr [Ll? ( E ) + Liz ( B ) Hog( E ) 10g< E ) T3

A H?n; k12 — k1 k34 — kr k12 + k1 ksa + k1 w2

- L Lip (584 ZF1Y | g (B2t R g (Bt i) | 70
4k1k2k3k4k1l 12( e >+ 12( e >+ °g< s > °g< ks >+ 3

(

When k; — 0, we have

2772, 4 2
A H . [W 2 ki +}

’ -
<¢k1 ¢k2 (bkg ¢7€4> kr k12k3a

= 8kikoksky

We are interested in these terms because they give rise to interesting power law behavior in position space. In
position space, there are further contribution to the Operator Product Expansion limit.

1 1 1—2
1) - (1)) % ——— ——— |2Lig(2) — 2Lis(2) + log(22)1
(P80 L8} X oy s [2Lia(z) — 2Lin(s) +log(s2)log { |
2 2 2 2
with 2z = 12738 (] z)(1 - z) = 14728
T13%24 T13%24

We find that in the limit z12 — 0, we have In(2Z) — oo. These singularities are less interesting for our purposes
because they do not signal the existence of new particles. They simply reflect interactions between the particles
that already exist. Such terms can arise both from a contact interaction or from analytic terms in k; in the
exchange diagrams. However, we will see that when the intermediate particles are massive, it leads to a unique
signal in the CMB, an analogue of resonance in cosmological collider physics.

5.5 Four point function with an intermediate massive field

We can now consider conformally coupled scalars ¢ coupled to a general massive scalar field o with an inter-
action vertex f Ap?o. The late time expectation value is given by the following expression:

22 N?

(e, (m0) -~ o5, (m0)) = m@(lﬁm k34, k1) + two other diagrams
Ig(kio, ksa, k) =Ty + 1+ T+ 1 _
0 ’
Yy (T dn
Lex = ) [ St [ Chotionl (o o, () (59

where the + signs indicate the type of branch in the integration contour, and consequently the sign in
subscript of (o, (n)o—k, (7)), represents the propagator along that branch. The equations of motion for

(03, (N1, (1)) e are given as:

, 0 9 o o M’ INV; 772 212 /
n 8717272 a*nﬂLkﬂl +ﬁ ok, (Mo—r, () s = —iH " n"=6(n —n') (5.9)
Now, consider the following auxiliary object:
0 / 2 2
= dndn’ ik ikgan' (20 9 2.2, M INV;
F=— /;Oo ?nﬁ€ 127 ¢34 n 87772 - 2778777 + ]f]’l’] + ﬁ <ak1 (n)a—kl (77 )>++ (510)
and evaluate it in two ways. First, we use (5.9) to write
0 2
. 4 H
F=iH? / dpethrathaan — =
oo " k12 + k34

Next, we integrate the time derivatives by parts? in (5.10) and trade factors of 1 for —idy,, to obtain

0 / 2

> dn dn . m i ikgan’

F= —[ 2 [—(kfz — k7)n* + 2ik1on + 5 — 2} 2 (g (n)a_g, (1))
m’ O AN d iy ke

= - [(kfg - k%)a,iw + 2k120k,, + e 2} / ?nﬁe k12n iksan {0k, (M) 1, (77/)>/++

4we are dropping the boundary term at n = 0.
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using (5.8)

2 2\ 52 m? H?
kis — k7)0% 2k190k,, + — — 2| [+ = ————
(k12 = k7)0k,, + 2K120k,, + H? T ko + kg
under the redefinition:
/
_ k2 T I, - Gx@)
kr kr kr
hence,
2 m’ 2 ki
k2| (p* — 1)3 +2p0, + — 72 -2+ =H P (5.11)
If we used
'2 2 0 m? NV -r72, 2,72 /
<77 a2 =20 an —— +kin” + 77 ><0k1(n)0—k1(n Ny = —iH ™™ "6(n —1n')
then by redoing all the same steps we arrive at:
2 2 m’ 2 ki

from (5.11) and (5.12), we have:
[(p* = 1)02 + 2p0, — (P> —1)02 —2p' 0y | Iy =0

Similarly, we can use

12 82 a 2 12 2 IN\/
T oy — 21 Wﬂ’fﬂ? t ok, (Mo—k, (') — =0

to show that )

m
[(k’%z - k?)aiw + 2k120k,, + 7z 2] I,_=0.

If we used

2 62 ! 0 2 N/
n 877/2 —2n (97’/]/ + kIn + 453 H2 <0k1 (77)0*/61 (77 )>++ =0

n (5.10) then, we could show:

m2
[(k§4 - k?)aiu + 2k340k,, + 7z 2] I._=0.
let’s define the following new coordinate
F1a T Gis(p,p)
= — = — I - =N/
p kr p kr ++ ks

and then,

2

{(p —1)82 + 23, + ZQ 2] Gil =0

m2
{(p )(9 +2p' 0,y +H2—2]G+:O
Notice that “time” has completely disappeared from the problem. The differential equation has been formulated
in terms of boundary momenta with possible singularities at p = +1 and p = co. We demand that the solution
is regular at p = 1 and we will impose the leading singular behavior at p = —1 is properly normalized. The
above equation is very similar to (5.2), therefore, we expect the four point function I, _ to factorize as product
of two three point functions which is regular at p,p’ = 1.

G._ x (00X) (0OX)

2 11 1-p | R R
2F1 <2 +'LM, 5 — 1, 1, 2) 2F1 (2 + 1, 5 — i, 17 2 ) (513)

B 7r
2 cosh? ()
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where the proportionality constant is determined by imposing the normalization condition at p = —1:

I+7 = lim

n / /
djeiknn dn e—iksan M ikr(n—n")
pp—=—1J_ o n? _

o 77/2 2ky

1 1
= o5 In(1+p)In(1+p) = G4_ = 3 In(1+ p)In(1+p)
1

We know the following from

r(;+w>r<1;w>m

B ™
~ cos(imp)

we get:

1 1 1-p In (1 - 152)
lim oF | = +ip, - —ip, 1, —— | = — 2
po—17 1<2 g Ty > U (1+ip)T (2 —ip)
cosh(m
~ cosh(rp) In(1+ p)
™
We quickly observer that the four point correlation function has branch point at p = —1 and p = oo.

Another way to evaluate the same is to use the long-distance approximation discussed in Equation (5.1). This
long-distance behavior is independent of the + subindices as Feynman Propagator and Wightmann Propagator
coincide. This is basically because we are probing separations where the two vertices are outside each others’
lightcones, so that the time-ordering does not matter.

using v = ip and defining a new variable Ji:

0
) an L.
Ji(ki2) = i /_OO TTZGi R ()2
= —(Fi)*(k12)'"AT(A - 1)

= —(Fe'#) 2 (ki2) " AT(A — 1)

using A = % + ip, we get from (5.8):

Lo+l +1 4 +1 = <J+(/f12)J+(k34) + Ji (k12) - (ksa) 4 J— (k12) J4 (ksa)

H2 2 i
) -G ) [ ()| e )
T 4
setting H =1
1 o k% i
= [J+(k12)+J,(k12)][J+(k34)+J,(k34)]ﬂ L™ | + (1 —p)
I ! < ki >w(1+‘s'h )I( ‘)2F<1+‘)2+
= 181N T —1 - 1 C.C.
¥ 21/ ki2kss | \ 4k12k34 H H g T
Hence
442
v mA
<¢k1¢k2 ¢k3¢k4>k]—>0 4k1k2k3k4 IE
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we see that the signal oscillates with a frequency and phase given by the mass of the new particles. This is the
analog of resonances in collider physics. We can see that the overall amplitude scales as e™™* for large u by
using the following:

2
. 1 _ ) 1 .
I'(ip)T (2 F z,u> = |F(:|:m)|2‘f‘ (2 F zu)
™ m +i s
= e
wsinh(mu) cosh(mu)

2
eizé

We can simplify the I for large mass:

1 7.[.2 ]{32 i )
Ip = L 1 4 isinh © e
B 2m\/iakss prsinh(mp) cosh(mp) l(4k12k34> (L+ dsinh(m))e” + c.c

Te TH . |:1< k% )+§:|
~ ———sin [pln
2,U,\/ k12k34 4k‘12k‘3
Notice that above contains oscillations in the logarithm of the ratio #7/kiskss. It means we have a bump in the
squeezed limit as compared to bump near the mass scale in energy distribution. If the leading e™™* contribution

comes from either I, . or I__. Then, subleading e~2™* contribution comes from I, _ or I_,, which can be
seen as follows:

H? [ L ("]
e = Tih) s ko) o [T (1)) 4 s =)
H? k2 O\ 1 2
= je™ U I'(—i 2F(+i> + (p & —
4m\/k12k3y <4k12k34> (=in) g T (e ~)
2 i 12 ip
L = (k) (o) [P ()| =)
T 4
T () e ()
= I(—ep) T | -+2 + (u = —
Am\/k12k3y (4k12k34 (=in) g T (h 2

It satisfies the analytic continuation condition:
Iyt (1o, kss, kr) = —I_+(e" k2, ks, kr)

We can derive the same using (5.13) by taking the limit p, p’ — oo.

. L'(b—a)'(c) o T(a=0bI(c) b
1 Fila,bc ) — 27 (_) 04 7727 (_
i oFiab e 2) ~ ppEe— 0 5t —n Y
and duplication formula
r QZWI—‘ r L
9i) = 2 s .
i) = 5 vt 5+ i)
P(—2ip) = 2 ir (£ =
(- W)*ﬁ (—ip) <2ZM)
Pt -
g T ~ cosh(mpu)
Then
G ! (2p) T (—ip)T 1+' + X — (2p") T (—ip)T 1+' +
= D i 5 Tin c.c N D i 5 Tin c.c
upon simplification, we get
G NL <4pp/)i"ur(i,u)2r <1—Z',u)2+cc +
+7 47T(k12k34)% 2 L. PRI
1 minpovee (L ? :
I~ ——— [ (4pp )T (ip)°T | = —ip ) + c.c.| + terms independent of ky
dm(k12kss)? 2

analytic
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In the small k; or p,p’ — oo limit, we can obtain the results for the other integrals by performing analytic
continuation and then adding them up we get back the same expression of Ir keeping only the non-analytic
terms in k7. We see that p** has branch point at p = 0 and p = —1, co from log(1 + p), therefore, the branch
cut lies in the interval p € [—1,0]. Since we can move the branch cut by using a different branch of multivalued
function but we can not move the branch point. The main argument for interpreting it as a signal for particle
production is the presence of branch cut and particle production begins as we approach the branch point in
the long wavelength limit.

5.6 Interpretation

The main result of this chapter can be expressed in a more convenient form by separating the result into
gaussian part + non-gaussian part via wavefunction formalism, leading to an interesting interference effect on
the cosmological scale. For the four point function, we naturally have zeroth order disconnected diagram and
second order connected diagram describing interaction.

Figure 5.6: The first diagram represents the disconnected diagram where the fields had gaussian evolution while
the second is connected diagram describing creation of massive intermediate particles which decays eventually
leading to curvature perturbation on the CMB.

However, we can not attribute the physical process to any one feynman diagram[16]. The probability
is given by the square of sums — and not by the sum of squares. The additional “interference term” can
not be assigned to a single Feynman diagram. Recall the double slit in QM: observable pattern =|slit; +
slita|2. A single Feynman diagram is like the probability amplitude for the electron passing to one slit.
If either the disconnected gaussian feynman diagram was describing the physical process or the connected
non-gaussian feynman diagram was describing it. There would have been no problem at all. However,
the physical process being described is in superposition of all feynman diagrams describing the process.
The leading boltzmann supression is being attributed
to the interference effect between different diagrams.

The probability will be given by the square of sum —_—
of amplitude for each feynman diagram. Hence, the | | Y
leading contribution scaling as e~ ™ will arise from | . /

the cross term describing gaussian and non-gaussian
evolution. Such cross term is to be interpreted as de- w
scribing interference between producing the pair and /

not producing the pair of particles. While the sub-

leading term will arise from pair production going as a

e~2™1, Since, the probability for creating the particle

goes as e~ 2™, We will write the wavefunction for the
process as:

Gaussian

Non-Gaussian

Figure 5.7: Zeroth order disconnected diagrams describ-
ing gaussian evolution of fields and second order con-
Y = Yno pair 7€ Vpair nected diagrams describing non-gaussian evolution.
gaussian evolution
Ling=0
we assume that, the non-gaussianity here is originating purely from pair production.
This effect is very quantum mechanical since we see the oscillations of the wavefunction of a quantum
particle. Here we are seeing the oscillations because we have the interference between producing the pair and
not producing the pair of particles.

2 2 — —
le ~ W)no pair| +e ﬂ#wno pair'ﬁz);air +e ﬂ-#'(/)pairw;o pair

In flat space quantum field theory, we know that either the connected diagrams dominate or the disconnected
diagrams dominate. However, what we observe here is that, for the non-Gaussian part, the interference term
dominates over connected diagram. What it implies is that looking at the sky we can never tell where the
particle production took place, we can only detect the deviation in the probability distribution.
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Chapter 6

Observing Inflationary Particle Physics
in the CMB

The cosmic microwave background (CMB) serves as a
powerful window into the physics of the early universe.
The primordial density fluctuations imprinted on the CMB
anisotropies carry signatures of quantum processes that oc-
curred during inflation. In particular, the non-Gaussian
features of the CMB-—encoded in higher-point correlation
functions—offer a unique opportunity to study particle pro- 6000
duction and interactions at energy scales far beyond the j
reach of terrestrial colliders.

In this chapter, we discuss how such signatures can
be extracted from CMB data, focusing on the role of
the bispectrum and trispectrum as tools to detect non-
Gaussianities. We explain how heavy particles coupled to
the inflaton can leave characteristic imprints—such as os-

5000 £

Anisotropy Power
w S
o o
o o
o (=]

n
=)
=]
=]

cillatory “clock signals”—in the momentum dependence of 1000 f

these correlation functions. We also highlight the obser- : E
vational challenges and prospects associated with measur- R BN e
ing these signals in current and future CMB experiments, Multipole moment

thereby establishing a bridge between high-energy particle

physics and precision cosmology. Figure 6.1: The illustration of power spectrum and

the type of fluctuation each range of multipole mo-
ment [ encodes within the spectrum.

6.1 Statistical Structure of Gaus-
sian Fields

To understand the statistical properties of primordial fluc-

tuations and their imprints in the cosmic microwave background (CMB), it is crucial to begin with the simplest
case: a single random variable x drawn from a probability distribution. If z follows a Gaussian distribution
with zero mean, then its probability density function (PDF) is given by:

p()_# a?
Y= Vorer TP\ 202

This distribution is normalized such that: -

P(z)dz =1
—oo
Here, 02 denotes the variance of the distribution, and it fully characterizes the statistics of x. We can now
compute the moments of x to reveal its statistical structure:

() =0 (mean)
(z?) = o? (variance)
(x®) =0 (skewness vanishes)
(z*) = 30" (kurtosis)
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(x®) =0 (odd moments vanish)

In general, for a Gaussian variable, all odd moments vanish, and even moments are entirely determined
by o. This reflects the high degree of symmetry and simplicity in the Gaussian distribution: all statistical
information is encoded in the two-point function (the variance in this case).

6.2 Multivariate Gaussian Fields and Correlation Functions

Extending to the case of a spatially distributed field, we consider a set of random variables {x1,z2,...,2Nx},
which may represent field values at different spatial points. These variables can obey a multivariate Gaussian
distribution, defined by the joint PDF[17]:

1 1 _
P(xl,xg,...,xN):Wexp _§sz(§ 1)ijxj
3

Here, &;; = (x;z;) defines the covariance matriz, also referred to as the two-point correlation function. The
normalization condition ensures:

o0 (o]
/ / P(zy,...,zy)dzy...dxy =1
—0o0 —o0

The expectation values or moments are:

The structure of the four-point and higher even-order moments is dictated by Wick’s theorem, which
states that all higher-order moments of a Gaussian field can be expressed as products of two-point functions.
For example:

(x1202324) = (1@2)(T32e) + (T123){X224) + (T124)(T223)

In the special case of a single Gaussian variable:

(x*) = 3(2*)? = 30*

In cosmology, these statistical properties play a central role. The primordial fluctuations generated during
inflation are expected to be nearly Gaussian, with the two-point function—the power spectrum—capturing
their dominant behavior. Deviations from Gaussianity (i.e., non-zero higher-point correlations beyond what
Wick’s theorem predicts) provide crucial clues about interactions and particle production during inflation.

The covariance matrix &;;, or equivalently the two-point function (§(Z;)0(Z;)), is the key observable in the
CMB temperature and polarization maps. By extending our study to the bispectrum and trispectrum, we can
test for and constrain possible new physics beyond the minimal inflationary paradigm.

6.2.1 Homogeneity and Isotropy

Let ¢ be spatial coordinates. Then, random variables at a given spatial position will be given by X(7). The
2-point correlation function between 2 points ¢; and ¢j is

&ij = (X(3)X(q;))
Let 7j; be a vector connecting two points.
&ij = (X(@)X (G + 7i5))

Thus, &;; would depend on ¢; as well as 7j;.
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e Homogeneity (translational invariance) : statistical homogeneity demands &;; not depend on ¢;
s &y #E(qi,Ti5),  but &= E(7y)
e Isotropy (rotational invariance): when seen from a given point ¢;, &;; does not depend on the direction of
Tij-
= &g =& T51)

e Homogeneity and Isotropy: If &;; is isotropic from any point in space, then it must be also homogeneous.
We believe that we live in a universe which is isotropic and homogeneous. (But we must keep testing this
hypothesis - it’s fundamental enough for it to be tested repeatedly!)

§ij = &ij (I7351)
Let us consider a Fourier transform of z(q),

X (k)

Q
Il
—
a
w
(=)
)
=
=]
b
—
Sl

and consider the covariance matrix given by
Cij = (X (k) X" (ky))

The translational invariance demands

—

3y, -
Cij = (2m)6) (i — k) P(k;)
——
power spectrum
The rotational invariance further demands
P(k;) — P([k;|)
Proof:

L)

Cy= [ [ g e B AET (X (@)X (@)
/ / E BN i

Translational Invariance:
(X(QX(7+7)) =&(F)
Ci; = /d?’?“e“;j'Ff(F)/d3qe_i(’;i_gj)'fi
P(k;) (27)35) (k;—k;)
= (@m0 (ki — k) P(k,)

Rotational Invariance: . .
§(F) =&(Ir) = P(k;) = P([k;])
Therefore,
Cij = (2m)°6®) (k; — ;) P(|k;1)

We can write down the PDF of X (k) as well:
. . 1 P
PR, X () = g oo TN
T

For a translationally and rotationally invariant x, we have

- o o 1 _1y 1EE)?
P(X(k1),---, X(ky)) = ¢ 2 2 PUkD

(2m)/2 (T1, PORD)

which is much simplified.

For this reason, we often deal with the Fourier quantities such as the power spectrum, P(|k|), when we
analyze the cosmological data sets, as we believe that we live in a statistically homogeneous and isotropic
universe.

50



Bispectrum

We can expand the above argument, and define the ”bispectrum,” given by
(X (k1) X (K2)X (k3)) (=0 for a Gaussian X)

Translational and rotational invariance then demand that this quantity be

~

(X (k1) X (k2) X (k3)) = (2m)20) (k1 + ks + k) B(|k1, %2, |K3])

6.2.2 Non-Gaussian Statistics

Gaussian statistics is particularly appealing because the probability distribution function (PDF) is completely
specified by the two-point correlation function, both in real space and in Fourier space. However, in many
physical situations—including the early universe—it becomes essential to consider deviations from Gaussianity.

A natural question arises: What do we do when the fluctuations are non-Gaussian?

In general, there is no unique or optimal method to handle an unknown PDF. However, in the context
of cosmology, we are guided by observational data: measurements of the CMB suggest that the primordial
fluctuations are nearly Gaussian. This means that any deviations from Gaussian statistics must be small and
can therefore be treated perturbatively.

A reasonable approach in this regime is to approximate the non-Gaussian PDF as a small deformation of the
Gaussian one. That is, we expand around the Gaussian PDF to capture leading-order non-Gaussian features.

Recap: The Taylor expansion of a smooth function f(z) around z = 0 is given by:

s noJqn
RIS
n=0

We apply this same logic to perturb the Gaussian PDF to model weakly non-Gaussian statistics.
Let P(x) be the true (non-Gaussian) PDF of the field. We expand it around the Gaussian PDF, Pg(x), as:

1 T
L3 S (2)]
n=3

P(z) = Pa(x)

where:

o Pu(x) = \/2;7 exp (—%) is the Gaussian PDF,
e H,(z) are the Hermite polynomials,

e K, are the cumulants beyond the second order (e.g., skewness k3, kurtosis k4, etc.).

This form ensures that deviations from Gaussianity are encoded in higher-order cumulants. The Hermite
polynomials serve as an orthogonal basis with respect to the Gaussian measure, which makes them a natural
choice for this expansion.

In cosmology, this expansion has a direct interpretation:

e The presence of a non-zero bispectrum (three-point function) corresponds to a non-zero skewness, or
KR3.

e The presence of a trispectrum (four-point function) corresponds to non-zero kurtosis, or ky4.

Thus, measurements of higher-order correlation functions in the CMB can be seen as an attempt to recon-
struct the full probability distribution of primordial fluctuations, moving beyond the Gaussian approximation.

This framework—perturbing around a Gaussian—is at the heart of modern non-Gaussian cosmology and

forms the basis for the field known as cosmological collider physics, which seeks to interpret these higher-point
statistics in terms of underlying particle physics during inflation.
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6.2.3 Gram-Charlier Expansion

Consider a Gaussian PDF within a unit variance 02 = 1 and zero mean. Let’s call it G(z):
G(z) = e/

Then, suppose that we have a PDF of a weakly non-gaussian random variable, and we want to describe this
new PDF, P(x), as a perturbation to G(z). We obtain:

> d"G(x
P(z) = Z C, dx’g )
n=0

= Go(2)[Co + (—1)Chx + Co(x* — 1) + (=1)C3(z® — 3x) +...]

This is so called “Gram-Charlier Expansion”. There is another way to express this result and for that we need
to define Chebyshev-Hermite Polynomials as

1 d*"G
H =(-1)"—~—
en(@) = (=1) G(x) dan
2
2, d%e " /2
— (—1)"e" J2 =
(=1)% s
we have:
Heg(z) =1
Hey(z) ==
Hey(z) =2 — 1
Hes(z) = 2% — 32
Hey(z) =2* — 622 +3 (6.1)
The PDF can be written as:
P(z) = G(x) Z Cn(—1)"He,(x) (6.2)
n=0

In other words, we are expanding the ratio, P(#)/G(z), in terms of the Chebyshev-Hermite polynomials times
(—1)m.

P(r) _ < n
G = T;On (=1)"Hey,(x)

A nice property of He, () is that it satisfies the following relation:
/ G(z)Hen(x)Hepm (z)dr = mlom,y,

which allows us to systematically derive the coefficient, C;,. First, multiply both sides of (6.2) by He,,(z), and
integrate over x.

/ h dzP(z)Hen(x) = Y Co(=1)" / h dzG(z)Hep (x)He, ()

— 00 — 00

using (6.1), we get:

oo

Cy = dxP(z) =1 (normalization of PDF)

— 00
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Cy = —/ dxxzP(x) =0 (zero mean)

1 (oo}
Coy = a) dz(z* —1)P(z) = ~((2*) — 1)
=0 (unit variance)
-1 oo 3 -1 3
C3 = —- dz(z® — 3z)P(z) = — (2°)
3 J_ 6
-1
— ?k;?) (where k3 is skewness)
1 o0
Cy= 1 da(z* — 62° 4 3)P(z)
1, 1 . .
= ﬂ(@ )—3)= Sk (where ky is kurtosis.)

Therefore, the expansion coefficients are the moments of P(x). Collecting all terms, the Gram-Charlier expan-
sion of zero mean, unit variance PDF is given by:

P(z) = G(x) {1 + %kgH@g(l’) + ik;;He;;(x) +...

6.2.4 Edgeworth Expansion
Next we extend to the case o # 1. A useful expansion parameter is

kn

n T 5,22

Note that S,, may carry units if k,, does.
Let y be a random variable. The Edgeworth expansion becomes:

P(y) = éG(y/o) {1 + U%H@g(yo) + 02§H64(y0) + .- }

24
L 202 Ss (> Ly 28y (Yt P

This is the Edgeworth Expansion.

6.3 Application : Gravitational Clustering

In cosmology, it is believed that collapsed structures like dark matter halos form at regions corresponding to
high-density peaks. Therefore, within this framework, the statistical properties of such structures—like the
number density of halos—can be inferred from the probability distribution function (PDF) of the underlying
density field.

A~ over density region (J > 0)

space
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In the most basic model, halos are assumed to form in regions where the density contrast ¢ surpasses a critical
threshold, typically taken to be §. = 1.686.

N halo formed

S
7

space

What about mass? The standard method looks at early times when § < 1. The mass in a region of radius R is

47
M = 3 (p) R?

We then smooth the density field with a top-hat filter of radius R—effectively binning it on that scale.

o

770000070777

\
7

\
space space

Figure 6.2: The density function is being smoothed out by using the top hat function.

Then track g as it grows until it crosses the threshold . = 1.686. At that point, a collapsed object forms with
mass

4
M = 3 (o) R®.

According to Press & Schechter, the mass function
(number density of halos per unit mass) is: 5n

halo formed !
dn d >
9 <,0>

— =2 dér P(0r

dM M dM [s, (0r) 1.686
For a Gaussian PDF, P(0r) = Taron exp( 502 ) 0 |- derrzzriez et
this gives:

dn 2<p>6 dop' 1 ( 52 )

M~ M TaM Var TP\ T 202
This is the Press-Schechter mass function, normalized space
such that ~ d
n
dM M —— =
; o=@

i.e., total mass is accounted for by halos down to M — 0, though this assumption is debatable.
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Now consider an Edgeworth-expanded PDF:

1 52 S3 (63 1)
Piom) = oo () [1+on (22 -032)

Sy [ 0% 52
top ot (SE 6l 1 3) 4.
24 \op op

For non-Gaussianities, the mass function becomes:
dn 2 (p) 52 dog? Ss (62 Sc OR
=, /2 __c §.—L (1 ) e g T2
ar  Naar P\ 720z ) | U TR 0% Con o

R
o tdSs (02
TRGdM \ 0%

Positive skewness (S5 > 0) enhances the abundance of massive halos.

6.4 Non-Gaussianity as a test of inflation

Having explored the mathematical framework for non-Gaussianity and its significance in cosmological pertur-
bation theory, we now turn to its application in the Cosmic Microwave Background (CMB). We have already
established that the primordial fluctuations imprinted on the CMB provide a unique window into the physics
of the early universe. In this section, we focus to apply these ideas to the early universe and constrain the
parameters of the cosmological collider physics. We have studied power spectrum and bispectrum in the earlier
chapter, here we learn how they could be seen in data.

6.4.1 Power Spectrum

Inflation produces perturbations in the spatial part of the metric dg;;. The scalar part of dg;; will seed the
structures we see today; while the tensor part of dg;; will propagate as gravitational waves. Let us write!

curvature perturbation

¥
e =142¢ +...
’Yij :(5”+ hij 4+ ...

gravitational wave

where 7,7 = 1,2,3. In this section, we will study the statistical properties of (. It is convenient to recall the
following relation between ¢ and the observables.

gij = €*7ija’(t) {

1. CMB Temperature Anisotropy or very large angular scales where the “Sachs Wolfe” approximation is

valid: ST )
T = —g(: (A, 24) where r, is conformal distance to z,

2. Newtonian gravitational potential in fourier space during matter era:

- 3 -
E= _ECE T (k)
where T'(k) is the transfer function.

Inflation usually predicts a nearly power-law power spectrum.

(CkCh) = (2m)°8%(k — K Pe(Jk))

which can be written as:

—

Pe(k) = P(|k]) oc k"1

1we normally write

gij = €*Prija’(t)

_ dp
C_(z)+/3(p+p)

and then define ¢ as

But we use the uniform density gauge.
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Inflation predicts that ng &~ 1, and this is referred to as a ”scale-invariant spectrum.” To understand why ns ~ 1
is called ”scale-invariant,” let’s calculate the real-space 2-point correlation function:

&(r) = (C@CT+7) = / (f&wem
_ / > dk kP (k) sin(kr)
o Kk (@2m)?2  kr
Thus, the correlation function & (r) is given by
Ee(r) ~ k2 Pe(k) R
272 ol

So, for ng =~ 1, & (r) becomes independent of r. (More precisely, £ (r) depends on r only logarithmically, which
is why it’s called “scale-invariant.”) The latest observations give:

ns = 0.96 4 0.01 (68% CL).

To calculate the theoretical predictions for the power spectrum, one can use CAMB or its web interface.
While the power spectra are often computed analytically in Fourier space, it’s more natural to express statistical
fluctuations in terms of the spherical harmonic basis when comparing theoretical predictions to real-world
observables. The spherical harmonics Y}, form a natural basis for functions f(72) defined on the surface of
a sphere, which is why they are a preferred representation for observations of the sky. Using the expansion
coefficients ay,,, any arbitrary function f(72) on the sphere can be expanded as:

oo

1
FA) =33 amYim(h),  am = T @) de.

=0 m=—1

The observed isotropy of the universe enables the calculation of the corresponding power spectrum. For func-
tions with rotational invariance, the coefficients are related to the angular power spectrum Cj by:

*
Ciow 6mm’ = (@maj,),

where d;,, is the Kronecker delta. Since we can only observe one realization of this underlying stochastic process,
the measured value is the averaged quantity:

l
1
Cr=—— L
l 2l +1 m;l ‘alm|

6.4.2 Bispectrum

Simple models of inflation satisfying all the following conditions:
e single field
e canonical kinetic term
e slow-roll and
e vacuum initial state

Produce a tiny amount of non-gaussianity-too liny to be detected by any experiments. Consider the bispectrum
of the curvature perturbation at the end of inflation. It’s fourier transform is given by:

(G GG = / &1 s dPese I F T (¢ () C (22)C (23))

Assuming the statistical homogeneity and isotropy, the correlation function is invariant under arbitrary spatial
translation, so we set z} = x; — a3 for i = 1,2

N /d?’xﬁd%’gd%ge_i(zfﬂ Fo(alirBa)+Rarea) (¢ ()¢ (2)C(0)
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= (2m)° 6@ (ky + Fz + ) / e ((EA A O)
= (27‘()3(5(3)(];"1 + EQ + Eg)Bc(k’l, ko, k‘g)
the above simple models tend to produce

Be(ky, kg, k3)
P (k1) P (k2) + Pe (k1) Pe(ks) + Pe(k2) Pe(ks)

=0(107%)

which happens to be unobservably small.

However, if any of the above four conditions were violated, inflation could produce much larger non-
Gaussianity. Since B (k1, ko, k3) has 3 variables to play with, we have many shapes to play with. Imposing
scale invariance allows us to reduce the number of degree of freedom to 3:

@, @, and angle between kg and ks
k1 k1

Among various shapes considered in the literature, let us pick 3 which are associated with the conditions
mentioned earlier:
1. Squeezed Limit: |ks| << |ks| ~ |k1|
Detection of this shape would rule out all single field models.
2. Equilateral Limit: |ks| ~ |ko| ~ |k |

Detection of this shape indicates enhanced field interaction at the horizon exit. This can be achieved by
e.g. non-canonical kinetic terms.

3. Folded Limit: |k;| ~ |ko| =~ [F1]/2
Detection of this shape would suggest that the initial state of quantum fluctuation in scalar fields were

not in the vacuum state.

4. More complex behavior: When slow roll is violated, it often induces a violation of scale-invariance,
and thus more complex shapes are possible, such as oscillating bispectrum.

For the rest of this chapter, we will focus only on “squeezed limit”. Bispectrum estimation from CMB can be
done using CMBBEST.

6.5 Multi-field inflation and Bispectrum

Perhaps, the most important goal of measuring the squeezed limit is to rule out the single-field models of
inflation. How do we then calculate the bispectrum of the curvature perturbations, ¢, from multi-field inflation?
For this purpose, there is a very convinent and powerful method called the 6 N formalism. Here, N is the number
of e-folds of expansion:
N=1 a(tobservation)
a(tinitial)

Now, looking at the metric (spatial components, ignoring gravitational waves),
Gij = a? (t)e%(‘f)éij ; ¢ is the comoving coordinates
One can define an inhomogeneous scale factor,
a(t,q) = a(t)et@
Then, if we choose the initial time to be on the flat hypersurface, in which g;; = a*(¢)d;;, then

S d to servation to servation
N =1 a(b t ):lna(b t )+C((D

a(tinitial) a(tinitial)

Thus
C((T) = 6N((j) = N(tobservationy tinitialy ff) - N(tobservation7 tinitial)

This is the N formalism. To be more precise:

1. tinitiar is on the flat hypersurface, in which g;; = a? (t)ds5
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2. tobservation 1S on the uniform density hypersurface, in which §p = 0.

The next question is, “How do we compute dN(§)?” To calculate dN(q), we can use “gradient expansion
method”, for which we systematically ignore the terms that involve spatial derivatives. This is a valid approx-
imation, as long as the wavelength of perturbation we deal with is much greater than the Hubble length.

A~

H—l H—l

A
Vv

time

¢(9)

Vv

space

To zeroth order in gradient expansion, in which all the spatial derivatives are ignored, something remarkable

happens. The Friedmann Equation for the backgroun (mean)
2
3M§1 (H > = <P>
is same as the Friedmann equation for the perturbed quantities
3MAZH? =)

This is a completely non trivial result. Naively, one can say “when the wavelength ofccurvature perturbation
¢ is much larger than the Hubble horizon, each horizon patches evolves as if they were a separate universe.

AN

time

.= 112(t)€2<1 ‘Sij

2
95 = a?(t)e C2 84

Vv

space

Under this approximation, all we need to do is to solve the background evolution:
2
3Mp (H)” = (p)
for different initial conditions, and calculate perturbations as the differences between the initial conditions.

Namely:
N(q) = ]\A]((bilnitial(q)v ngrlitial(q))

= / dtﬁ(¢fnitial(®v q.silnitiah t)
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In order for ¢ to contribute to p (hence H), ¢ should be slow-rolling. Then, (b is a function of ¢, and thus we
obtain:

82
(q_) - 5N (7) Z 6¢1n1t1d1 q_j +35 Z agb—é(bilnitial(q_jé(é{{litial(@ +..

1n1t1al mltlal initial

This completes the N formalism.

6.6 Single Field Check

Let us apply the 6V formalism to the single-field case, to make sure that we recover the well-known result:

H
C = - 5(binitial
¢ initial
Here, ¢ = ¢! because we have a single field model.
N tobs N ¢obs H
N = dtH = dop—
t; Pini o

where we have introduced the short hand notation, tobs = fobservation a0d tini = tinitial- INOW, tops 1S on the
uniform density hypersurface, so

Dobs = <¢>obs
On the other hand, ¢;,; is on the flat hypersurface, and thus

Gini = ()i + OPini

Therefore,
(D) obs
N = / dqsﬁ.
<¢>ini+5¢ini ¢
(#) obs ’
~ / dqﬁ@ —@ dini + (9(5¢2)
(®)imi ¢ b |
ON
Hence,
(=6N=N —<N>=—£. 8 Gini
(b ini
6.7 Local-form Non-Gaussianity
Look at the é N form:
I 1 O0°N I 7
((q) =N (q) = 8¢,5¢ (@) + 26¢18¢J§¢ (7)097(q) + -

Here, we omitted the subscript “ini” for clarity and assumed that the repeated indices mean the summation.
This form is “local” because the left hand side and the right hand side are evaluated at the same comoving
position, ¢. Also, this implies that ¢ must be non-Gaussian even if §¢!(¢)’s are Gaussian. To see this, compute
the real space 3-point function:

ON ON ON
= 59T 597 agF (09" (@)0¢” (2)06" (@)
1 ON ON 9N

I K L
+ 3 5507 5507 B5aR asgE (00 (@06 (@)56" ()00 (@)

The 15! term vanishes if §¢!’s are Gaussian. However, the 2"¢ term does not (recall the wick’s theorem). Now,
let’s compute the Bispectrum. In fourier space,

1 d
CE:N[6¢é+§N[J/ b

(27‘-)3 5¢£7;‘;‘¢I§ +
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Here, we have dropped the " as well as introduced a new notation, Ny = %, Nij = a(?S]gZI 8?5];1 8?5{4\57“ etc.

1 a3
(G, G, Ge) = NiNoNic (3L 30,801 ) + 5NiNo N [ 5 (0k 60 5o ok

(2 — permutations) + . ..

Using wick’s theorem, the second term becomes:

ond) = NN N L [ EP L 56 507 V(665 561 )+ (566 56K ) (56) 6oL
(n)7§ K /(271')3 {< ¢E1 ¢E2>< ¢E3*ﬁ ﬁ2>+<¢ﬁl ¢ngﬁ>< ¢E2 ¢;5’>

(0% o) 007 00K )}
Without loss of generality, we can write
(07, 007 ) = (2m)*6) (k1 + k2)6" Py (k1)
Then,
1 o o o
(2nd) = o NINTNGE (2m)°8%) (ky + )0 (k) Py (k1) Py (Ks) / dp1
+ NyNyN (271)36@3) (k1 4 kg + k3) Py (k1) Py (k2)

However, the first line (involving 6 (ks)) vanishes because Py(ks = 0) = 0. Therefore, if 5¢£’s are all gaussian,
then the leading order result is:

<<E1<E2<E3> = (27T)35(3)(E1 + EQ + Eg)N]NJNIJ(P¢(k1)P¢(/€2) + permutation)

On the other hand, the power spectrum of ( is related to that of §¢ as

(€. G, = (2m)26®) (ky — ka) P (k1) = NiNy <5¢>£1 5¢’,‘g]2*>
= (27)%0®) (k1 — ko) Ny N1 Py(ky)
Hence,
. Pr(K) = NINTP, (k)
writing the bispectrum as:

(G, C) = (@m0 (R + Ry + F — 3) B (K, b, )

we find,
Be(ky, ko, ks3) _ N{N;N'J

P{(kl)PC(k2) +perm. (NKNK)2
Let us compute this in the single field limit (¢ = ¢'):

9’N
Be(ky, ko, k3) __9%%
P (k1) P (k2) + perm. (2 )2
OPini
Here, .
AN H 11 . 1 ¢
= —— = - where € = e
Oini O lini My v/2¢ 2My> H?
and thus,
02N B laln €
6¢i2ni N 2 8¢)ini
Therefore, for a single field model in which d¢ is Gaussian, we obtain
dlne
BC(k’l,kQ,k?,) —_ laqﬁini :26_77
Pe(k1)Pe (k) + perm. 2 S

Indeed, we find B¢/p.2 ~ O(1072), which is too small to be observed, and thus detection of this quantity would
rule out single-field slow-roll inflation models.
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6.7.1 Squeezed Bispectrum

Since, P (k) is nearly scale invariant, it scales as Py o< /x®. This means that B¢ (k1, k2, k3) for the above local-
form non-Gaussianity, peaks when one of the k;’s is very small. If we order k1 > ky > k3, then this bispectrum
peaks when k3 << kg ~ ky.

For this limit, we find:

2N;N;N1/
(Ng NK)?
= 2(2¢ — ) Pe (k1) Pe(k3) (for single field)

Be(ky, ko, ks — 0) — P (k1) Pe(ks3)

6.7.2 Single-Field Theorem (Consistency Condition)

Actually, the Squeezed-limit bispectrum is much more powerful than just ruling out single-field Slow-Roll model.
It can be used to rule out ALL Single-field models,regardless of the models . “Single-field Theorem” states:

Be(k1, k2, k3 — 0) = (1 —ng) P (k1) Pe(k3)

for All single-field inflation models! So, here we are gonna use slightly non-standard approach to show this
relation. We are starting with this formula:

(CRCRCRES NINJNK<5¢215¢£25¢,;K$>
+ NyNNT(27)38° (ky + ko + k3) [Py (K1) + Py(K2) + (perm))]

While, we’ve ignored the first term by assuming that d¢! Gaussian. However, for single-field model, the second
term is small (of order €). But at the level of O(€), we cannot ignore the first term, as there exist interactions
of §¢ during inflation, making d¢ slightly non-Gaussian.

While the precise computation of first term requires Quantum Field Theory (and was done self-consistently
by Maldacena(2003)), we make a short cut by considering only the squeezed limit, k3 ~ ks = k1. To understand
the situation better, let us call:

ks — kp(for Long wavelength)

and
k1, ke — kg(for Short wavelength)

where L is much larger than H~!, ¢ is much smaller. Then, we can write first term as
(005,007,005, ) = (067,005,005, )
= ({03,007, )LOdE, )

Here, <5¢Es 6¢Es> 1, is the 2-point function of the Short mode, Given that there exist the Long Mode. In single
field mode, there is only one dynamical degree of freedom (. Therefore, we need to compute <6¢>k~s 5¢Es> in the

presence of (r,. We know, g;; = a® (t)e%t | eS¢ amounts rescaling of co-moving coordinate. The result is

_dln k3 Py(ks)

(005 00k 1L = (005, 00%,) dln ks

Py(ks)CL

For single-field result P, (k) oc #°/k* and dN = dInk, we find

dink*Ps(k)  dinH* dp

Ak~ dp AN

With this result, we find
ON \° ON \*
(%m) <5¢k"16¢]€;5¢]{;> = (a(lsml) (+26)P¢(k1)<ck_'l+k;5¢]§g>
= +2eP; (k1) Pe(ks) x (2m)36@) (ky + kg + ks) (for ks — 0)
Combining this with second term
(CREREN B0 (2m)20@) By + iy + k) X {+2ePe (k) P (ks) + (4e — 2) P (ki) P (ks) }
= (2m)200) (k) + kg + k3) X (6 — 2) P (k1) P (ks)
= (2m)20®) (k) 4 Kz + k3) X (1 — ng) P (k1) P (ks)

Therefore, if we find that the squeezed limit bispectrum has exceeded 1 —ng = (’)(10’2), all single field models
are ruled out.
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6.8 fnr

. . . B
The non-linear parameter, fyr,, is used to characterize P—g as follows:
¢

6, Be(ky, ko, ks)
5N T Pe(k) Pe(ka) + Py (ky) Pe(ks) + Py (k) P (ks)

The current best bound on fy from the WMAP 7-year data is:

fyvL =32421 (68% CL)

or
-10 < fyr <74 (95% CL).

Note: The factor of g arises because fy was originally defined for curvature perturbations during the matter
era in Newtonian Gauge, where ¢ = %{ . Thus, the definition is:

2 fug = Be(k, ko, k3)
NE = Pk P (k2) + Pe(ka) Pe (k) + Pe(ka) Pe(ks)

6.9 Trispectrum and Multi-field consistency condition
If fyr >> 1is found by, e.g. Plank, what should we do? Single fields are gone, should we then study multi-field

models? Is there any way we can rule out multi-field models also? Perhaps the 4-point function can be used to
test multi-field models. Let us start from the local-form (6/N) non-Gaussian.

1 1
¢ = N10g" + 5 N1s06"067 + = Nisxcdo! 567665 + ...
The 4-point function can be obtained from:

7N (Lst) x (1st) x (2nd) x (2nd)
gnr : (Lst) x (1st) x (1st) x (3rd)

The local form non-Gaussianity then yields:
(o, G CraGa) = (2m)3 8% (Fy + Fey + Fig + k)

x| TN L P (k1) Pe (ko) { Pe([kr + ks]) + Pe(ky + ka|)} + 10 perm

B4
+ QNL%[Pc(kl)Pc(kz)Pc(k:a) + 3 perm|

The 7n 1 term peaks at “small diagonal limit”, and the gy term peaks at “squeezed limit”. Both 7 and
gnL can be given in terms of N, N;j etc. The leading order contributions? are:

(N N7)(N'K Nk )
TNL =
(NLNE)?
54  NygNIN/NK
959N = T (N, NL)3

Where we have the factor 54/25 in front of gy for Historical reasons, similar to g for fyp. Of these, 7y is
of great interest. At this order, T is given by Ny and Nyj. On the other hand, fyr is also given by a

Inrd
combination of Ny and Ny ;, and thus there should be a relation between the two. (Recall g N = %)

To see this, define the following new variables:

NN
ar = (N NL)3/2
b= L

(NLNL)1/2

2If these terms vanish due to symmetry reasons, then one needs to go to next order terms
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Then, we get

6
ngL = arb’

TNL = (aIaI)(beJ)

The Cauchy-Schwarz inequality, (ara’)(b;b7) > (arb?)?, gives

6 2
TNL = <5fNL> (6.3)

This is the (tree-level) Suyama-Tanaguchi inequality.[18]

5 2
Is v > (2fnz)” general?
The derivation of this relation relies on the “tree-level approximation,” where:
1 1
¢ = Nép! + §N1J5¢’5¢J + ENIJK5¢15¢J5¢K +..

The bispectrum (fx1,) arises from (1st) x (1st) x (2nd) terms, while 7y, comes from (1st) x (1st) x (2nd) x (2nd).
However, for certain models (due to symmetry), these terms can vanish, and the leading order contributions
may instead arise from:

fyr s (2nd) x (2nd) x (2nd) Tnr : (2nd) x (2nd) x (2nd) x (2nd)

In such cases, it is not immediately clear if any general inequalities exist between these terms. However,

the latest studies suggest that 7 > (%fNL)z may still hold for general multi-field inflation theories. This
inequality can serve as a key test for the inflationary mechanism generating fluctuations.

6.10 Measuring non-Gaussianity from CMB

To understand how we determine fy; = 32 £+ 21 from the WMAP data, it is useful to first work through a
simpler example: estimating the skewness, k3 = (x3), for a zero-mean, unit-variance Gaussian distribution.
Using the ” Taylor-expanded” PDF (up to k3), we have:

P(x):\/;a {1+l€63 (06—3:4>+...]

The best-fit k3 can be found by maximizing this PDF with respect to k3. This is essentially using Bayes’
Theorem, interpreting P(x|ks3) as P(ks|z):

Oln P(x)

( ok )=0

Expanding In P(z) up to k3:
1 (a3 x 1 (a3 z\1? k3
In P(x) = const + 6 (06 — 04) ks — [6 (06 —304” 5 T
Taking the derivative with respect to ks and setting it to zero, we get:
1 [ 25 x? x? 1 (/23 z
(55 (o~ 67m +9% s = 5 (75 372’
4) = 30%), we find:

On evaluating the left-hand side (using (2°) = 150° and (z
11
6 o6

LHS =

Thus, the estimator for k3 is:

ks = (2%) - 30°(x) |
For a zero-mean variable (which we assumed), the second term vanishes, and we obtain k3 = (2®). In practice,
we don’t access the ensemble average directly, so the actual estimator becomes:

iy (— - 32)

I
where ¢ refers to the i-th measurement. This form is quite sensitive and directly applicable to measurements
from the WMAP data.

ks =
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PDF for CMB

In order to write down the PDF of CMB temperature (or polarization) anisotropy, we need to know how
to generalize the Gram-Charlier (or Edgeworth) expansion to a multivariable case. First, let us start from a
Gaussian PDF. Temperature anisotropy (i.e., Temperature in a given direction 7 minus the mean temperature),
0T (n), obeys

P{éT(ny)}) = ;e—é 3., 0T (i) (€71)i56T (1))
0TGN =
where,
&ij = (0T(7s)6T ()
and

7. = (sin 6 cos ¢, sin 6 sin ¢, cos 0)

It is more convenient to work in “Fourier space”, however, since we deal with a field on 2-sphere, we can
not use the usual Fourier transformation on the full sky (unless we deal with a small section on the sky which
may be approximated as flat). We thus use the spherical harmonic transform:

ST(R) = i Yim (1)
ilm

or

mm:/%H@MMm
Then, a gaussian PDF becomes

1

P( Alm )z—le
W) = oyl

_1 —
3 Dtmtlm! a?m(c 1) lf""/ Qayrm!
m

where
Cim = <al*mal/m/>

'm/’

For translationally and rotationally invariant temperature anisotropy, we have

C fm = C’l(sll’(smrn’

'm

However, even if the CMB itself is translationally and rotationally invariant, noise and foreground emission
may not be. Thus, for generality we use Cl, 17m, without approximating it to be diagonal.

6.10.1 Multivariate Expansion of PDF

We can now “Taylor expand” a Gaussian PDF of a;,,.

1 1 Z o e
P({agm}) = (27T)Nh"“m/2|0|1/2 exp _5 a’é'rn(c l)lf:/ Qv
m
e/m’

1
X {1 + 6 Z <al1m1alzm2alsm3> [(C_la’>l1m1 (C_la’)bmz (C_la)lsms]

all im

lomaog

1
_6 Z <al1m1a12m2al3m3> |:3(C_1)11’”1 (C_la)l3m3:| +.. }

all lm

If we compare this with a uni-variate case:

1 x? ks (3 x
P(z) = e —— |1+ = ==-3=]+...
(@) V2mo? P ( 202) { 6 <06 ot
The correspondence is clear. The above PDF can be used to derive an estimator for the full bispectrum,
(@0, my Qlyms Gogmg ), OF the “m-averaged bispectrum”,

l l l
B£16253 = Z < ! 2 s > <a£1mla22m2a€3m3>

my m2 M3

all m
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However, given a low signal-to-noise ratio, it is more useful to fit the data to a model bispectrum with a fixed
shape (i.e., dependence of l1,1s,13), and find the amplitude, such as fyr,. This is what we are going to do now.
Let’s say, we have a model shape Bj,,1,, such that

By 1,1, = NeBiisl,

Then, the estimator is given by

l l l
% Z ( ! § N > Bl1l2l3 [(C_la)llml (C_la’>l2m2 (C_la)lsms - S(C_l)llml (C_la)lzm3:|
all im

mi; Mo Mms lama

SO o (R [ TURCEY

all imall Um/ \T1 M2 M3

Iy = (6.4)

l 1 1
(Cil)lz"ﬁ (Cil)z;}m? Bl/ll’2lf3 < 1/ 2/ d/>

hmb 1ym mp My My

For a diagonal Cj,

1 ll l2 13 Al my Glgmy Algmg Algmsg
6 alle:m <m1 mo M3 Blll2l3 C, C, Cy 35l1l25m1m3 C,Cl,

2
1oy Ll I3 BY 1y,
6 allim \JT11 M2 M3 Ci, C1,Cig

fyr =

Comparing this to the estimator for the skewness ks
3 )
A% (5 -3
3= 1 1
I

The correspondence is again clear. This is the estimator used by WMAP team to obtain fyy = 32 £ 21.

6.11 Relation between a;, and (;

We observe 6T'(7) or (ai,,). However, we wish to obtain information about (j; from the observed ay,,,. How are
they related?

Let us begin with the simplest case. On very large angular scales (larger than the sound horizon at z, = 1090),
the Sach-Wolfe approximation may be used. It gives

6or(m) 1. .
7 =~ )

where r, is the comoving angular diameter distance to z,. From this, it is clear that are seeing only a slice of
3D field, ¢(q). For example, if we take a tiny section of the sky centered on a Z direction:
We can perform the 2d Fourier transform:

6T 6T ~ i

0= [ E0o @

T T
where 6 = (6 cos ¢, fsin ¢). Then we find the relation between 07'(1) and (k) as

6T [ —¢ﬁ§/ Sk g, (1
T (1) —/d fe (271_)36 5§k

o dSk; o . 1~
20, —il-0 ik -Or, ik 7,
- e [ e et (55)

where k = (l_c’l7 ky). The integral over éyields a 2d Dirac delta function:

= / (;il;g (21)26% (kLry — D)e™im <—é~]g)

ST 1 [dky 4 1-(- T
o = gtk | _ZF B = 2k
T 2] ¢ ¢\ Fr =k

From this result, it is clear that we are mostly sensitive to the k that are perpendicular to our line of sight, and
informartion on k| is smeared out by the integral. This is sad news: this limits the statistical power of CMB,
which is really a 2-d object. It is possible to retrieve the full 3-d information by using the large scale structure
density field, More later.

—

using 7 & (0, 1),
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6.11.1 Full Sky

For the full sky analysis, we must work with spherical harmonics. Again in the Sach-Wolfe limit,

&k s 1-
aim = /dﬁYlfn(ﬁ)/ (27T)36’k‘"r* <—5C§>

Now, using partial wave decomposition of plane waves (called “Rayleigh’s Formula”)

eifAre — sz Ji(kr ) Yim (R) Y55, (K)

we obtain,

aim = [ 607,00 [ 5 (<16 ) 3 46 i (017 )

ll ’
Using [ dAYyp (R)Y}5,,, () = 08 and summing over all I’ and m/,

alm:ml/ (dg) Ji(kr )Y, (k )( C~k>

The fact that we pick up k| is obscured in this expression. Now let us go beyond the Sach-Wolfe limit, and
include all the relevant effect. We replace

1 s
—ghlkr.) = gf) (k)

and write

where g( )(k) is called “radiation transfer function”, which can be computed using linear Boltzmann code such
as CMBFast, CAMB etc. The power spectrum is given by:

2
Ci= (lanl’) = 2 [ kP (g (k)

6.11.2 Local-form CMB Bispectrum

In order to make a better contact with the literature, let us now relate a;, to ® (Curvature perturbation in
matter era, Newtonian gauge):

o = i [ S0 15
Now, for the local-form bispectrum:
<<1>,;1<1>,;2c1>,;3> = (27)20®) (By + ko + Es) x 2fx1, [Po (k1) P (ks) + (perm.)]
The CMB bispectrum is given by:
(@m Oy Qg ) = Go3E e X 2N /7“2617“ [B1, (1) Br, (1) g (r) + (perm. )]
where

g7l7}LZ127£$2m3 /dnYzlml 1/127712( )}1137713 (ﬁ’)

ou(r) =2 / K2dkgr (k) J, (kr)

g / kzdkpq:.(k)g’j‘l (k:)Jl (k?")

™

Bi(r)

Using this in the estimator given in (6.4), we can estimate fxp, from the datall In simpler models fyp is
scale independent and constant, however, as often in cosmological collider physics, fny will not just be scale
dependent but also inherit certain oscillatory features from the bispectrum. The constant value just suggests
that any truly physical imprint of that long mode on short scales would be suppressed by (k;/k1)? and is
therefore extremely small. But in our study of three point and four point correlators, we had introduced a
heavy spectator field that interacts with inflaton. In the squeezed limit, exchange of that extra field leaves a
real, physical modulation of the short modes by the long mode. Mathematically you find a new term in the
squeezed bispectrum that scales like (k;/k1)%/? not (k;/k1)?. That’s a larger effect in the limit k; — 0. With
the 12cm tomography the prospects seem to be better, at least in theory, to probe new physics from the CMB.
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Chapter 7

Discussion and Conclusion

Over the course of this thesis, we have built a coherent framework for understanding how quantum fields in
an inflating spacetime give rise to the seeds of cosmic structure—and how those seeds retain tell-tale signa-
tures of heavy particles and nontrivial interactions. Beginning in Chapter 2 with the in-in formalism, we
developed the machinery to compute real-time expectation values in a time-dependent background. In Chap-
ter 3 we revisited quantum field theory in curved spacetime, emphasizing Bogoliubov transformations and
the observer-dependence of the vacuum. Chapter 4 then applied these ideas to gravitational particle pro-
duction—first via analogies with a forced harmonic oscillator, then in explicit models (Bernard-Duncan and
de Sitter space).

In Chapters 5 and 6, we showed how those very particles manifest in the statistics of the Cosmic Microwave
Background. In particular:

e Power spectrum (two-point function): we recovered the nearly scale-invariant form characteristic of
slow-roll inflation, with small corrections due to particle production and time-dependent masses.

e Bispectrum (three-point function): we derived explicit templates showing oscillatory “resonant” features
whose frequency and phase encode the mass and spin of intermediate fields. These features deviate from
the vanilla single-field consistency condition and open a direct window onto new high-energy degrees of
freedom.

e Trispectrum (four-point function): we identified the collapsed-limit signal produced by pairwise ex-
change of heavy scalars, demonstrating how its momentum dependence sharpens and complements the
bispectrum search.

In later chapters, we investigated how the particle production described earlier leaves an imprint in the
higher-order correlation functions—particularly the bispectrum and trispectrum—showing that non-adiabatic
evolution and Bogoliubov mixing generate characteristic oscillatory modulations and angular dependence.
These “cosmological collider” signatures encode the mass spectrum and spin information of transient fields
during inflation, turning the sky itself into a laboratory for high-energy physics.

Key Lessons and Implications

e Observer-independence vs. physical imprint. Although the notion of particles depends on the
choice of vacuum (e.g. Minkowski vs. Rindler vs. de Sitter), the induced correlations in the curvature
perturbation are physical and measurable in CMB anisotropies (agm, > Ck)-

e Non-Gaussianity as a collider. Higher-point functions are not mere corrections to the Gaussian
power spectrum, but carry orthogonal information: oscillatory shapes from heavy-field exchange, angular
patterns from spin, and scale-dependence from nontrivial time evolution.

e Complementarity of bispectrum and trispectrum. While the bispectrum is often the first nonzero
probe of interactions, the trispectrum in its collapsed limit can strongly enhance sensitivity to weakly
coupled or very massive states.

Outlook

Current CMB experiments (e.g. Planck, ACTPol) have already placed interesting bounds on simple resonant
bispectrum templates. However, next-generation surveys—Simons Observatory, CMB-S4, and LiteBIRD—will
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improve sensitivity to non-Gaussian oscillations by up to an order of magnitude. Moreover, large-scale structure
surveys (e.g. DESI, Euclid) can access complementary squeezed-limit signals in galaxy clustering and weak
lensing.

On the theoretical front, several avenues remain rich for exploration:

e Loop corrections & stochastic effects: understanding the robustness of resonant features under radiative
corrections and infrared backreaction.

e Beyond single-exchange diagrams: extending templates to multiple interacting sectors, non-Abelian sym-
metries, or gauge field production.

o UV completion: embedding these phenomenological signals into string-inspired or quantum gravity frame-
works, thereby tying observational templates to microscopic parameters.

In closing, this thesis has shown that by treating the early universe as a quantum detector, we can transform
primordial correlation functions into precise probes of inflationary particle physics. As observational and
theoretical tools continue to advance, the prospect of discovering heavy relics from the dawn of time grows
ever more promising—bringing us closer to answering the age-old question of how the cosmos began and what
fundamental laws governed its birth.
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Appendix: Massive Field in de Sitter
spacetime

The action for a massive scalar field in an FRW background is

2
= %/dnd?’w [a2(n) ()2 — (Vx)?) — m2a (n)x?] .

1 1
S = /d“x\/*g {29“”8/»@& - mzxz}

Introducing the canonically-normalized field u = aY, and substituting a(n) = —(Hn)~!, the action becomes

S = %/dnd?’x {(u’)Q — (Vu)? - <m2a2 - ‘Z) UQ]

- / dnd®z {W - (Vu)* = (W) “} |

The equation of motion (in Fourier space) then is
2 /772
m*/H*—2
H+ (k2+/772)’l$k0
Defining z = —kn), this becomes

2
2d Uk
dxz?

9_m
1

1
+(x2—u2+4)uk=(), where v =

Writing ug(n) = /x g(x), this takes the form of a Bessel equation

,d%g d
2?25 2ol 4 (a? = )g(a) = 0,
which has the following solution in terms of Hankel functions:

g() = e HD () + 2 H? (x).

H(l) / z(r——uﬂ——
‘THOO / —1(97——1/71——7\')

the early-time limit of the canonically-normalized field becomes

2 4
lim  ug(n) = \/Z(cle am(I+2v) g—ikn 4 ., ex (1+2u)emn).

—kn—o0

Using

ThlS matches the BunCh—Da\/ieS lnltlal COnditiOn,
lim wu = ——¢€ s
—kn—o0 k (n) V2k
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ife; =0and ¢y = e—tam(1+2v) \/W7 which fixes the solution to be
) = =704, [5G (),
The de Sitter mode function for the massive field, fi = ug/a, then is
fr = H?e‘i”““”)(—n)S/QHSQ)(—kn)

At late time:

fir = ng_%”““”)(—ﬂ)%i [F(”) <_Im> ey (—k??)”]

3 3
. 2 _ir _imv _k’n 27 jv —k‘?] 2t
= ZH me 4 |f 2 F(l/) <2> + e 2 F(_V) (2) ‘|

In coordinate time:

k3 2H
3 im
2 im m kK \2 " _ ;
—iH 4 i WTTL/QHF v 3Ht/2—zmt
‘ k3 e’ [ ( 2H> +
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Appendix: Conformal symmetry

In this appendix, we will discuss the concepts related to conformal bootstrap, where we essentially solve the
conformal Ward identity, it is convenient to introduce conformal symmetry and the constraints it imposes on
the correlation function beforehand. Then, we can discuss the derivation of conformal Ward identities.

Conformal Symmetry

Conformal symmetry is defined as an angle-preserving symmetry in the complex plane. However, this definition
is not wrong but isn’t very useful either. It requires us to define what constitutes an angle to fully comprehend
it. There has been discussion in the literature where physicists have argued that such a definition only makes
sense when we are only concerned with spatial directions. In special relativity and beyond, one must incorporate
time as well, and the notion of an angle with time is not a very well-defined object. Therefore, an alternative
that also holds for angle-preserving transformations is given by:

T — A\x

Note that, this is not a general coordinate transformation which relabels the coordinates but it is actually
changing the underlying geometry. Under this transformation, we observe:

Z-q
|z[|y]
_ Guvt"y”
VI T\ G yFy”

cosf =

under conformal transformation g,, — Q(z)gu.

Q(z)guvrty”
V) gt /Ux) gyt y”
= cos 6

Therefore, conformal transformation could be defined as one which scales the metric and as such preserves the
angles.

9y (") = Q(x) g, (2) (with Q(z) > 0)

The approach to studying a Conformal Field Theory (CFT) is very different from that of Quantum Field Theory
(QFT). In QFT, we typically write the Lagrangian first and then study the equations of motion. However, this
is rarely the case in CFT. Instead, we focus little on writing the Lagrangian but rather utilize the conformal
symmetry directly to guess the functional form of the correlation function. This approach is known as the
conformal bootstrap.

Infinitesimal Conformal Transformation

The fundamental essence of conformal transformations resides in their infinitesimal form, which serves as a
crucial tool for investigating how fields transform under these symmetries. It plays a pivotal role in defining
the generator of the conformal group and, subsequently, constraining the set of possible correlators that are
compatible with conformal symmetry. Any infinitesimal transformation can be expressed as:

2t =at + e ()
infinitesimal

ot = a2t — ()

and subsequently,
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therefore, the metric transforms like:

/

oz OxP
Giw = G 5909

O —0ue®(x)

|

PRI PRLCI

H ax/y v 633/1/

= 5ﬁ659aﬁ - 558#6a(x)gaﬁ - 5581/6[3(39)9&5 + 0(62)

Q(x)g;w = Gy — Op€r, — Ou€y

In the third step, we used chain rule on €*(x) and ignored O((9¢)?) terms. From the last line, it is reasonable

to expect that:

Contracting Indicies

Substituing back in (7.1)

Now, we operate by 9

Operating by 0,

under relabeling p <> v

adding (7.3) and (7.4)

Contracting the indicies

/
ox!,

2 (1

8Me,, + 8y€u X Guv
a}l.el/(x) + al’elt(x) = f(x)gl“’

Oeu(w) + 0 ey(x) = f(x)d);
200-€) = d f(x)

Tdimension of spacetime

_ gaeu(x)
- d Ox,,

f(x)

2
a,ueu(x) + aueu(x) = E(a ! 6) Guv

assuming flat metric

) l

o Bula) + 0] = 5 (G0 o) g )

v v _g v,
0,0"€, +0"0, ¢, = dg,“,('? 0-¢
O-€ O
2
0u(0-€) +0e= EGM(B-E)

(1 - 2) 0,0,(0-€) +0(d,€,) =0

2
) 010,00+ gy o) + 06, (0)] =0
%(8'5)9;“/
2 1
(1 - d) 0,0,(0 - €) + ED(@ “€)gu =0

(9,0 + (d —2)8,0,] (9 -€) =0

[dO+ (d—2)0](8 - €) = 0
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2(d—1)0(9-€) =0

hence,

[(d—1)0(0-¢) =0] (7.6)

ifd=1 = any e*(x) satisfies (7.6), therefore, is conformal transformation. It is interesting to note that any
1D QFT is conformal field theory, but for our purpose it’s not very useful. We will be concerned with d # 1
for the rest of this notes unless stated otherwise. Consider the action of 9, on (7.2) and then cyclic relabeling
of incidies as o — p — v

Onl0uen () + Dy, () = gaag,w(a ) (7.7)
0[O ca() + Duer (@) = gaﬂgm(a ) (7.8)
0u10uen () + Dual)] = 20000(D ) (7.9)

Adding the first two equation and subtracting from the last, we get [(7.7) 4 (7.8) — (7.9)]:

20006, = g[g;waa + gvaOy = Japdy](0 - €)

1
aaapﬁu = E[gmjaa + guocau - gauau](a ' 6) (710)

Therefore, the most general conformal transformation is of the type:

't =zt 4 at + b 2V + ' at

er

Where, a*,b*, and c*,,, are parameters relevant to their transformation. The goal here is simple:

e First find the relevant transformations
e Then based on the transformation rule, find the generators.
For e# = a*:
o =zt + at
=zt + 0ha”
x4+ (Opzt)a”
= [1 4 ia”(—id,)]z"

Thus, the generator of translation is P, — i9,'. For e = bz, we refer to (7.2)

0,6/(2) + 0,6 (x) = 20 g
0u(braa®) + 01 bpas®) = (")
bVa‘Sﬁ + buady = %(b,mga“)gw
buse+ b =
P 20— 0

now,

b, — b, b, + 06,
by = w 5 B u;‘ Iz

= Muu + )\gp,u
If by = Aguw (M = 0)

't =z, + b, "

Lif we use [1 — a¥ (0 )]z as the definition, then P, = i9,, would be the generator
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= ¥ + A" gut”
=

=zl + At

= at + Az¥ol

a4+ ¥ (9, 2")

 +ie¥ (—id,xt)

= [1 4 iX(—iz"9,)]|z"

Thus, the generator of dilatation is D = —iz#0,,. For b,, = M, (A =0).

ZITIM — xu + Muuxl/
=t + M%,6Hx"
=zt + M®,(Dqz")x”
= ot + M, (0%z")z"
M(Jcl/ - MV(Y L v
f(a T/)Qf relabeling v <+ «
—
1 (0% v v 1 (&3 v v
=M —+ §MQV(8 ! )l' - iMya(a et )l’

:1"“'—1—

1 1
=zt + §M(W(6QZII“)IV _ §M(W(3VII:“).TQ

1
= a¥ 4 S Moy (270" — 29" )a"

= 2 4+ S Mo, {=i(@ 0" —a"9")} 2"

=zt + %M(W{i(xaa” — " 0%) fat
N ———
L(’V

Thus, the generator of rotation is L, = i(x,0, — x,0,). Now, the last part e* = ¢ a"z® = ¥, "z, we
refer to (7.10):

1
aaauel/ = E[guuaa + guaau - gaual/](a : 6)

1
8a8H(chw"x5) = —[90a + GraOu — gauay]aﬂ(cngf’xﬁ)

d
1
Cvoﬁaa(égxﬁ + 3;055) = g[glwaa + GvaOu — gaMBV]CMUB(QU#xﬁ + xggﬁﬂ)
o g 1 g g
cwg(%ég + 5a55) = E[gwﬁa + 9va0u — Japu0ul(c 0,6336 + cﬁgﬂx )

2
2Cppa = g[glwaa + guaaﬂ - gauau]cooﬁxﬁ

1
Cupa = gcagﬁ[gﬂuag + gl/a(sg - ga,u(sf]

——
bﬁ

= Gupba + graby — guaby
Therefore,
€y = cﬂagxaﬁ
= (9uabs + gupba — gapbu)z®x
= 2,(b-2) + (b ) — bu(a - )

=2z, (b-x) — 2°b,

B

Hence, the Special Conformal Transformation looks like:

o't =k 4 22k (b x) — 2%
=t +2(b-x)z" " — 22 o

=zt +2(b- x)2"d,xt — 2" 0,2t
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[1 +2(b- x)x”&, — be”a,,]x”
=1+ {2b% 42", — zzbaaa}}xu
= [1+ b {=i(2za2"0, — 2%0)}]a"

Ko

Hence, the generator for Spatial Conformal Transformations (SCT) takes the form K* = —i(2z*z - 0 — 220").
We will now list all the infinitesimal transformations and their generators we found in this section.

1. Translation

't =t + at P, =—id,
2. Rotation
¥ =gt + M* z¥ L, =i(x,0, — 2,0,)
3. Dilatation
P = (14 N D = —iz"9,

4. Special Conformal Transformation
o' =t 4 227 (b - ) — 22" KM = —i(2ztx - 0 — x0M)

In the above listed transfomations, the parameters a*, M*,, A and b* are all infinitesimal.

Finite Conformal Transformation

In the previous section, we considered the infinitesimal conformal transformation, however in this section we
will consider the finite conformal transformation.

1. Translation

.
o =gl 4 ot =l Prgh

finite vector

A
't = (1+ N) zH

In order to achieve the finite dilatation, we use the infinitesimal transformation recursively by dividing
the finite A into infinitely many /N pieces and then transforming

N N A
o A i AN )
T (l—l-N)(l—i-N)(l—i—N)x

e

A N
= lim (1+=) a*

=etzt =¢

2. Dilatation

i)\Dx/J
3. Rotation

i 12
't = [1 + QwQBLa’B] z”

4. The special conformal transformation

(TR} (. _ p2pi
infinitesimal parameter. ot =l + 20 (b .Z‘) z°b

3
let b* = t e*

M (t) = 2h(t) = a2 + 2t(e - )" — x3te!
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To find the finite form of the transformation we have to recursively apply the above equation multiple
times (Lie Algebra sence). The usual way is to integrate the infinitesimal form. The other way, and since
we know that the transformations satisfy the conformal Killing equation, is to find the integral curve
of the corresponding conformal Killing vector field as they are equivalent (Differential Geometry sense).
Consider the t—derivative of the above?.

dz#(t)

T 2(e-x)z! — x2et (7.11)
: — ()
defining y*(t) = 0]
quotient rule
P = x2it — 2(i - x)at
(22)?
22[2(e - z)at — x?et] — 22(e - )2V — 2%e¥]2, 2"
22[2(e - z)at — x2et] — 2[2(e - x)2? — 23(e - x)|2H
= i
_ 2?2Aea)T” — a?et] — 2(e-a)ral
= por

(1) = e

Solving the above differential equation

= —t H
20~ 220
going back to the old notation z'* = z#(t)
I
3;/2 = ﬁ — tet
v
=3 bt (7.12)

Squaring both sides

x4 x2 T
1+b%2% —2(x - b)
2 2
2
o = a (7.13)

referring to (7.12)

and substituting (7.13)

2= z? =t _ b
1 —2(z-b) + b2 | 22
ah — bHa?

- 1—2(z-b)+ b2a?

Above procedure also suggests that, finite SCT could be described as a sequence of inversion—translation—inversion.

Where inversion is defined as: i
T

I(.r“) = -
T

2when we consider the differential equation, we are no longer thinking of it as transformation but rather flow along a trajectory
parameterized by ¢. This part was taken from pg 16 of [19]
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Jacobian of the Transformation

ozt
Translation: —| =1
oY
. oxt
Rotation: — (=1
oY
o Oxt _
Dilataion: ~_|=x"P
oxv
D
. oxt 1
Inversion: —|=|=
ozv T
How distances transform
Under translation
ot =gt + ot
So,
o I Bl o
T, —Xy =Ty t+a Ty —a
TR 7
=t —x
Thus, the distances are invariant under translation:
/ ) H Hn
|xa - ‘rbl - |‘Ta — Ty

Under dilatation
't =1+ N)a*
So,
ol — =1+ Nzt — (14 Nz}
= (L+A)(zf — )

We find that the distances between two point scales under dilatation, therefore the natural quantity which is
invariant under both translation and dilatation is

|zt — x| M|x“fxb\
|adt — 2t X2k —af

ok~ xb

Cat -2 "
Under special conformal transformation
xh — b2
1 —2(x-b) + b2

xh — pH g2
A% (z)

So,

P = :L"g B b”l’g
¢ A?(z4)
zh — bra?

A?(a)
and,

ot — bt ol — b}
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squaring both sides

(x/p, o IZ?/#)Z _ 1’5 — buﬁﬂg . J";JL — b#xg ’
S A(zq) A2 ()
a2 4 B2 = 202w b) a4 () — 2a3(ap D)
A (z,) A4 ()
a2 b — 22(b- 2,2,2
N2 (2) A2 () [.Ta xp — Tp (e - b) —x5(b- 1) + b xaxb]
1—A2(xp) 1-A2%(z4)
—— —_—
_ 2 1—2(zq-b)  2(b-xp) — b2a? 22 1—2(zy-0)  2(b-z4) — b%2?
e Ad(z,) A2(2,)A%(zy) Pl A (xy) A2(2,) A% (zy)
. b (z2)? b (xF)? _ 2x4 -3
A(za)  Azy) A (wa)AP(z)
_ 1—2(m, - b) — A2%(x,) 1 a2 1—2(xp - b) — A%(xp)
e () N2 () A2(m) | ()
n 1 b (z2)? b (a3)? _ 2xg T
N2(ap) A2y | Miwa) T R () AZ(ma) A2 ()
. —b2a? n 1 e —b?x} n 1
ST M (xe) A2 (wa) A2 () Pl A (zp) A2 () A2 ()
n b%(22)? N b? (x3)? 23
A(za) — Azy)  A*(wa)A?(zp)
o (14 — xb)Z
A2 (z0)A%(2p)

Thus, we find that the ratio of distances are not invariant under SCT.

et — 2| 1
2o —as]  Alza)A(zy)

where A(z,) = /1 —2(z, - b) + b222 We can however, construct another quantity which is invariant under
SCT.

, S , |Ta—zs| |zqg—c|
|z — ] |2y — 2ol R@oAE) Aoz

|y, — )| |zl — @

|zy —zq] |xc—2a

< =
al Alzp)A(za) Azc)A(za)
- |35a - zb| ‘Id — xc\

B ‘mb - :Ed| |xc - ma|

Such expressions are called, anharmonic ratios or cross-ratios.

Lie Algebra of Generators
[Py, P)] = [=i0y, —i0, ]
= =04, 0,1 =0
Some useful identities

[xaa 8[3]f = xaaﬁf - 8B(xaf)
———

(8Bma)f+raal3f
=2a0sf —2a0sf — (Opz0a)f
= —(0pza)f

[Ta,08] = —0pxa = —g,,0" 14
=95 (7.14)
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next is,

2%, 85) = [2°a, O]
= 2%[xq, 0] + [z, O5]za
= —x%g,, — 5§ma
= —zg — ap
= 225 (7.15)

and the last one is,

[zuz”, 0] = wplx”, Op] + [xy, Oplz”
= —x,05 —1"g,, (7.16)
We will now consider, the lie algebra of different operators one by one.
[Py, D] = [~id), —ia®d,]
= _[au’xaaa]
= -z [8,“ Oa) — [auvxa]aa
= —0,,00 = =0, = —i(—i0,)
= —iP,

[Py Lagl = [<i0y, —i(xa08 — 1504)]
= ~[0u 1a0p — 504
= _[aﬁmxa]aﬁ + [aﬂaxﬁ]aa
= g(xuaﬁ - gguaa
= i(gapPs — 95, F0)

[P, K,] = [—i0,, —i(22,2% 00 — 2°0,)]
= —[04, 22,2% 00 — 220,
= —22,2%[0, 0a] — 2[4, 03] 00 + %[0y, O] + [0, 2%]0,
= —2[0,, 2,2%|04 + [0, 2%]0,
= —2(guz® + Jﬁzy)aa + 22,0,
= —20,, %00 — 2(2,0, — x,0,)
= —2ig,, D — 2iL,,
= —2i(g,uD — L)

[D,K,] = —[2%0u, 22,,2%0s — 2°0,/]

= —2[2%Dp, 1,27 0p] + [0, 2°0,.]

= —2{2%[0a, ,2°]05 + 22" [2*, 05] 00 }
+ %0, xQ]au + 22 (%, 0] 0a

= —2 {2 (gapa” + 6%z,,) 05 + xuxﬁ(—(Sg)aa}
42220, — 22T, + 2250y — 20,

=-2 g — 21‘53:”85 +M+ m28u

= —(22°2,05 — 2°0,,)

= —iK,

(K, Lag) = [—i(22,2"0, — xzaﬂ),i(xaé)g —2504)]
[22,3" 0, — 2°0,, 1005 — 250,]
=2[x,2" 0y, x,08] — [m28u,xa85} + 2[x,2" 0y, x304] — [a:28,“:1:/38a]

a3
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= 2{2,2"[0y,24]0p + Talr,2”, 05)0,} — %[04, 24]05 — Ta[2?,05)0, — (a < B)
= 22,2475 )05 — 224 (gugz” +§Ea:f) 0, — 1’29,“16,3 + 22,250, — (@ <> B)

= —2209u87" 0y — 2°9ua0 + 2850, + 2289u07" Oy + 279,00 — 2wp%a0,

= —2%09upT" 0y — x2gua5‘5 +228G,02" 0, + x2g#58a

= —9,8(22047"0) — 2°04) + Gua (253" 0, — 7°0p)

= i9ualp = igupKa = i(guaKp — gup Ka)

(K, K,] = —[22,2%0, — 220, 22,2705 — 220,
= 41,200, 2,2° 05] + 2[1,2% 00, %8, + 2[2%0,, 2,2° 5] — [£°0,, 220,
= —4x,2" [z,2%, 08) On — 4,z [8a,xl,x5] O + 2z ,2° [8a,x2] 8, + 222 [z,2%,0,] Oa
+ 227 [0, 2,2 95 + 22,27 [2°,05] 0, — 1[0, %], — 2*[22,0,]0,
: 71,)05 + 41,2%0, — 22 (g™ + 022,,)0u
+ 2x2(M+ 55:61,)85 — 4x,,:c28# — 2x2xu8,, + 2m2xya#

= 42,2°0,— 27,570, + 20,2°0,—AT, 770, — 20250, + 20270,
=0

52,)0q — 4x,2”

Next, we will see that Conformal Algebra in d dimensions is isomorphic to the Lie algebra of the Lorentz group
in d + 2 dimensions, any conformal covariant correlator in d dimensions should be obtainable from Lorentz
covariant expressions in d + 2 dimensions via some kind of dimensional reduction procedure. This is essentially
the idea behind Embedding Formalism. We define the following set of new operators:

Juw = Ly
1
‘]O,H = ) (Pu +KM)
1
']—Lu = 5 (Pu - Ku)
Jo10=D
with the property that
Jab = _Jba
d is dimension of spacetime
where v
a,be{-1,0,1,---, d}
These new generators, obey SO(d + 1,1) lie algebra:
[Jaba ch] =1 (nadec - nac']bd - ndeac + nchad) (717)

In this section, we will explicitly assume the form of flat metric as being euclidean, and given as:

uv = Nuv = (1717"‘ a]-)
d
Our metric in (7.17) would be given as:
nab:(7171717"'71) (718)

——
N-1-1=—1 8%
Moo = 1

If our original metric was Minkowski, we would have had:

Tlab = (71517717"' 71)
d

We will now check, if (7.17) holds true:

1
[J,uua JO,a] = L/,LI/, i(Poz + Ka)
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1 1

= i[Llwv Pa] + i[Llwa Ka]

1 1
= _g[Pa»Luu] - i[KowL;w]

1 1
= ) (naupu - navpu) - E(na,uKV — N Ky)

1 1

= Tap [Q(Py + K,)} + Naw [Q(Pu + Kﬂ)]

= 77:7]06}“]0,1/ + inOLI/JO,[L

1
[JOJ»H Jfl,O] = [Q(PAL + Kll)’ D]

1 1
= i[PI—HD] + §[K#»D]
1. 1, . —1 .
_ilpu — 5(—1[(”) = 7(]3“ — KM) = —zJ_LH

If we assume that the metric in (7.17) is indeed given by (7.18). Then, the algebra (7.17) holds true. This shows
the isomorphism between the conformal group in d—dimensions and the group SO(d+1, 1) with 1/2(d+1)(d+2)
parameters.
Conformal Generators on the Field
Finite form of conformal transformation (2’ = Ax)3
O (2') = U(A)Da(2)U~H(A)
O (Ax) =) map(A)Pp(2)
b
= ’R’ab(A)(I)b(Aill'/)
— ﬂ_ab(eiwgcg)q)b(e—iwgch/) (719)

We have dropped the ) sign and summation oygrseppalsid dndices arg implied. Infinitesimal form of (7.19):
v

(13:1(3;‘/) = (1 — iwg Tg )abfbb(/\_ll‘/) generator which only acts on 2/
¥

= (1 —iwgTy)ap Po[(1 — iwy g )]

Oy () +{(1—iwgcy)x'* —z'"}0, Py (z")
= (1 — iwgTy)ap[Py(2") — iwgeyat 0, Py (a')]
P'(2') = (2') — iwy

T, + cg’ ®(2) + O(w))

w_Y
Ox'H

Taccounts for the change in argument of field

However, we will not use this approach but rather we will consider the transformations at origin and then
translate it to every other point (method of induced representation). This approach is based on studying the
stabilizer subgroup of the Conformal Symmetry.? So, if we study the same at origin:

. 0
P'(0) = D(a) — iw, [Tg + cgm'“w] O (z')

xz’=0
= ©(0) — 1w, Ty ®(0)

using translation operator
61‘95*13A (I)/(O)efixo‘Pa _ em*PMI)(O)eﬂ'z“PQ . em*Pﬁngg@(O)eﬁzazﬂa
' (z) = ®(x) — eiIAP*ingge_maP” e’ Po g (0)e 1" Pa
= O(z) — iw, emkP*Tge_mUP” O (z)

we will find these “translated operators” later

3tobias osborne’s lecture notes pg 18
4pg 7 of “The Conformal Bootstrap: Theory, Numerical Techniques, and Applications”
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For translation
P (z +a) = eia*PAq)(x)efm“Pa

— ¢ia” [P, ]q)(x)
using (7.21)

= e¥9P(z)
For rotation, at z’# = 0. = z"* =0

D7,(0) = 7ap(A)Pp(A710) = 745 (A) P4 (0)
Now, assuming the generator of rotation Ty = L, acts like®
Ly ®4(0) = 5,4 (0) (7.20)

at origin. At any other point, it will behave as:

L®q(z) = € P L,,8,(0)e " Pa

- B i DY ey
_ 6293 PﬁLMV6 iz’ P, em; PAQQ(O)E iz Py

? Do (x)

by taking the derivative of second term, we obtain the following commutator

q)a(l') _ eim/\P)\(I)a(O)e—ia;o‘Pa
0uPa(2) = (0,7 ) o (0)e ™" o 4 €17 P2, (0)(B)e ™" )
(PRt Prd, (0)e~ 1" Po 4 0 Prgp, (0)e 1" Po (—i PH)
iPPD,(z) — 1D, (z) PH
= ilP", @u(2)] (7.21)

. . B o
We will now derive the form of " s Ly,e Py 6.

. . 1
e”ﬁPﬁLWe’” Pr = Ly + [Lyw, —ix®Po] + 5[[LW, —iz®P,], =iz P,] + ...
=L, +ix% [Py, L) +. ..
———
i(gaupufgaupp,)
= L,u,u + i2xa(gaupv - gauupp,)
=L —2,P, +z,P,
= Ly + (2,0, — 2,0,)
—_— ——

we found in section 7

we know, at 2’ = 0 we have L,,, = S, so for the sake of consistency we get

. /3 ;O .
e’ PBLWe 2" Po — Sy + (2,0, — 2,0,)
Spin OperatorT Ttransforms the argument of field

The exponential map of above can be found in any textbook on QFT which describes rotation or Lorentz
transformation.” If we ignore S, then we can see how the last part acts on field:

P = <(5ﬁ + ;wagLa6> xH
=t + %wagi (0" — 279%) ¥

' (x) = &(z) — %ngLo‘ﬁfI)(x)

5pg 10, paragraph 2 of [20]
6using BCH lemma e Be~4 = ¢el4: 1B
“check eqn 1.141 and 1.150 of [4]

82



= d(z) — %wa@i(maaﬂ — 2%9%)®(x)
1
=d(z) + §wa3(xagB”8g — mﬁgaaag)q)(m)

1
=d(z) + iwag(x“&g — 270?27 0, ® ()

=®(x) — %wagLo‘ﬁ:c -0®(x)

~ o <x“ — ;wa,gLaﬁa:V)

For dilatation, at 2'* =0, 2" = (1+ A)z# =0 = a# = 0. We have wy = X and T, = D:
D®,(0) = Ad,(0)
corresponding commutator (by operating it on eigenstate of dilatation)

D|A) = [D,®A(0)][0) + ®(0)D |0)
A|A) = [D,2A(0)]]0) +0
Ad(0)[0) = [D, ®(0)]|0)

Applying the same procedure, we consider:

¢i*"Fs De=i#Pr — D 4 [D, —ia? Pg] + %[[D, —izP Pg], —iz® Pg] + ...

=D —ix®(iP,)

=D+ a%P,

=D —iz%0,
for the sake of consistency at ' =0

=A —iz“d,

Now, we consider

Do, (z) = (A — i2%04) Py ()

redefining A = —iA, we get
D, (z) = —i(A 4 290,) Do ()
Similarly,®
[D, ®,(2)] = De' P2 @, (0)e =" Po — i Pagp, (0)e ="~ D

DN . a B - . B O i i
— T P et P, De™ @ Pg (I)a (0)6 i’ Py et Pg (I)a (0) e~ P, De™%® P, e~ Py
— —

=D+z*P, =D+aPq
—_ eixﬁpﬁ [D + Iapa7 (ba (0)}671@0};}
— iz’ Ps (D, ®,(0)] e~ P | gia? Pg [Py, 4(0)] ez’ Py
S—— —
Ad,(0) =2%[Pa,®a(0)]
= Ad,(z) — iz - OD4(z)
=—i(A+xz-0)Pq(x)

Finite Dilatation?, we consider Dol — —iz - Oz
I
, A A

a' =err =My = <1+iN D> (1+iND)x

8from pg 31 of [21], and x is not an operator here but a number

(7.22)

(7.23)

ook up Lectures Notes For An Introduction to Conformal Field Theory A Course Given By Dr. Tobias Osborne, pg 19
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then at origin, the field transforms (active transformation) as

@/ (0) = <1 —H’Z)\\]D> (1 +z— > D, (
<1 + i;}Aa> (1 + z— ) (using D®(0) = A®)

= 229, (0)
= e 4, (0)

In passive transformation

A~ A
o’ =(1—-1=A,)...[1—-i=A,)D
(0= (1-i58 ) (1-134.) 2.0
= e e g, (0)
=M P, (0)
For arbitrary point (ignoring the change in argument of field and thus generator ¢, ):
@) (2') = map(e™P) By ()
= [Py ()
o) (e r) = [ ] Pp(7) = e Py (2)
For SCT, 2/ =0 = z* = 0. Hence, we will consider the same equations, but in this context:
K, 2,(0) = £, 24(0)

Again, applying the same procedure,

, o 1
ewﬂpﬁKueim Pr = Ky + Ky, _ixﬂpﬁ] + 7[[Ku» _ixﬂPﬁ]’ _ixﬂpﬁ] +

2!
. 1. .
=K, —iz’[K,, Ps] + 5[—2553 (K., Pg], —iz" Pg] +
1 -

= K, + 207 (gupD — Lyp) + 5[256[3(9;4317 = Lyp), =iz P
=K, +22,D —2:°L,5 — iz, x*[D, P,] + iz’ z® [L,p, P.]

——

7i(ga;LPB79a[‘3P}L)

=K, +22,D — 22" L,5 + 2,2% Py + x,2° Ps — 2,2°P,
=K, +2x,D— QxBLMB +22,2%Py — 202" P,

From the generator of dilatation and SCT, we have

[D,K,) = —iK, at o't =0 = (A, k] = —irk,

and
D, L] =0 at o't =0 = (A, 8] =0

For primary fields:
K,®,0)=0

Since, for primary field A commutes with all other operators which belong to the stability subgroup. By Schur’s
lemma A o I, where I is an identity operator. The SCT and momentum generator acts as ladder operator for
Dilatation.

(D, [Py, @(0)]] = [By, [D, 2(0)]] + [[D, P, ®(0)] = —i(A + 1)[Py, ©(0)]
(D, [K, @(0)]] = [Ky, [D, 2(0)]] + [[D, K], ®(0)] = —i(A = 1)[K, ®(0)]
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Finite Conformal Transformation of Fields

We begin by noting that translation and rotation do not introduce any new thing that we hadn’t encountered
in QFT, it is only the dilatation and SCT which does. Upon exponentiating the infinitesimal dilatation:

(b/(x/) _ e—iUJg[Tg-i-cgz/“ML,u]q)(x/)
_ e—ingg e—iwgcgazl-%cb(x/)
— e—ingg(D(e—iwgcg Z‘/)

The source of confusion here is that we have defined our generator in such a way that it also includes the
translation. Due to this, we have z’ instead of x. If we break it down further, we see that it resembles the old
expression we find in other textbooks.

P! (2') = U(N) Py (") UH(A) = e wolo eiwals
= e wallo: 19, ()
For translation
B(x) = e P p(0)e " P = *00(0)
Or,

For dilatation (2’ = e*x)

_ e—)\(A-&-x/-@)@a(x/)

_ e—AA e—)\ac'{)q)a(x/)

—_———
D,lerz’]

= e M, (2)

The last part could be understood as:

(-3
(1—])\\7> (1—;\[) :C] =e_§’x'a<1>al<1—;}> (1—]/\\[)951
N terms N—1 terms
Do(e Pz) = e 9D, (2)

P,

or, alternatively

For SCT (on primary fields)
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Appendix: Conformal Ward Identity

We will now derive the conformal ward identity, which are crucial for bootstrap philosophy as well as we used
it for deriving the Three Point Function involving conformally coupled scalar. The metric corresponding to de
Sitter spacetime in flat slicing is given by:

o —dn? +dx?
Y

The generator of dilatation looks like:
—iD=—-x-0

The generator of SCT looks like:
—iK, = —[2z,x -0 — :1:23“]
= —22,n8, — 2x,% - 0z — (* — |Z*)d,
The infinitesimal special conformal transformation is given as:
'* =t + i K, z?
= K,z =0
——
b-K

Moving forward we will consider the SCT parametrized by b* = (0,b), where b is any arbitrary constant

3-vector.'® Then, the infinitesimal conformal transformation which respects the de Sitter isometry will look
like

dilation: 7 — n(1+ A), x = x(1+A),
SCT: 7 —n(l—-2b-x), x = x —2(b-x)x + (x* — n?)b,
We consider the following quantity:
M Y=(.) = D(.)=0
PR Y=(.) = b-K(.)=b-K (...) =0

Since, at late time (n — 0) we will be decomposing our fields like (refer (4.7)):
o = Z nAOA (f)
{a}
The generators act on the boundary operator Oa like:
DO =—z-00
=—z-0 Z n*0a
{a}
= Z(_nan - faf)nAOA
{a}
— A =
= Zn (—A - .’L‘af) OA
—_———
{a} D

=D Z TN
{Aa}

10field theory in cosmology by Enrico Pajer pg 59
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b- K& = b[—2x,n0, — 22,7 - 0z — (n* — |Z]*)0,]®
= [=2(b- Z)d, — 2(b- &) - 0z — (n* — |7]*)b - Oz]®
;

=" [20b-8)A - 2(b- 5) - 0z — (n* — |7]*)b-
{A} b-K

in the limit n — 0
=[-2(b-B)A —2(b- ) - 0z + |Z°b - 0z]®
In momentum space, the above operators take the following form:

D : (3 —n0,) + k'O, ,
b-K: (3—n0,)2b'0k, — b kO, Ok, + 2k"Ok, b Oy, .

or, simply

D:(3—A)+ k'O,
b-K:(3—A)2b'0y, — b K0y, 0, + 2k O, b7 O,

There are two ways to derive this expression, we will discuss both of them. The first is based on using Fourier
Transform:

f(@) = / e f ()

In our case

D / BreTFOA(F) = — (A +xj£j) / BleTFOA(F)
| ———

Oa (%)

we have to get rid of z7, so we consider:

integrating by parts the second term

- /d%eﬁ'E {—A+ (;{j) k]} Oa(p)
3

:/d?’keif"; Ay By, 2

kj Jakj OA(k»

Thus the action of the dilatation generator in momentum space is

DOA(K) = (3 ~A+ kjaij> Oa(F)

The second way is to replace the following in the expression in coordinate space (it can be seen operating the
corresponding derivative operator on e #» and the corresponding integration by parts).

xu — —Zm

— = —ik"
O0x,,
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Substituting in
DOA() = (mxa 2 )0A< 7)
we get

DOA(K) = — |A - za% (— ik:j)} On(k) = — (A —3—k aix) O (k)

Conformal Ward Identity in momentum space

We start by assuming that the generator of conformal transformation annihilates the correlation function.

D (0:1(Z1)02(Z2) ... On(T0)) =0

TP D(O1(#1)02(Fs) . .. Op(Tn)) e =0

¢ P De=itn: Pe”"" (01(21)02(Zs) . .. O (Zp)) e~ on P =0
D+&n-0z, (O1(F1— 0 )02 (F2—Fn)...0n (0))

now, in Fourier space:

(01(Z) — Tn)O02(F2 — Tn) ... On(0)) = / Ak ... d%k,eZimt k(@i —wn) $0

« 5 (Zn: kj) <01(El)02(122) .. 07,,(1§n)>

— /ddkl o ddk/’nez;b;ll ikj.xj—ixn.(zg};ll k)

= /ddkl L dlk, e = ki

(Zk) <O1 k‘l 02(k2) Oy, (En)>

From first and third equality, we observe that the replacement we need to make are:

Thus,
h/—/

(2271 B+ 0n )+ 20 0a,y

n—1

ZA +Z =) - Oy, | (O1(T1 — Tn) 02 (T2 — Tn) ... 0, (0)) = 0

{08 ()

—[A—(n=1)d=X"7} by -0, ]

<01(El)02(E2)...On(En)>6d S k| =0

The alternate way to do the same is by explicitly doing it. We then will have to use

/dmf(:c)@zé(x —a) = —/dm@zf(x)é(x —a)=—0,f(a)
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Consider the following integral:

However, we also know that:

from (7.24) and (7.25), we get

using the above, we derive:

Then, we have:

where

term Z/Hdd l J 8ka (E— E@)] et <01(E1)O2(E2> . On(En>>

defining P = Y"1 | ki

Z / [[ddkz[mpa R AN SN
= /Hddkl [Po‘apaéd

— 7d/Hddkl5d(Zj’:1 i) ethim <01(E1)02(122)...0n(
=1

Iop

:/ddkz [aad(k#)} ks
/ Ak (kM) = —Jop

gaB

/ddkéd(k“) =1
d ko (k" K =1
(k") 2

=S <Aj n x;aia> (O1(71)0s(T2) ... . On(T))

0
_1< / J@azj>

/ Hddkléd

/Hddk,l(sd zklwl

(J;A Zd ij aw) <01 k1)Os(ks) . .. On(

nd
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Thus, finally

- (0% a hog g Z x
-3 <xj 5o T Aj) (01(Z1)02(F2) . .. On( /Hddkléd iz
j=1 J

—

(Z (n—1)d Z : (%a) <01(1€1)02(122)...on( n)> (7.26)

Before we proceed, there is another identity we’d like to derive which would be very helpful.
000 (k") = o [_Ic?(sd(k”) ]
0 . 9\ sd d d d o4
=—d (81@‘“ ) 04 (kH)kg — ﬁ[aaa (k)]ks — ﬁé (k*)Ouks

dld+2 d
= %W(k’”)kakﬁ - ﬁéd(/ﬂ”)gaﬂ

We will now discuss the same for SCT. We perform the same substitution

—iK = -2z, A —22,%- afo\Q@#
| S
—i g (—ik%)
9 0, 02
= 2@Am Wk + Zakaaka k’u
0 0 o« 0 0 o N 9
2i(dofr+ ol +h° orforw ) 2iglr ik prdors
090 o 0P
=280~ 2 g 2 greane T e pragn,
0 o o2 52
{ (&= D~ 2 Gk Jrk"’ako‘aka}
Then,
PH = Z?:1 két
K'L"(Sd(z k- — n _opa_ 9 82 Z(A _ d) 0 6d( Zn it )
i=1Pi = J 8k0‘8kja J 3]6@3]6]# J 8/€ju A
n 62 a
= y — 2k +2(A; — d(p
= [kj opoF, M apeap, 2%~ Dgp, ]5 (P)
1 o | .
(;/@) OP*0Fa (Zk ) aPeP, +2Z 7| oP)
02 92 P
= | p# _ 5pa B .
[P apear, A gpegp, THA nd)apj §4(P)
2 2 9
d5d( pype— 2Lt dsap )Puuad( )P
n
:2d[nd—d—A]%
96%(P)
—2[(n —1)d — A] o

In the fourth line, we used 2?21 A; = A. Now, when K operates on the correlation function, it produces three

kinds of terms,
e All operators in K acting purely on (O1(p1)...On(pn))

e All operators in K acting purely on §¢(3X7, p:)
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e Operators acting on both (O1(p1) ... On(p,)) and §%(3", pi)
We will consider the action of

02 2
VLV -
7 OkS Ok ke Ok,

then, they will operate like:

35‘1(2?:1 kf) " 0 « 0 7 e
2 o o = kS 8ij <01(k1)...on( n)>
iLpo

Q0N T k) o O

-2
First part vanishes due to rotational invariance. Therefore the extra terms would be:

0

954(P) ”
/ —— _ — @
) 2 (n—1)d A+]E:1 kS o

terms T 8P

<01(121) . ..on(/Zn)>

The above vanishes from (7.26). Therefore the SCT ward identity is given as[22]:

K, (O (k1) ... Onlkn))

2 2
:—[Q(A—d)a—%a 0 0

okn ook T e g,
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Appendix: Embedding Space
Formalism

Let us consider the following embedding space coordinates.

X0 xt x2 .. x4 xdtt
N————
XM

We define the following null coordinates,
XM — (X, X, X",

where

Xt =X+ X", Xt X S
X— = X0 _ xd+1 - 2 ’ - 9

with the mostly plus metric in R¥t51, reads as
d
ds® = (dX")? —dXTdX~
p=1

with the metric given as:

0 - 0 0
“12 0 0 0
0 0 10
771\/IN:
0 1

Needless to say it is extremely simpler to construct Lorentz covariant expressions than conformal covariant
ones. Therefore the problem is: once we have constructed Lorentz covariant expressions in d + 2 dimensions
how do we descend to d dimensions without breaking the covariance? This can be done as follows:

We first note that null light cone X? = 0 is Lorentz Invariant in embedding space. Therefore, we will
consider a null cone in the Minkowski space Rt1:1 ie. the space of null rays passing through origin defined
via:

X2 _ —(X0)2 + (X1)2 N (Xd+1)2
= —XTX™ +(XN2+.. .+ (X2

1 (X0

n=1

=0

We can use this constraint to remove one of the coordinates, say X ~ out of d+2 coordinates in embedding space.
Next, we will think of the embedding space as a fiber bundle over the d—dimensional base space (the physical
space where the CFT is defined). The fibers in this fiber bundle are the null lines in the (d + 2)—dimensional
space that project down to points in the d—dimensional space. At each point in the base space, section (a map)
is defined, which is a specific choice of null vector from each fiber. Points in the original d—dimensional space
are represented by null vectors X subject to the identification X4 ~ AX4 for any non-zero A. All null vectors
isomorphic to each other up to dilation belong to the same fiber. This has an important consequence: Lorentz
transformations map a point to another point outside the Euclidean section. To return to the Euclidean section,
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we need to use dilation, which is taken care of due to this identification. Therefore, in order to eliminate another
one of the coordinate, say X+, we consider an Euclidean section of the embedding space defined by:

X* = f(X") = f(=")
This will help us identifying X* with the Euclidean space coordinates x*.
XH =gt
This leads to definition of X~ based on null condition as:

Y (X022

S c T D

The spacetime interval on this section is given as:

ds® = do® —dXtdX~ . )
X+=f(Xi),X— ==

X+
This section satisfies two of the following conditions:
e section intersects each of the light rays at some point

e maps each point in d dimensional Euclidean space to a point on the null cone in Embedding space.

Let us now analyze how Lorentz Transformation acts on a generic section. The Lorentz transformation acting
as rotation on the point X4 in the null-cone will move it to another point on the null cone outside the the
section XB = A8 , X4,

“J Persuvl'nz e

> Q)
X

A

X

Figure 7.1: The hypersurface perpendicular to X axis cutting at X = 1 is shown as a plane and the null
hypersurface is shown as the cone. The intersection of these two hypersurfaces describes the Euclidean Section.
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However, suppose via some conformal transformation (dilatation) in d dimensional Euclidean Space, we can
move X B to X back into the section. In all these steps, the only thing that changes the metric is the rescaling
to get back into the section.

ds% = dXMdX
= dAX)XM)dNX) X )
= [MXM £ XMV dX)][NXp + Xp (V- dX)]
= N2dXMdXpr +20dXM X (VA - dX) + XM X (V- dX)?
~—— ~——

=0 =0

= \N2dXMdX = Nds?,

where we used, X2 = 0 and X*dX, = 0 for vrestricting it to null cone.
Assuming the three conditions we used for simplification applies, the Lorentz Transformation in d+2-dimensional
spacetime is equivalent to conformal transformation in d—dimensional spacetime if metric in d—dimensional
space is Euclidean thus, dX in ds? has to vanish. It gives us the condition for defining the Euclidean section
as X1 = constant and thus, for the sake of simplicity, we take it as 1. Thus, we have two conditions which we
can use to eliminate two extra degree of freedom.

In the embedding space formalism, choosing an
FEuclidean section corresponds to picking a specific
way to embed the d—dimensional space in the (d 4+
2)—dimensional space. We define the following map
between d dimensional Euclidean Space with con-
formal symmetry to null cone in d + 2 dimensional
Minkowski space R4+1:1

(X, X7, X" = (1,27 2#)

Here, we note that choosing a constant value for X+
would give us a section on the cone on which the
induced metric is Euclidean.

Tensors in Embedding Space

In this section, we will only concern ourselves with ) )
traceless and symmetric fields in R? and leave the Figure 7.2: Upon Lorentz transformation, the points

anti-symmetric tensors for future. Consider a sym- 8¢t mapped to different section however by utilizing the
metric and traceless tensor Oy, as. defined on the dilatation, we bring it back inside the original Euclidean

cone X2 = 0in R, Under the rescaling X — \X, section.
the tensor transforms as

Onty..ms(AX) = A" 201,15 (X)

i.e. it is a homogeneous function of degree A. We expect Oyy, .. .am¢ to get mapped to traceless and symmetric
primary field in R%. Since, each index go from 0 to d + 1, in R4*1! we find that, for d + 2—dimensional fields
other than scalar have 2 more degree of freedom per index than d—dimensional fields. In order to remove the
extra degree of freedom, we consider the transversality condition.

XMOn, s =0
We define the physical field to be:

OXM gxX M2 X Ms
ozt  Ozv Oz

Guva..(x) = Owm,..ms(X)

X=X (z)
Note that, this definition implies a redundancy. Indeed, anything proportional to XM gives zero since

oxXM
OoxH

X?2=0 = Xy =0

Therefore, O, (X)) = Ongy s (X) + Xar, Fir,. 15 (X) gets mapped to the same physical field. This

SO(d + 1,1) tensor is sometimes referred to as pure gauge in the literature. It is this gauge redundancy that
reduces another degree of freedom per index by making it unphysical.
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