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Abstract

When a subdominant light scalar field ends slow roll during inflation, but well after the
Hubble exit of the pivot scales, it may determine the cosmological perturbations. This
thesis investigates how such a scalar field, the spectator, may leave its impact on the
Cosmic Microwave Background (CMB) radiation and be consequently constrained. We
first introduce the observables of the CMB, namely the power spectrum F, spectral
index ns and its running dng/dInk, the non-Gaussianities fxr,, gni, and 7wy, and the
lack of isocurvature and polarization modes. Based on these studies, we derive the
cosmological predictions for the spectator scenario, revealing its consistency with the
CMB for inflection point potentials, hyperbolic tangent potentials, and those with a
sudden phase transition. In the end, we utilize the spectator scenario to explain the

CMB power asymmetry, with a brief tachyonic fast-roll phase.
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1 Introduction

There are countless mysteries in the universe — dark matter, dark energy, blackholes,
and the early universe, to list a few. We have been constantly pursuing the mysteries,
and discovering new ones as well — two hundred years ago these terminologies did not
even exist. As old mysteries are solved, and new ones are discovered, we understand the
universe progressively.

Thousands of years ago, we hardly knew anything about the universe, let alone its
origin. In the Chinese ancient myths, the earth is a flat square and the sky an inverted
bowl over the earth [7], and was born from a giant egg. Numerous alternative beliefs co-
existed, such as the earth should be a floating disc between heaven and underworld [8],
or a globe instead [9], perhaps with a habitable interior [10]. At that time, nobody was
able to verify any of the proposals, simply because no one could travel afar from the
tribe and witness the boundary.

Of course the earth is a globe, as we have now reached the consensus. In history,
however, it took us thousands of year to confirm that. When the sailors were conquering
the seas and oceans, map-making and astronomy were essential for navigation. As our
ancestors sailed afar, such advances enabled them to realize that the earth could not fit
into a flat map. That was the first indication that the earth is a globe, which eventually
led to the confirmation by Magellan. Our extended scope has hence drawn the conclusion
that the earth is round.

On the other hand, the accuracy and precision of our measurements determine with
the equal importance, if not more, the advances of our philosophical views of the uni-
verse. Through the precise observations, we have become aware that the earth is not
the centre of the universe, and neither is the sun. On the contrary, it is now believed

that the universe is statistically isotropic [11], favoring no special location or direction,
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and therefore does not possess any astronomical centre.

We have also realized the universe is not static: stars form and and die; galaxies
can also form or merge. Even the whole observable universe was discovered to be
expanding. Consequently, this raised a series of philosophical questions. In theory, how
and why does the universe expand? In reality, what is the evolutionary history of the
universe? The first question was answered by the Friedmann-Robertson-Walker (FRW)
metric [12-14], adding an additional degree of freedom into the spacetime metric for
a homogeneous universe, known as the scale factor. According to the Hilbert-Einstein
action, the relative expansion rate of the universe — the Hubble rate — is then found
to be proportional to the square root of energy density of the universe which, on the
other hand, also evolves as the universe expands — energy densities of non-relativistic
and ultra-relativistic particles are both diluted by the universe expansion, though at
different rates (see [15]). The FRW metric also allows us to solve the latter question
by tracing the universe backwards in time. The universe should hence be made of
denser and hotter plasma in the past, suggesting a time-finite evolutionary history in
the minimal scenario, which has been entitled the Hot Big Bang Theory.

The Hot Big Bang Theory also predicts another observational consequence — the
Cosmic Microwave Background (CMB) radiation [16]. If the universe started from
high-temperature plasma, at the recombination it should cool down sufficiently, so that
electrons and protons are able to form hydrogen atoms, which are electrically neutral.
Before recombination, the plasma is opaque to photons, with extensive interactions
which prevent photons from travelling freely. After recombination, hydrogen atoms
hardly interact with photons, allowing them to free-stream. Such cosmic photons are
then gradually redshifted to the microwave level today as the universe expands, filling

the cosmos in all directions and forming a background. Since the speed of light is
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Figure 1: The observed CMB temperature fluctuation map by the Planck satellite.

[17]

constant, the CMB photons we see today should have originated from a sphere, which
centres on us. This sphere is known as the Last Scattering Surface (LSS).

The CMB was observed for the first time in 1964, by Penzias and Wilson acciden-
tally [18]. The observed CMB has a blackbody spectrum at the temperature ~ 2.7
Kelvin. It also demonstrated a suprisingly high isotropy from all directions of the uni-
verse. This very first observation has been confirmed by more recent ones, such as
the Cosmic Background Explorer (COBE) [19], the Wilkinson Microwave Anisotropy
Probe (WMAP) [20,21], the Atacama Cosmology Telescope (ACT) [22], the South Pole
Telescope (SPT) [23,24], Planck [11,25-29], and the Background Imaging of Cosmic
Extragalactic Polarization (BICEP) [30-32]. Meanwhile, the more recent observations
have also detected tiny anisotropies in the CMB (~ 107°), or the CMB temperature
fluctuations, as shown in Figure 1, which correspond to the primordial perturbation
that is nearly scale invariant and Gaussian. The properties of the CMB anisotropies

will be discussed in Chapter 2.
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The CMB observations are difficult to explain with the Hot Big Bang Theory. First,
it fails to explain naturally why the universe is mostly isotropic, because in Hot Big
Bang, the opposite sides of the LSS can never form causal contact or reach thermal
equilibrium. On the other hand, it also lacks a mechanism to produce the almost scale
invariant primordial perturbation.

The failure of the Hot Big Bang Theory saw the birth of the Cold Big Bang Theory,
which is the currently most accepted theory of the early universe. It prefixes the Hot Big
Bang with an exponential expansion phase, known as inflation [33—-37]. In order to pre-
establish the causal contacts and the thermal equilibrium, during inflation we need the
universe to be dominated in energy density by one or more components whose equations
of state are smaller than —1/3, or equilvalently for scalar fields, whose kinetic energies
remain weaker than potential energies. Besides, these components should be able to
drive inflation for at least ~ 50 e-folds of the universe expansion [26,38]' . However,
the negative equation of state cannot be achieved with ordinary non-relativistic matter
or relativistic particles, whose equations of state are 0 and 1/3 respectively. For this
reason, inflation should have emerged from some component(s) other than matter or
radiation. After inflation, such component(s) should decay into the hot plasma which
signals the start of the Hot Big Bang, during a stage known as reheating [39-45].

The initial success of inflation utilizes just a scalar field, which moves very slowly,
unlike the oscillating scalar fields in a static universe [33-37,46]. The slow motion can
take place naturally for scalar fields in an expanding universe, where the Hubble rate

of universe expansion enters the equation of motion as a friction term, resembling a

1 One e-fold of the universe expansion is the period where the universe size becomes e times of
its original value (measured by the scale factor). And e = 2.718--- is the mathematical constant

corresponding to the base of natural logarithm.
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very viscous fluid holding a harmonic oscillator. The field will perform an over-damped
slow motion instead of oscillations if the Hubble rate is much larger than the mass
of the scalar field, which can be achieved typically when the field exceeds the Planck
scale’ M, = 1/VG =~ 1.2209 x 10" GeV, or when it is super-Planckian. During the
slow motion, the equation of state of the scalar field is close to —1, behaving as a
cosmological constant, whose equation of state is exactly —1 and whose energy density
does not depend on the universe expansion. Due to the nature of the over-damped slow
motion, this scenario has hence been named slow-roll inflation. Slow-roll inflation can
be terminated safely when the scalar field reaches sub-Planckian values as opposed to
super-Planckian, which is known as the graceful exit of slow-roll inflation. It is also
shown to produce the right amount of perturbations through quantum fluctuations.
(For a review on cosmological perturbations, see [15,47,48].) Due to its simplicity and
its very good agreement with observations, single-field slow-roll inflation has become a
major success in modern physics, and the inflation scenario has been crowned as the
“inflation paradigm”. We will discuss single-field slow-roll inflation in Chapter 3.
Providing the exponential expansion alone does not guarantee a model’s success. It
should also predict correctly all the other observables, such as the nearly scale invari-
ant and Gaussian primordial perturbation. Due to its simplicity, single-field slow-roll
inflation has its limitations in producing all the possible features in the cosmologi-
cal observables, known as the consistency relations (see Section 3.4). This motivates
cosmologists to look for alternative scenarios or extensions of the single-field slow-roll

inflation, which can provide a broader range of predictions hoping to cover more possi-

2 The gravitational constant is defined as G = 6.674 x 107N - m? /kg?. We use natural units in
the thesis where the speed of light ¢, the Planck constant h, and the Boltzmann constant kg are set

to unity.
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ble features in the future CMB observations. Various scenarios of inflation have been
proposed in recent years. Non-canonical scalar fields can enforce slow roll with the speed
limit from non-canonical kinetic terms without having to reach super-Planckian values,
such as in DBI inflation [49]. When multiple fields coexist, they can induce numerous
scenarios of inflation, such as hybrid inflation [50-54], assisted inflation [55-61], and
many more [1,4,38,45,62-99]. In these scenarios, fields responsible for driving inflation
are called the inflatons. Most of such scenarios are outside the scope of the thesis, so we
will only briefly mention the relevant multi-component inflation with canonical scalar
fields in Chapter 4.

Among the multi-field inflation scenarios, the minimal scenario is that one field
(the inflaton) leads inflation but produces negligible perturbations, while the other field
(the spectator) is only responsible for generating the primordial perturbation but has
absolutely no role in inflation, as discussed in Chapter 5. The two fields do not need to
interact with each other, except minimally by gravity. In this sense, if the spectator field
is perturbed or even removed from the model, inflation can still proceed without any
change. The only difference is that the primordial perturbation would be much weaker.

The first realization of these separate roles is the curvaton scenario [100-103], as
will be discussed briefly in Section 5.1. In the curvaton scenario, the scalar field re-
sponsible for the curvature perturbation is called a curvaton. The curvaton field can be
as simple as a light field without any coupling. It behaves as an effective cosmological
constant during inflation, and only decays after inflation ends. The curvaton field can
take up a significant part of the total energy density in the post-inflationary evolution.
This greatly limits its parameter space because observations fail to see any isocurvature
perturbations [26, 104].

A more recent development of the separate roles is the spectator scenario [2, 3],
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in which the spectator ends slow roll well before the end of inflation. Therefore, the
energy density of the spectator field or its decay products is redshifted away in the rest
of inflation, leaving negligible contributions to the contents of the current universe, as
discussed in Section 5.2. The only signature left from the spectator field is the primordial
perturbation, which originated from the spectator perturbation at the Hubble exit (see
Section 5.3). The price to pay is that spectator field potentials, such as the typical ones
in Section 5.4, are more complicated than a bare non-interacting light field.

A recent CMB feature which has come into people’s attention is the CMB power
asymmetry. The CMB power asymmetry is the amount of asymmetry in the CMB
power spectrum. For example, we may observe that the amplitude of the CMB per-
turbation is stronger on one hemisphere than that on the other. The CMB power
asymmetry was first noticed in the WMAP data [105-107], and later confirmed with
a higher precision by the Planck satellite [11,108]. After modelling the CMB power
asymmetry phenomenologically in Section 2.6, we attempt to address its primordial
origins in Section 6.1, which turns extremely difficult if the primordial perturbation is
(almost) scale invariant and sufficiently Gaussian (Section 6.2). The observed amount
of CMB power asymmetry, on the other hand, can be obtained in the presence of a
brief tachyonic fast roll phase, through enhancing the very large scale perturbations, as
shown in Section 6.3. Therefore, the CMB power asymmetry can be explained by the
spectator scenario with a tachyonic fast roll phase (Section 6.5), whilst satisfying other
observational constraints in Section 6.4.

The conclusion of the thesis is drawn in Chapter 7.
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2 Observations of the Cosmic Microwave Back-

ground (CMB)

In this chapter, we derive the statistical properties of the CMB temperature fluctuation.

They shall constrain the early universe models in the forthcoming chapters.

2.1 CMB angular power spectrum

Let us define the CMB temperature map as 7'(f1), where i is the unit spatial three-
vector for the 3-dimensional incoming direction of the observed CMB photons. The

CMB temperature anisotropy is then defined as
AT(H) =T(n) - T, (2.1)

where the mean temperature of the CMB is given by

_— 1 9. R
T:H d*nT(n). (2.2)

The statistical information of the CMB temperature fluctuation can be extracted by
decomposing AT(i) into spherical harmonics Y, (1), with [ = 0,1,2,... and m =
—l,—-l+1,...,1, as
AT(0) =) i Yim(0), (2.3)
lm
The coefficients a;,, are then called the angular multipoles of the CMB temperature
fluctuation. From the orthogonality condition of the spherical harmonics (see Section

A.1), we can solve aj,, inversely, as
Qm = / d*a AT (R)Y}, (). (2.4)

The agyp component should be exactly zero by definition, Eq. (2.1). The temperature

fluctuation AT'(f1) is a real function. This enforces the relation
ay,, = (=1)™a;_p,. (2.5)
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In the simplest scenario, we assume that no point is statistically preferred or different
over the others in the universe, so that every point is statistically equivalent by nature.
It also means there is no preferred direction from any point in the universe, including
the earth. This is called statistical isotropy (see for example [109]). Therefore the
expectation value of any correlation function should remain invariant under spatial
rotations [110,111]. The statistical isotropy has been well tested for our observable
universe patch through the CMB [11].

For the two-point correlation function, statistical isotropy means that it should only

depend on the angle between the two directions, i.e.
(AT(A)AT(d)) = F(a - ). (2.6)
This relation enforces a;,, to satisfy
(afyarm) = Ci0,10m me (2.7)

where Cj is the angular power spectrum of the CMB, and is the independent of m and
m’. Here ( ) takes the expectation value over all the possible configurations of the
universe arising from the quantum fluctuations in the early universe.

From the observed a;;,,, an unbiased estimator for C; can be constructed as

o~

1 *
Cl = T-’-l ; A1 Blm (28)

whose variance is given by [109]

Var Gy = <(él - <@>)2> - 2105 -, (2.9)

which is known as the cosmic variance, and which cannot be lessened via multiple
measurements.
The quantum fluctuations during inflation can be parameterized by the gauge-

invariant® scalar quantity, the (primordial) curvature perturbation ((x), or its Fourier

3 The gauge invariance will be discussed further in Section 3.2.
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Figure 2: The D; observation from Planck [28]. The blue points are the observed
D; with error bars at 1o confidence level. The red curve shows the best fit curve of

D;. The residues w.r.t the best fit are shown in the lower figure.

transformation partner ¢(k), which is defined as®

= / C(x)e”*xd3x, (2.10)

Since ((x) is a scalar, it is also called the scalar perturbations or the CMB temperature
fluctuations. (See Section 3.2.1.)
We can write the transfer function from the curvature perturbation to the CMB

temperature perturbation as g;(k), which leads to

i = () [ 55 Vi (Rl (RS (1), (2.11)

4 We use the bold form to indicate spatial three-vectors in this thesis. The time dependence of

¢ is implicit here.
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The detailed derivation can be found in [109]. The two-point correlation function of

((k) can be written as
()T K) = (2m)°0(k — K) P (k), (2.12)

where P (k) is the power spectrum of the curvature perturbation ¢ (k). With the above

relations, we can derive C} as
2 2 2
C = — dk k%|gi(k)|* P (k). (2.13)

The Planck satellite has given its observation of the C; values as well as the best-fit

curve in Figure 2, in terms of [25]

D, = C. (2.14)

We can parameterize P;(k) order by order around a reference scale ko, as

k ns—l—&—%ddln—nsk In %—l—higher order
FP(k) = K P (ko) <k> | (2.15)
0
where the Planck observation has chosen [28,112]
ko = 0.05Mpc~ 1. (2.16)

In Eq. (2.15), the parameter ng is called the spectral index of scalar perturbations, where

s stands for “scalar”, and ddlﬁsk is the running of the spectral index. They are both taken

as constant values at the reference scale k = kg. The running is compatible with zero

by

dns
dlnk

—0.0065 + 0.0076. (2.17)

After taking the zero running, Planck reports other parameters and their errors [26, 28]

k3 _
P = 2—71‘?2P<(k0):(2.142i0.048) x 1079, (2.18)
ns = 0.9667 % 0.0040. (2.19)

All errors are at 1o confidence level unless otherwise noted. The term P characterizes

the overall strength of the curvature perturbations, as defined in Section 3.2.2.
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2.2 CMB angular bi-spectrum

The curvature perturbation ¢(k) may deviate from independent Gaussian distributions.
This non-Gaussianity can provide extra statistical information through correlation func-
tions in the CMB. (See [113] for a review.) The CMB angular bi-spectrum is hence
defined as

BlT?l127lZ2m3 = <al1m1 alzmzal3m3>- (220)

Statistical isotropy requires the expectation values of three-point correlation functions to
be invariant under spatial rotations. Therefore, we can extract the rotational invariant

part of the CMB angular bi-spectrum, By,,,, as [110,111]

mimoms
Bl1l213

= B, , (2.21)

mi1 Mo ms
where the pair of parentheses correspond to the 35 symbol, defined in Section A.2.

The three-point correlation function of {(k) is defined as
(C(k1)¢ (k)¢ (ks)) = (2m)°6° (k1 + Kz + ks) Bk, k2, k3), (2.22)

where, due to statistical isotropy, B(k1, k2, k3) does not depend on the directions. For
independent Gaussian ((k), we have B(k1, k2, k3) = 0.

Then we are able to calculate Eq. (2.20) and Eq. (2.21). Noting the relations [114]

63 (kg + ko +k3) = / d3xeilktkethks)x (2.23)

1
(27)?

e** =4y il (k) Yim (k) Vi, (%), (2.24)
m
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we can find

By 1,1,

\/(211+1)(2z2+1)(213+1)<2>3 oo I3

47 T

0 0 O

X / k2k3k3x2dkydkodksda B (ki ko, k3)
X gy (k1)g1, (k2) g1 (k3) g, (k1) iy (k) i (k3 ). (2.25)
Here j;(z) is the spherical Bessel function.
Inflation may generate non-Gaussianities locally. The local non-Gaussianity in the

curvature perturbation, if any, is known to be small [27]. Such near-Gaussian local

effects can be written as a series expansion of the perfect Gaussian variable

() = Golx) + 5t (@) ~ (GB0x))) + bigher oxder, (2.26)

where (g(x) is the perfect Gaussian variable, and fyi, is the parameter to indicate
the amount of deviation from perfect Gaussian distributions, or the amount of local

non-Gaussianity. This expansion is only valid when

(a(x) <1, (2.27)

faule(x) <1, (2.28)

and similarly for higher order terms. From Eq. (2.26), we can find the leading order

expectation values of ((x)

Cx) =0, (2.29)
() = (), (2:30)
) = A, (231)
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The Fourier transformation of Eq. (2.26) yields,

&Pk’
(2m)?

) = ol + £ [ 155 Go) e~ ) (232

This allows us to solve B(k1, ko, k3) for the local non-Gaussianity according to Eq. (2.22),

as5

B(kl, ]{:2, kg) - ngL (Pg(kl)Pg(kg) + Pc(kl)PC(kg) + Pc(kg)PC(k3)> . (233)

The CMB angular bi-spectrum is then [113,115]

B4

6 ChL+1)2L+1D)R+1) [ b 2 b
ngL T
™

0 0 0

X /dxm2 [all(x)ﬁlz(x)ﬁlg(x)

+au, (%) Bry (2) Bis (%) + cug () iy (2) By () | (2.34)
where we have defined

aulz) = % / K2dk gy (k)i (ke), (2.35)

Bx) = % / K2dk P (k)gu(k)ji (k). (2.36)

Planck has given the latest constraint on the primordial local bi-spectrum [27]

fNL = 0.845.0. (2.37)

We will only be interested in the local type bi-spectrum in this thesis. Other types of
the primordial bi-spectra have also been constrained by Planck, such as the equilateral
type (fnL = —4 4 43) and the orthogonal type (fnr, = —26 + 21), which can be found

in [27].

5 Here we do not distinguish between P;(k) and P, (k) because they are equal at the leading

order.
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2.3 CMB angular tri-spectrum

Similarly, the CMB angular tri-spectrum can be studied with (a,m, Giyms,Qisms@iym.,),

which can be decomposed into a Gaussian part and a non-Gaussian part

<al1m1al2m2al3m3al4m4> = <al1m1 alzmzal3m3al4m4>G + <allm1al2m2al3m3al4m4>nG' (2'38)

The non-Gaussian part (a,m, GiymyQismsiym,)nG only gains contribution from in-
teractions between the perturbation modes, so it vanishes for purely Gaussian CMB
perturbations, and is also called the connected part. The Gaussian part is also called
the disconnected part, contributing a constant amount to the angular tri-spectrum at

the leading order [113]%

_ +

<al1m1alzm2alsm3al4m4>G - (_1)m1 mSCllCls5ll,l2513,145m1,—m25m3,—m4
+

+(_1)m1 m20l1Clzélhl:s512,l45m17*m36m2,*m4

+(_1)m2+m4012 014511714 512,l35m1,—m45m2,—m3- (2'39)

Given the CMB power spectrum Cj, we can then calculate the Gaussian part of
the CMB angular tri-spectrum. Any significant excess observed would imply non-
Gaussianities in the angular tri-spectrum. Only considering the inflationary effects on
the CMB tri-spectrum, we can write the non-Gaussian part of the four-point correlation

function of the curvature perturbations, as
(C(k1)C(k2)C(k3)C(ka)na = (21)363 (ky + ko + k3 + k) Tna (ki ko, k3, ka).  (2.40)

The tri-spectrum also allows various shapes, two of which have received most atten-

6 Alternatively it can be expressed in the rotational invariant way as in [111].

25



tion are parameterized in terms of 7wy, and gy, as [113]

Tuc (k1 ko, k3, ky)

= o (Pelkn) Pe(ua) Pe (k) Peka) Polkas) Polka) + Pollka) Pe(kas) P o)
B (k1) P (kiz) P (ka) + Pe (k1) Pe(kia) Be(k2) + Pe(k) Pe(kia) Pe (k)
+Pc(k2) Pe(ka) Pe(ks) + FPe (ko) P (ki2) Be(ka) + Pe(k2) Pe(k23) Pe (k1)
+ P (k) Pe(kas) Pe(ka) + Pe(k2) Pe(kaa) P (k) + Pe(k2) P (koa) P (ks)
+ P (k3) Pe(ki3) Pe (k) + Pe(ks) Pe(ks) Pe (ka) + Fe(ks) P (kas) P (i)
+ P (k3)Pe(kas) Pe(ka) + Pe(k3) P (ksa) Pe (k1) + Pe(ks) P (ksa) P (ko)

+ P (ka) Pe(ka) Pe(k2) + Pe(ka) Pe(k1a) P (ks) + Pe(ka) Pe (koa) Pe (k1)

+ P (ka) Pe(koa) Pe(ks) + Pe(ka) Pe(ksa) P (k1) + Pc(k4)P4(/€34)P<(k2)>

+%QNL (PC(kl)Pg(k'Q)PC(kg) + Pe (k1) Pe (ko) P (ka) + P (k1) Pe(k3) Pe(ka)
+P<(k:2)P<(k3)P<(k4)), (2.41)

where k1o = kg + ko.
The parameter gy, comes similarly with fnr,. When the curvature perturbations are

not perfectly Gaussian, the higher order terms can be parameterized as

() = Galx) + S ANLIG00) — (B 09)) + sraniGh(x) + bigher order. (242

Therefore gni, characterizes the strength of the cubic correction term. The parameter
7nL does not appear directly in Eq. (2.42), but it corresponds to the second order
contribution from the CMB local bi-spectrum.

Similar to the bi-spectrum calculations, we can start from [115,116]

1 ]
(A1 my Alymy Algms Alymas )nG = 7.5 / 63(ky + ko + k3 + ky)Taa (i, ko, k3, ky)
4
X H(*i)l"Yz:mn(kn)gln(kn)dgkna (2.43)
n=1
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and calculate the contributions from the non-vanishing gnr, and 7wy, terms, as [115]

<a11m1 QAlymo Algms Alymy >DG

_ M1 +lo+13+14 l1l2 mimo M ~msmg—M
= ey (1) <A1314(L)G11 G L
LM

+Al1l3 (L)Gmlmgﬁ/legnu—M + Al1l4 (L)Gmlm‘l%GQO?’_M)

lola I i3 lo s L lols i s lo 15 L
27 U
+%W9NL Z(_1)MBlll2lsl4GlT:L1;32][\14GZ:3Z4 LM) (244)
LM
where
A(L) = / k2dk Pe (k)1 (k) Vgta, 1. (k). (2.45)

311121314 = /'er:B <a11 (x)BZQ (:U>613 (x)ﬁh (x) + ay, (%),3[1 (.%'),313 (.%')514 (.%')
tag, (x)/Bll (33),3[2 (‘T)BM (l’) +ay, (‘T)ﬁll (m)ﬁb (m)ﬁls (:IZ)) ) (2‘46)

s (k) = \/z [ adw o) (o, (@) @) + ()81 (0)). (247)

The Gaunt integral G} }*/" is defined in Eq. (A.4).

The Planck observations have constrained the angular tri-spectra of the shapes ™1, <

2800 at 95% confidence level [117] and gnr, = (—9.047.7) x 10* at 1o confidence level [27].

2.4 CMB polarization modes

So far, we have discussed the CMB temperature anisotropies. Besides the temperature,
each CMB photon also contains an additional degree of freedom. This results in the
possible polarization in the CMB, whose fluctuations can also be measured, and can in
theory provide extra information for the early universe. However, the CMB polarization
also gains contribution from other sources, such as lensing and foreground dust, which
make the measurement of contribution from primordial effects particularly difficult.
The CMB polarization can be decomposed into two separate modes, E and B, as

discussed in [118]. The B mode gains contribution from the (primordial) tensor pertur-
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bations. Its strength is determined by the primordial tensor perturbation, which can
be similarly parameterized as in Eq. (2.15) and Eq. (2.18). For the primordial tensor
perturbation, we use the power spectrum symbol P;. The relative strength of the ten-
sor perturbation compared with that of the curvature perturbation is defined as the

tensor-to-scalar ratio:

Pt
P

r

(2.48)

Fluctuations in the CMB polarization has yet to be observed, suggesting a weak tensor
perturbation. The current constraints are given by rg 02 < 0.07 at 95% CL [119] and

r < 0.12 at 95% CL [32] respectively.”

2.5 Isocurvature perturbations

Besides the perturbations in the CMB, there are also other types of perturbations in the
universe, such as the energy density perturbations in visible matter, cold dark matter,
and neutrinos, as well as the velocity perturbations in neutrinos. In principle, these per-
turbations can be either independent of each other, or have some correlations. However,
the simplest scenario would be that all these perturbations originated from the same
curvature perturbation ( in early universe. In this simplest scenario, the universe would
be called adiabatic.

The adiabaticity of the universe can be violated when the equation of state of our
universe is not a mere function of energy density, which may take place if there is
more than one degree of freedom in the early universe (see Chapter 4). Perturbations

perpendicular to the adiabatic perturbation are referred to as isocurvature perturbations,

" Here 79002 indicates the value r measured at the scale O.OOQMpc*1

, instead of the previously
chosen reference scale kg = 0.05Mpc~!. We will omit the subscript 0.002 for the remaining part of

the thesis.
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which can leave their signatures in the CMB [120-122].

By observing the CMB, the Planck satellite has not seen any isocurvature pertur-
bations. Therefore, multi-field models should not produce isocurvature perturbations
more than what Planck could have observed. This regulates the parameter spaces
of multi-field models. One specific example of multi-field models, the curvaton sce-
nario [101,103] (see Section 5.1), produces correlated or anti-correlated isocurvature
perturbations whose amplitude is hence required to be small (see [26]).

In this thesis, we will not be involved in any calculations of the isocurvature per-
turbations. Instead, quantitative results are only referred from existing publications.
For this reason, numerical details of the isocurvature perturbations are irrelevant and

omitted in the thesis.

2.6 CMB power asymmetry

In previous sections, we have assumed the universe is statistically isotropic, so the
expectation values of correlation functions are invariant under spatial rotations, such
as Eq. (2.6) for CMB angular spectrum, and Eq. (2.21) for CMB angular bi-spectrum.
This assumption is too ideal to be fully tested, simply because we cannot jump out of
our current universe patch. However, what we can test is the statistical isotropy in our
observable patch.

The Planck satellite has tested statistical isotropy by various means in [108], high-
lighting the power asymmetry of the CMB® . The power asymmetry of the CMB suggests
the amplitude of CMB temperature perturbations can be asymmetric, so perturbations
on one side can be stronger than those on the opposite side. This signal was also found

by the previous observations in [105,106], and may as well show up in the CMB polar-

8 In [11], the latest Planck release has confirmed their previous results in [108].
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(b) The power asymmetry along the temperature dipole direction.

Figure 3: The two (] curves and their relative differences are calculated by the
Planck group, from two opposite patches of the CMB map with an angular diameter
90° [123]. The directions have been picked to match the maximal power asymmetry,

and the temperature dipole.
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ization perturbations [124]. This might suggest a “preferred direction” in our observable
universe patch.

In Figure 3, the Planck group have processed two opposite patches of the CMB
map, and have shown the two Cj curves together with their relative differences. The
preferred direction from the maximal CMB power asymmetry and that from the CMB
temperature dipole were found not to match. The CMB power asymmetry thus may
have a different origin with that of the temperature dipole.

In the later analyses [108,125], the power asymmetry becomes less significant for
high I, as shown in Figure 4. Still, the power asymmetry remains at low [, overcoming
cosmic variance effect at ~ 3o.

To address the possible power asymmetry in the CMB, let us first consider the scale
independent case. We can start from the symmetric and unmodulated CMB temperature
fluctuations AT (@), which by itself is statistically isotropic. The power asymmetry then
can be modelled at the leading order as a dipole modulation multiplier along direction
p with strength A. The CMB temperature fluctuations after modulation then become:

(see for instance [105,106])
AT(H) = (1+ Ap-n)AT(d). (2.49)

The currently observed CMB power asymmetry is weak, so we expect 0 < A < 1. The
2013 Planck observation [108] sees A = 0.07+0.02, which confirms the previous analyses
on WMAP data [105,106]. The Planck 2015 results are “essentially identical” [11].

If we pick a small local patch in the direction in on the CMB map, and calculate the
CMB power spectrum only in this patch, it will also acquire a directional dependence
(neglecting O(42)),

Par(f) = (1+ 24D - A)Pxr. (2.50)
This directional dependence becomes most significant when we compare two opposite
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directions, i = Pp and i = —p. Their relative difference is given by [6]

Par(P) — Par(—D)
5(Par(p) + Par(—p))

= 4A. (2.51)

Since the CMB temperature fluctuations are seeded by curvature perturbations, it is
straightforward to think that the power asymmetry may share the same origin and also
come from inflation. In fact, because of the large scale of CMB power asymmetry, it is
difficult to be seeded by any post-inflationary mechanism. Further discussions about its
inflationary origins and scale dependences are covered in Chapter 6.

Other than power asymmetry, the CMB tempearture fluctuation exhibits a simple
pattern — weak and almost scale invariant perturbations with negligible running, small
and insignificant non-Gaussianities, and lack of B polarization mode or isocurvature
perturbations. Naively, a single scalar field in the early universe would suffice to produce

all of them. This will be the topic of next chapter.
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3 Single-field slow-roll inflation

Single-field slow-roll inflation is the earliest successful attempt in explaining CMB tem-
perature fluctuations. In this chapter, we look into single-field slow-roll inflation at
background and perturbation levels. We then examine power-law and inflection point
potentials for single-field slow-roll inflation, which are compared against CMB observa-

tions.

3.1 Background evolution

In the case of a single-field slow-roll inflation, we can start from the Einstein-Hilbert

action with a real scalar inflaton ¢:
o (M7, 1
S = /\/—gd z| —R—-0"¢0,0 -V (o) ], (3.1)
167 2
where the determinant is defined as

g = det(gw), (3.2)

and the Planck mass is defined as M, = 1/v/G. The definition of the Ricci scalar R
can be found in many general relativity or cosmology textbooks, such as [109]. We have
picked the sign convention of space-time metric g, as (—,+,+,+). Greek indices go
through 0, 1,2, 3 for the four space-time dimensions, and Latin ones correspond to 1,2, 3
only for the three spatial dimensions.

The metric g, and the inflaton ¢ are functions of space and time in general. Assum-
ing a mostly homogenous initial condition for single-field slow-roll inflation, where the

perturbative approach is feasible, we can expand spatial perturbations order by order,
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as

G (@) = Guo(t) + 0guu (), (3-3)

p(at) = o(t) + dop(a"), (3-4)

where the bars on top indicate background solution, and the ¢’s in front indicate pertur-
bations which are space-time dependent. Throughout this thesis, we will simply drop
the bars on top for background evolutions. Symbols without a § in front would au-
tomatically indicate the background, unless explicit spatial dependences are specified.

The background FRW metric can be written as (in flat space)

Il
—~~

&0

(@)
~

Guv

The parameterization a(t) is known as the scale factor, parameterizing the “size” of the
universe.
Now we solve the background dynamics of inflation, whose review can be found

in [45]. We define the relative expansion rate of the universe as
(3.6)

which is known as the Hubble rate. The Hubble rate is determined by the Friedmann

equation

8mp
3M2

H? = (3.7)

where p is the total energy density of the universe. During single-field slow-roll inflation,

9 Inflation may also take place if the inhomogeneity is large, for example in the case of chaotic

inflation and multi-verse [37,74,126]. We will not discuss these possibilities in the thesis.
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we have
p= 5P+ V(6). (3.8)

The equation of motion of the inflaton ¢ at background level can be derived from Eq.
(3.1) as

b+ 3Hp+V'(¢) =0, (3.9)

where "= d/dt, and primes on potentials indicate derivatives w.r.t the field.
In an expanding universe, the Hubble rate acts as a friction force for oscillating
fields. When the friction is strong enough, ¢ becomes over-damped. This requires the

conditions

A7 V'? Mg %6

= = 1 3.10

“ = 9MZHR T 6mp2 (3-10)
V// MgV”

= — <1. 3.11

e SIE " 8ap 7] (3.11)

The parameters €4 and 74 are called the first and second slow-roll parameters for
¢ respectively. Similarly, Eq. (3.10) and Eq. (3.11) are the slow-roll conditions for ¢.
When the slow-roll conditions are well satisfied, i.e. €4 < 1 and || < 1, the slow-roll
parameters €4 and 74 can be regarded as small variables, which then enable ¢ to roll
very slowly. In such cases, we only need to care about the leading order contributions
from €4 and 74, which is the so called slow-roll approrimation.

When the slow-roll approximation holds, we can find

¢ < 3Hp~—-V'(¢), (3.12)

P < V(o). (3.13)

Therefore, potential energy will dominate over kinetic energy during slow roll. Potential
energy then drives inflation because it is not diluted by universe expansion. The kinetic

term also changes slowly enough, so the second order derivative in the equation of motion
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becomes negligible at background level. The Hubble rate and the equation of motion

then become

&1V

H* = — 14
ST (3.14)
and
3H)+ V'(¢) = 0. (3.15)
For single-field slow-roll inflation, we can confirm the following relations
d1l dnH

- - - 1

“ T @&H AN’ (3.16)
dlney

AN = —dey + 214, (3.17)

where N, the number of remaining e-folds of the universe expansion till a specific point,

e.g. the end of inflation, is defined as
dN = —Hdt, (3.18)

or alternatively

a(N) = a(Ny)eVo=¥, (3.19)

for any reference point at N = Ng, where we have chosen the e-folding N as the time
measure. Since the slow-roll conditions are only well satisfied for €, < 1 and |ng| < 1,
single-field slow-roll inflation is terminated when either e, > 1 or |ng| > 1 is satisfied.
One important concept in the expanding universe is the total distance a photon can
travel in the future, assuming the Hubble rate is kept constant. It is known as the event

horizon of the universe. The comoving event horizon at any time tg is

o dt & dt 1
i — . 3.20
/to a(t) /to apet(t=to) — ayH (3:20)

For inflation, the value of comoving event horizon coincides with the comoving Hub-

ble radius, 1/agHy, which is the universe expansion rate in length scale. The volume
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enclosed by the comoving Hubble radius is the Hubble patch. Scales much smaller than
the comoving Hubble radius are called sub-Hubble, and those much larger are super-
Hubble. As the universe expands, equilibrium can only be established on sub-Hubble
scales (if not pre-established).

When the universe is dominated by a perfect fluid with constant equation of state

parameter w, its energy density has the power-law relation [15]
p o< a30Fw), (3.21)
This indicates the comoving Hubble radius would follow

1
o a2 (1+3w) (3.22)

In the Hot Big Bang, the universe starts with relativistic particles, and cools down
gradually during expansion. As the temperature drops, the universe moves from radi-
ation dominated era to matter dominated era. The radiation dominated and matter
dominated eras correspond to the equations of state w = 1/3 and w = 0 respectively, so
the comoving Hubble radius would always be increasing as the universe expands. Con-
sequently, the Hot Big Bang does not have a convincing mechanism to form thermal
equilibrium on the LSS. This is one of the major difficulties of the Hot Big Bang theory.

Inflation solves the difficulty with the (near) exponential expansion phase. According
to Eq. (3.16), for €4 < 1, the Hubble rate (and hence the energy density) decreases very
slowly per e-fold of universe expansion. This means the universe is dominated by a near
cosmological constant during inflation, from ¢ whose the equation of state is almost
—1. The comoving Hubble radius therefore decreases during inflation, according to Eq.
(3.22), which allows a pre-established thermal equilibrium on the LSS if inflation lasts
sufficiently long.

The evolution of ¢ can be solved from the background equation of motion Eq. (3.12),
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as

87V ()
———-d¢ = dN. (3.23)
MEV'(¢)

When either of the slow-roll parameters reaches O(1), the single-field slow-roll inflation

will come to an end. This allows us to define the end of single-field slow-roll inflation as

N = N, at max(eg, [ng]) = 1, (3.24)

where we use the subscript e for the end of inflation.

3.2 First order perturbations

During inflation, perturbations can exist in fields and/or the metric. We are only in-
terested in scalar fields, so their perturbations will be discussed in Section 3.2.1. The
metric is a 4 X 4 real symmetric matrix, with 10 total degrees of freedom. They can
be decomposed into 4 scalar degrees of freedom (see Eq. (3.25)), 4 vector degrees of
freedom, and 2 tensor degrees of freedom. The scalar perturbations couple with the
energy density and pressure inhomogeneities; the vector perturbations are normally
redshifted away as the universe expands; the tensor perturbations do not couple with
other inhomogeneities, but only depend on the energy scale of inflation. Therefore, we
are interested in the scalar and tensor perturbations, and treat them separately in this

section. (See [15,45,47,48,127] for a review.)

3.2.1 Scalar perturbations

First order scalar perturbations appear in both the metric and the field. The field

perturbation is simply d¢(a*), as defined in Eq. (3.4). The most generic form of the
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Figure 5: We are free to choose any gauge in the universe, such as those
shown in blue, red or green. The choice of gauge should not affect any
physical process or quantity. The solid and dashed black curves illustrate
the exponential universe expansion during inflation. The horizontal and

vertical axes are for the physical spatial and time dimensions respectively.

metric perturbations can be written as'®

—2A 0;B
g = , (3.25)
0;B a2(—2C5i,j + D@E)

where A, B, C, E correspond to different scalar perturbation modes which are in general

space-time dependent. Here

Dij = 8163 - %(MVQ. (3.26)

Then we are left with five scalar perturbations d¢, A, B, C, and E. There are how-

ever unphysical degrees of freedom in them. The same physical process can be por-

10 Here we perturb the metric with physical time, not the conformal time.
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trayed with different sets of the perturbations by choosing a different reference frame,
or gauge/slicing, as shown in Figure 5. We will use tilde for the variables after trans-
formations. So consider the infinitesimal local space-time transformation in comoving
coordinates:

at — gt =2t + ot (3.27)

in which the transformation dz* can depend on the space-time coordinates xz*.

The field perturbation §¢ follows the single transformation rule as
56 — 8¢ = ¢ — ¢dz”. (3.28)

Regarding the metric perturbations, any space-time line element should remain invari-
ant, ds? = ds?, from

ds? = (g + dgyu )datda” (3.29)

to

ds? = (g, + Ogyu )d"dz". (3.30)

The transformation rule of A, B, C, E can thus be solved as follows [15,45,47,48,127].
Before the coordinate transformation, the original line element is expressed in Eq.

(3.29). It can be expanded in the form

d82 = (guy + 6guy)dfr'ud$l/

3
= —(1+24) ()’ + Y (1 -2 +20,0,F) (da')?
i=1
+20;Bda’da’ + a* Y 0,0, Eda’da? . (3.31)
i#j
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After transformation, the new line element (Eq. (3.30)) becomes

ds? = (g + Ogp ) didi”
= —(1+24+ 20002 (da")*
3
+a2 Y (1-2C + 20,0,F + 200" + 2H5a") (da')*
=1

T (2a,~§ — 0620 + a2ao5xi)dx0dxi

+202 Y (0:0,F + dida’ + 000" ) da'da’. (3.32)

i>j
For any line element dz*, the transformation Eq. (3.27) should leave the length

invariant. This hence requires each of the coefficients of dz*#dz” to be identical in Eq.

(3.31) and Eq. (3.32), i.e.

A = A+ 802", (3.33)

Vi, —C+8,0E = —C+ 8,0,E + 0;6x" + Héa, (3.34)
Vi, 0B = 0,B— 8;02° + a20y6a", (3.35)

Vi>j,  0E = 0,0;E + 9607 + 8;0x'. (3.36)

The transformation rule for A can then be solved as
A=A— 8,52, (3.37)

We can decompose the spatial part of the coordinate transformation by defining 3
and v as

6z’ = 9'(a®B) + o', o' = 0. (3.38)

B contributes to the change in the scalar metric perturbations, while the “transverse

vector” v only contributes to the vector perturbations, and thus is not of interest here.

=

The decomposition reshapes Eq. (3.35) into

0; [E — B —62° + 80(a2ﬁ)] = —a’9p’, (3.39)
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from which we can find the transformation rule for B, as
B = B+ 62" — 0y(a?B). (3.40)

Similarly, we can derive the transformation rules for C' and E:

C = C—%V26+Héx0, (3.41)

E = E-28. (3.42)

In this sense, it is possible to transform the coordinates and the scalar perturbations
together, so the physical process remains the same but the perturbations (A, B,C, E, ¢)
become different. This means we have unphysical gauge degrees of freedom in the
representation.

There are typically two possible treatments'':

e Construct gauge-invariant variables and limit the calculations to these gauge-

invariant variables as much as possible [15,127-130].

e Choose the specific gauge that is most convenient for the calculations. The gauge

invariance can be recovered later by combining the gauge dependent quantities.

In this thesis, we will employ the second treatment, because the relevant discussions
will mostly take place in one gauge — the spatially flat gauge. In the spatially flat gauge,
the spatial part of the metric is unperturbed, with dg;; = 0. This can be achieved from
an arbitrary gauge, with the gauge transformation that eliminates F and C' (defined in
Eq. (3.25)), as

1 1
B=3E, Héz' = —C — 6VQE. (3.43)

The gauge degrees of freedom are then completely fixed by the transformation.
In the spatially flat gauge, the spatial part of the metric is a multiple of the identity

matrix in Cartesian spatial coordinates. This allows the remaining metric perturbations

" For a review and/or lecture notes on cosmological perturbations, see [15,45,47,48,127].
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A, B to decouple from the field perturbation d¢ in the perturbed action at leading order,
as can be seen from Eq. (3.1). We can extract the leading order perturbed action coming

from the field perturbation d¢, as'?
6S(6¢) = —% / a*d*z (0*0¢0,0¢ + V" (¢)d¢?) . (3.44)
This yields the equation of motion for the field perturbation
66 +3HOp+ V" ()d¢p — 3;0'0¢ = 0. (3.45)

After Fourier transformation, in the momentum space it becomes

2
Sy + 3HEb, + <v”(¢) + ’;) S = 0, (3.46)
where
Sy = / d*x p(x)e X, (3.47)

This is a harmonic oscillator with a friction force and a varying mass term, which
cannot be quantized directly. We only know how to quantize a canonical harmonic

oscillator with a constant mass in a flat space-time. So we switch to the variables

_dt
dr = —, (3.48)
Y = add, (3.49)

where 7 is called the conformal time. The relevant action then becomes
1 1 1<
§S(Y) = / d*xdr [2¢’2 — aHY"p + 3 (H* = V"(¢)) a*y* — 5 > (@)*|, (3.50)
i=1
where the definition ’ = d/d7 only holds in this section of the thesis.

Given an arbitrary function of perturbation ¢» and (conformal) space-time, f(1,x,7),

we can add its total derivative w.r.t space x or time 7 into the Lagrangian density. This

12 The first order perturbations are always zero because their coefficients are required to vanish

by the equations of motion at background level.
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does not change the physics of the system, so we add % [ d3xdr[d(aHv?)/d7] into Eq.

(3.50), which gives the new action

3

o5() = [ axar | oo (B4 G- V7)) av? - ;Z@-W] SENCE]Y

=1

Now 9 has become a canonical harmonic oscillator with the equation of motion

3
W — (2H2 v H- V”(¢)> a* — Y 0,01 = 0. (3.52)

=1

After Fourier transformation, it becomes
W+ [k;? — (2H® + H — V”(¢))a2} -} (3.53)

Using the slow-roll parameters €4 and 74, and according to Eq. (3.11) and Eq. (3.16),

we further simplify the equation of motion to
o+ [k? —a®H?*(2 — €y — 3n,)] ¢ = 0. (3.54)

We can fix the conformal time 7 to be zero at the end of inflation. This would give

rise to the simple relation

te dt % da % da 1

So with this choice of the conformal time, the conformal time becomes the negative
comoving Hubble radius
1

~—— 3.56
TR = (3.56)

The approximations hold in Eq. (3.55) because well before the end of inflation (~ 50
e-folds), the slow-roll parameter €, < 1, so the universe expands exponentially while
the Hubble rate remains almost constant. This approximation has relative error ~ €g.
For this reason, when we substitute it back into Eq. (3.54), we also drop the slow-roll

parameters in Eq. (3.54). This leads to

Y + <k2 - ) Y = 0. (3.57)
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Now focus on the mass term of the harmonic oscillator. The first term k2 remains
constant. The second term 2/72 ~ 2a?H? increases exponentially during inflation.
Therefore, any specific perturbation mode with the momentum k& may experience two

distinct phases of evolution during inflation:

e In the beginning, the momentum dominates the mass term with |k7| > 1. The

perturbation vy is a perfect quantum harmonic oscillator.

e As the universe expands exponentially during inflation, the comoving Hubble ra-
dius of the universe decreases and the evolution enters |k7| < 1. At this point, the
perturbation 1 obtains a tachyonic mass and is no longer a quantum harmonic
oscillator. The evolution has become classical and is determined by the harmonic

oscillator initial conditions during the preceding quantum phase.

Since 1/k is the wavelength of the perturbation, and |7| = 1/aH is the comoving
Hubble radius of the universe, another way to distinguish the two phases is whether
the perturbation mode can fit into one Hubble patch. Perturbations with |k7| > 1 are
thus also called sub-Hubble perturbations, and those with |k7| < 1 are super-Hubble
perturbations. In this sense, perturbations may start sub-Hubble during inflation, and
gradually become super-Hubble. The time of switching from sub-Hubble to super-
Hubble is known as the Hubble exit, or leaving the Hubble patch.

We use hats for operators in this chapter. The real harmonic oscillator ¢y can then
be quantized as

b = v+ v5al (3.58)

where ax and dL, conform with the commutation relation

lax, af,) = (27)°6%(k — K'). (3.59)
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Also, vk is a c-number yielding to

2
vp + <k2 - 2) v = 0. (3.60)

Eq. (3.60) has the solution [109]

(o (3.61)
Uk = V2k kt )’ '

so in the early times where t is sufficiently small or, equivalently, —7 is sufficiently large,

Eq. (3.58) would reduce to the harmonic oscillator solution with

Py e\/;i; (3.62)
The power spectrum of ¢y is Py(k), defined as
(Oathiy[0) = (2m)%6° (k — &) Py (k). (3.63)
where, according to the quantization,
Py(k) = |vk|* = L (1 + 1) : (3.64)
2k k272

Here we have assumed the vacuum state of the universe |0) is the Bunch-Davis vacuum
[131].
With 7 = —1/aH and d¢ = ¢ /a, from Eq. (3.64) we get the power spectrum of d¢,

(similarly defined,) as

H? k2
Psy(k) = 53 <1 + a2H2> ) (3.65)

Several e-folds after Hubble exit, the second term in the parentheses will become negli-

gible, so the power spectrum of d¢ (k) reaches constant:

H2
Psy(k = —. 3.66
5¢( ) super—Hubble 2k3 ( )

Therefore, after the perturbation mode leaves the Hubble patch, it gradually stops

evolving and becomes frozen.
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We can recover the time part of the gauge invariance by considering only the time
translation

29 — 70 =20 4 620, (3.67)

From Eq. (3.28) and Eq. (3.41), we can construct the gauge invariant curvature pertur-
bation by compensating the changes under the time translation Eq. (3.67). The time

gauge invariant curvature perturbation ¢ can thus be defined as'?
H
(=C+ gé@b. (3.68)

Since now ( is a gauge-invariant quantity, its power spectrum should not depend on
the choice of gauge. After the mode k freezes, the power spectrum of ¢ then becomes

H? 2 H?
Pe(k) = Pc(k) o gp&b(k) = 3 ey M2 (3.69)

We then expand the power spectrum of ¢ around a reference scale kg following Eq.

(2.15), which provides the spectral index of the scalar perturbations

d 3
ns = 1+dlnkln(l€ P (k))
d . H?
= oy
= 1—66¢—|—27]¢. (3.70)

The running of the spectral index can be derived similarly,

dng
dlnk

= 8ep(—3ep + 2np) — 2, (3.71)

where the third slow-roll parameter is defined as

4
B Mp Vlv///

0= oy (3.72)

term is the same for a spacetime gauge invariant curvature perturbation for Eq. (3.75).

13 To further take into account the spatial transformations (for u = 1,2,3 in Eq. (3.27)), the

spacetime gauge invariant curvature perturbation can be defined as (G = ¢ + %VQE. The extra

=
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with the relation

dng
N §o — 2e4mg (3.73)

The definition of ¢ in Eq. (3.68) is obviously only applicable to single-field slow-
roll inflation. In the more general case, we can consider an adiabatic universe. The
energy density perturbation of the universe, dp, transforms under the time translation
Eq. (3.67) as

§p— 6p=06p—dpdal. (3.74)

This allows us to define the gauge invariant curvature perturbation more generally as
H

¢=C+ —dp. (3.75)
P

It can be confirmed easily that Eq. (3.75) reduces to Eq. (3.68) for single-field slow-roll

inflation.

3.2.2 Separate universe approach

The above section has explained how perturbations evolve before the Hubble exit. Now
the question is how perturbations would evolve after the Hubble exit but before the
beginning of Hot Big Bang. It has been known in general, that super-Hubble curvature

perturbations are conserved:
e on uniform energy density hypersurfaces/slicings,

e if the universe remains sufficiently adiabatic in the future evolution (i.e. the pres-

sure or the equation of state is a mere function of energy density).

This is known as the separate universe approach [132—-136], which essentially regards
each of the local Hubble patches as a homogenous patch. Each Hubble patch is then
perturbed as a whole by the super-Hubble perturbations, and smoothened within so the

sub-Hubble perturbations are neglected. When the above two conditions are satisfied,
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all the Hubble patches on the uniform energy density hypersurface are identical except
that each has a different time shift, originated from the super-Hubble curvature pertur-
bations. The separate universe approximation should be valid because the sub-Hubble
perturbations, or the gradients from the super-Hubble perturbations, have a vanishing
net effect when averaged over all the Hubble patches in the universe.

For single-field slow-roll inflation, the homogenous Hubble patch has only one degree
of freedom and is always adiabatic. Therefore, super-Hubble curvature perturbations
are always conserved during single-field slow-roll inflation, regardless of the uniform
energy density hypersurface chosen.

For the more generic multi-component inflation, (Chapter 4,) extra complications
can be involved. The universe may contain non-adiabatic perturbations, which can
transfer to curvature perturbation gradually well after the Hubble exit. For this reason,
the desired uniform energy density hypersurface can be significantly delayed.

Therefore, as a more generic method using separate universe approach, in this section
we study how the field perturbation in the Hubble patch, d¢, transfers to curvature
perturbation (, at or after the Hubble exit. For this purpose, we count the extra
number of e-folds of universe expansion for the chosen Hubble patch up to the uniform
energy density hypersurface, due to the initial super-Hubble field perturbation d¢ on
spatially flat hypersurfaces. This extra amount of expansion should then correspond
to the scalar perturbation C' on uniform energy density hypersurface, or equally the
curvature perturbation (. This is portrayed in Figure 6. The so-called 0N formalism
thus reduces the problem into simply solving background evolutions, and then taking
the differentiations.

For single-field slow-roll inflation, we have (on spatially flat slicing)

((x) = ON(x) = Nyoop(x), (3.76)
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X

Figure 6: In the spatially flat gauge (green), the perturbed patches (red) can be
evolved to the uniform energy density hypersurface (blue) that fulfills the adiabatic
condition. The resulting perturbation in the number of e-folds of the universe expan-
sion then corresponds to the amount of curvature perturbation ¢ for every patch. In
single-field slow-roll inflation, the uniform energy density hypersurface can be cho-
sen at the Hubble exit as shown. The solid and dashed black curves illustrate the
exponential universe expansion during inflation. The horizontal and vertical axes

are for the physicsl spatial and time dimensions respectively.
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where d¢(x) is the field perturbation on spatially flat hypersurfaces. According to Eq.
(3.23),
_ON  8rV(9)

=3 ~ WV (3.77)

Since single-field slow-roll inflation is always adiabatic, we can pick the uniform energy
density hypersurface right at the Hubble exit as shown in Figure 6. Therefore the
field perturbation d¢(x) in the location space does not evolve after Hubble exit. This

immediately gives
Ck = Ny, (3.78)

with the power spectrum

2 H?

P(k) = N3 Psy(k) = W e M2
p

(3.79)

As we have seen, it easily reduces to Eq. (3.69) in the single-field slow-roll inflation
scenario.

The spectral index and its running can then be obtained straightforwardly. For

example,
dln k3 P (k)
s = 14—
" T Ak
o dIn k3P (k)
n dN
_,_2dlnNg d1n k3 Psy (k)
B dN dN
2N, 2
o1 ﬂ¢/ ~dlnH
Ny dN
= 1—6¢€4+ 2ny, (3.80)

where ¢ = d¢/dN, and Nyy = ON,/0¢. So it also recovers Eq. (3.70).
We can also look at the problem in location space completely. Starting from Eq.

(3.76), the power spectrum of field perturbation in the location space is defined as'*

(0[36(x)36 (x)0) = Pry(x). (3.81)

14 Note again that hats are used for quantum operators.
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Therefore,
d3k 1
Ps4(x) :/WP5¢(I<) = W/H2dlnk. (3.82)

The curvature perturbation then follows

1 H?

From the above equations, we can obviously see that perturbations receive contri-
butions from all the super-Hubble modes. We will discuss the infrared and ultraviolet
divergences of the integral shortly, but let us first look at the strength of quantum
fluctuations compared with classical motion.

Eq. (3.82) tells us that for every e-fold of inflation, the field perturbation d¢(x)
typically gains the extra amount ~ +H/2r. At the same time, the classical slow-roll
motion of the inflaton ¢ contributes by the amount ~ d¢/dN. The relative strength of

quantum fluctuations can be written as

H(dp\' 1 H

When this ratio is much smaller than unity, quantum fluctuations are much weaker than
classical slow roll. In the opposite limit, the motion of field is dominated by quantum
fluctuations, and we can also say the field is frozen.

It is worth noting that the above calculations are only applicable to single-field slow-
roll inflation. When multiple components coexist in the universe, such as in Chapter
4, the choice of uniform energy density hypersurface must agree with the adiabatic
condition. The earliest possible choice may be well after the Hubble exit. In such case,
we can either evolve the field perturbation d¢ from the Hubble exit to the hypersurface,
or the corresponding N, from the hypersurface back to the Hubble exit. In either way,

their product 0N = Nyd¢ should follow the correct evolution.
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Let us now turn back to the observational divergences in the integrals in Eq. (3.82)
and Eq. (3.83). The ultraviolet divergence has several suppressions and cut-offs. For
example, our limited resolution of the observations cannot observe perturbations of
too small scales, and this introduces a hard cut-off to the ultraviolet divergence. The
physical divergences, on the other hand, can only be resolved by fundamental theories,
which are beyond the scope of the thesis.

To deal with the infrared divergence, let us think what P¢(x) represents in the
observations. We can only see perturbations within our current Hubble patch, so we
cannot compare them with patches too distant away. In this sense, perturbations with
scales much larger than the Hubble size today should have only suppressed contributions
to our observed P(x), indicated with PC(Ob) (x). They only produce gradient effects
within our Hubble patch, which are exponentially suppressed towards the infrared limit.

In particular, suppose only the limited spatial region R is visible to us. For any
observable spatial function f(x), the observed power spectrum of perturbations in the

location space can be written as

() - 1 /oy = 1 N
Pf (2m)3 <|f fl > ~ (2n) <<|f‘ > <’f‘ >> ) (3.85)
where the top bar means averaging over the visible region R, as

- — 1
f=rx) @ xeRf(x)dx, (3.86)

and the volume of R is defined as

IR| = / dx. (3.87)
XER
At this point we do not specify the dimension or geometry of R.
Let us define the power spectrum of f in the Fourier space as
(fifi) = (2m)°8° (k — K') Py (k). (3.88)
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The first term of Eq. (3.85) can then be calculated at ease

(7P) = [ k(). (359

The second terms requires some calculation

(1) = (|eaf")
N 2\713\2/)(X,6Rd><dx' (F) (') + h.c)
- 2|713‘2 /dgkpf(k)/ dxdx’ {eik(x*xl) —|—c.c]
x,x'€R

1
= — / d*k Py (k) / dxdx’ cosk - (x — x')
‘,R'| x,x'€ER

_ / a*kPy(k) [(eosk-%)” + (k%)) (3.90)

where h.c and c.c indicate the Hermitian conjugate and the complex conjugate respec-
tively.

In our universe, the visible region R is spherically symmetric. The second term in
the parentheses of Eq. (3.90) thus vanishes. For the visible and dark matter, we can
see perturbations with different distances from us, within the ball of radius rpax, i.€.

R = {x]|x < rmax}. For such cases, the average becomes

1

|R| < max

Tmax 3
_ 3 2q sin kr
= =3 redr
r 0 kr

max

cosk-x =

cos(k - x)dx

= %(sin@ — 60 cosh), (3.91)

where we have defined the dimensionless variable

0 = krpax. (3.92)
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Therefore using Eq. (3.91), we get the observed power spectrum in a ball

PG = o (W) = (I717))
= /dk:k‘QPf [1 - %(sm@ 0 cosb) ]

k3pf ko) [dO [ 9
= 27r2/ 7 [1—96(81116? 9COS€):| (3.93)

where in the last step, we have assumed a scale-invariant power spectrum
k3 Py (k) = ki Py (ko), for any k. (3.94)

Now in the infrared limit where & — 0 or equivalently 8 — 0, the term being integrated
in Eq. (3.93) is equal to /5. So the observed power spectrum does not have any infrared
singularity within our observed Hubble patch.

Similarly, the CMB is only emitted from the LSS sphere. Therefore the averaging
should take place for all directions, but only at a fixed radius 75, which is our comoving

distance to the LSS. This corresponds to R = {x|z = s}, giving

- 1 in
cosk-x = R . cos(k - x)dx = %, (3.95)
where we have redefined the dimensionless variable
0 = k. (3.96)
The observed power spectrum on a sphere then becomes
(ob) 1 9 sin? @
Pf (x) = 5.2 dkk“Pr(k) | 1 — 72
kgpf(ko) do Sin2 0

where we have similarly assumed a scale invariant power spectrum. The term being
integrated is proportional to #/3 in the & — 0 limit, so the infrared divergence is

similarly resolved for the CMB. This can also be seen in Figure 7.
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Figure 7: The integral in Eq. (3.97) is shown as a function of its inte-
gral lower bound. The infrared cutoff, k.15, is infrared safe because it

converges as kmin — 0. The upper bound of the integral is taken e? for

demonstration.
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Since the integral in Eq. (3.97) is an O(1) model independent constant, we can

abandon it by redefining the power spectrum as
_ 1 3

Then the field perturbation and curvature perturbation will have the power spectra

[132-136]
Pry = 5;, (3.99)
and
P = mf;g, (3.100)

3.2.3 Tensor perturbations

The primordial scalar perturbations are responsible for the CMB temperature fluctua-
tions we see today. The tensor perturbations, on the other hand, produce polarization
fluctuations in the CMB. The tensor perturbations have only two degrees of freedom.
For a photon traveling in the z direction, they act on the flat FRW metric in the form

0f15

G = (3.101)

| ]

0 0 0 0

The variables hy and hyx are the two independent modes of the tensor perturbations.

Such perturbations will induce the perturbation in the action

2

M
68 (hy,hy) :64;/@3&1; >

=4, X

Bhf - ;@hi)ﬂ | (3.102)

From Eq. (3.102), we find that each of the tensor perturbations corresponds to a

plane wave solution traveling along the z direction. We simply need to canonicalize the

15 For a review or textbook, see [15,45,47,48,109,127].
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fields by switching to the conformal time 7, and defining (while neglecting the subscripts
because both tensor modes act identically and independently)

aMy,

h=—2h. 3.103
SV (3.103)
So the new perturbed action becomes (for each of the tensor perturbations)
7 3 Lip 2 L\ 250 1 o209
dS(h) = [ d°xdr §h + | H” + §H a“h® — i(azh) . (3.104)

Now we are able to quantize h following the routine in Section 3.2.1. This gives the

power spectrum of h
Pk)= = (14 2 (3.105)
hA™ ok k272 )’ '
and hence the power spectrum of the tensor perturbations h well after the Hubble exit

_ 327H?

Fy(k) = Pa(k) = Sgmm (3.106)

where the subscript ¢ represents tensor perturbations. Since the power spectrum of the
tensor perturbations only depends on the energy scale of inflation, the measurement of
the tensor perturbations is very helpful in determining how early inflation took place
[137].

In practice, the power spectrum P, (ko) is rarely used when referring to the strength
of tensor perturbations. More often, the relative strength of tensor perturbations w.r.t
scalar perturbation is used. This parameter is called the tensor-to-scalar ratio, and is
defined as

t

r= P = 16€4, (3.107)

where the last equal sign holds only for single-field slow-roll inflation. Note the power
spectrum we have used is similarly defined for tensor perturbations according to Eq.

(3.98), as

_ 16H?

,Pt—ﬂ_i]\ig.

(3.108)

29



The Planck observations have not found any tensor perturbation with r < 0.11 at
95% CL, and neither has BICEP with r < 0.07 [26,119, 138]. This immediately gives

the upper bound for inflation energy scale

1
1 3rPe\ 2 _
pi = ( 128<> M, < 1.6 x 1073 M, (3.109)

3.3 Higher order perturbations

As explained in Section 2.2 and Section 2.3, observations in the CMB temperature
fluctuations may find possible deviations from pure Gaussian perturbations. These non-
Gaussianities may come from primordial cosmology, such as inflation. In Eq. (2.34), we
have shown how the non-Gaussian curvature perturbation ¢ can induce a non-vanishing
three-point correlation function on the CMB temperature map. In this section, we
will discuss how single-field slow-roll inflation produces primordial non-Gaussianity, in
terms of local fnr,, 71 and gnr,, and therefore how they will be constrained by recent
observations. (See Section 2.2 and Section 2.3 for definitions, and [113,139] for a review.)

The d N formalism proves to be an effective approach for higher order perturbations.
For single-field slow-roll inflation, every smoothened Hubble patch has only one degree
of freedom — the inflaton ¢(x). Therefore we can always write the number of remaining
e-folds of inflation as a function of inflaton in the background evolution N(¢). Previ-
ously in Section 3.2.2, we have expanded N(¢) up to linear order in Eq. (3.76). More

generically, it can be expanded to higher orders as [140-142]

(%) = ON(x)

= Ny3o(x) + 3 Nog (06°(x) — (66 (x)
1

5

Ngss0¢® (x) + higher order. (3.110)

In Eq. (3.110), including the (§¢?(x)) term is to ensure the expectation value of
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curvature perturbation vanishes strictly (¢(x)) = 0. Knowing that d¢(x) is a Gaussian
variable, by comparing Eq. (2.32) with Eq. (3.110), we can find the Gaussian part of

curvature perturbation easily

(a(x) = Nydo(x). (3.111)

Replacing d¢(x) with {g(x)/Ng, Eq. (3.110) becomes

1 Ngg 1 Nygo

((x) = Ca(x) + 57; (¢G(x) — (CB(x))) + 5 N3

¢2.(x) + higher order,  (3.112)

which corresponds to [140-142]
_ 5 Noo

L = 6 N7 (3.113)

and
= — . 114
9NL = £ Nj;’ (3.114)

Therefore fn1, and gnr, can be calculated easily based on 6 NV formalism. Note however
that the above expressions are in general scale dependent, because Ny, Ny and Nyge
can change during inflation. This feature should be interpreted as the scale dependences
of local non-Gaussianities, an extension of Eq. (2.26) or Eq. (2.42).

The parameter 7n1, comes from the second order effect of local fni, on the CMB
tri-spectrum. In single-field slow-roll inflation, there is only one degree of freedom ¢

that may produce the curvature perturbation. Therefore, the simple relation holds
36
NL = %fI%L. (3.115)

Higher order derivatives of N can be derived from its first order derivative in Eq.

(3.77). The local non-Gaussianities can then be expressed in terms of the slow-roll
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parameters [141-143]

5
N = 6(26¢ — 1) (3.116)
25
gL = oy [2me(ng —€s) = &l (3.117)
™wL = (265 —np)> (3.118)

3.4 Testing single-field slow-roll inflation with the CMB

Before diving into the models of single-field slow-roll inflation, we first briefly summarize
the cosmological observables that can be utilized to test inflationary models. Based on
the previous contents in Chapter 2 and Chapter 3, we can construct Table 1.

16 cosmological observables of single-field slow-roll in-

Since all the energy scale free
flation can be expressed in terms of slow-roll parameters, single-field slow-roll inflation

has to satisfy a series of consistency relations including [142,143]

I 144
<ns -1+ 8T> = 47N, = 95 fRws (3.119)
1 dng 108
s— 14— s— 1 = — . A2
(n + 87") (n )+ TInk — 25 INL (3.120)

As a result, if the observations disagree with any of the above consistency relations,
we can rule out single-field slow-roll inflation. In such cases, one would then have to

introduce extra complexities in the model'” .

16 By energy scale free, we mean all the observables in Table 1 except the power spectrum of the

curvature perturbation. This is because none of them depend on the overall energy scale of inflation.

I7 Table 1 can change when additional complexities are introduced, such as when the single-field
slow-roll inflation has a non-trivial initial condition with a large momentum in ¢, far away from the

slow-roll attractor solution near the Hubble exit of the CMB scales. Such scenarios are off the topic

of this thesis, and will not be discussed.
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Table 1: Single-field slow-roll inflation predictions and the Planck CMB observations

[26,27]. Errors are at 1o unless otherwise noted.

Parameters Predictions Observations
H? 9
2.142 4 0.048 10~
P 7T€¢M§ ( )
Ng 1 — 6eg + 21y 0.9667 £ 0.0040
dng
Tnk 8es(—3€p + 2ny) — 2, —0.0065 £ 0.0076
5
fNL 6(26¢ — 77¢) 0.8+5.0
25 4
gNL 1 (26 (1p = €9) = &) (=9.0+£7.7) x 10
TNL (2e5 — 1y)? < 2800 at 95% CL
r 16€4 < 0.07 at 95% CL
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The second consistency relation (Eq. (3.120)) is far from practical use. The errors
in r, gn, and Cﬂ% are currently large. However, our current observations are accurate
enough to distinguish the first consistency relation (Eq. (3.119)). The curvature per-
turbation is almost scale invariant and the tensor-to-scalar ratio is small (r < 0.07).
Single-field slow-roll inflation is thus required to produce small non-Gaussianities in
L < 1 and 7w, < 1, regardless of the specific model [142,143]. This can already be

confirmed partly by the Planck observations.

3.5 Models of single-field slow-roll inflation

There are hundreds of models of inflation, even just for single-field slow-roll inflation
[98,144]. In this thesis, we will only discuss the inflation with a power-law potential,

and the inflection point inflationary models. (For a review, see [45,47,93,145,146].)

3.5.1 Inflation with a power-law potential

Inflation can be realized with a very simple power-law potential of a real scalar ¢, in

the form

V(g) = ;AMI;‘ (ﬁp)p (3.121)

This potential contains two parameters — the exponent p that determines the power of
the potential, and the coupling constant A. Typically, people are interested in the p = 2
and p = 4 models, corresponding to the quadratic and quartic potentials respectively.
For p = 2, we can define

m = VAM, (3.122)

as the bare mass of ¢. Eq. (3.121) then reduces to quadratic inflation, corresponding to

a single scalar field with mass m which drives inflation with the potential

V() = =m2¢°. (3.123)



The p = 4 case is called chaotic inflation [37], which is dominated by the self-coupling

of a massless scalar. The potential is

V(g) = iw* (3.124)

Due to the simple potential form, the power-law potential is sometimes regarded as the
simplest model of inflation.
We will still use the generic potential Eq. (3.121). The slow-roll parameters can then

be calculated as

2072
pMp
= P 12
‘¢ 1672’ (3.125)
p(p — 1) M
N = ng, (3.126)
2(p—1)(p —2) M2

6472 pt
Taking the inflation condition as €, < 1, we find that the power-law potential can

provide inflation easily as long as'®

P
9] > mMp- (3.128)

Since during inflation ¢ never changes sign, without loss of generality we take ¢ > 0.
From Eq. (3.23), we can solve the background evolution of ¢ as a function of the number

of remaining e-folds of inflation IV, as

P(N) =

M,

4N). 3.129
1V AN (3.129)
Putting it back into the slow-roll parameters then gives

p

N = (3.130)

ng(N) = m, (3.131)
_ A -1)p-2)

§o(N) = b rAN) (3.132)

18 Although for p > 2, 4| = 1 is reached first during inflation, we will still use €5 < 1 as the only

measure for the end of inflation for simplicity.

65



and all the cosmological observables

P = 12§WA[p(p1+6:N)FH, (3.133)
ns = 1—%, (3.134)
ddlzsk = —m, (3.135)
_ pﬁ’N. (3.136)

We have omitted the non-Gaussianity observables which are automatically determined
by single-field slow-roll consistency relations.

The parameter A can be fixed by the power spectrum of scalar perturbations ac-
cording to Eq. (3.133). If we also restrict the power parameter p among certain discrete
values, such as 2 and 4 in this thesis, the inflation model with a power-law potential is
then left with no free parameter.

Then, the power-law potential for inflation is completely predictive. The only un-
certainty comes from N. Since we are only able to know the physics at the relatively
low energy scales, we cannot be certain about the post-inflationary dynamics before Hot
Big Bang, such as how the inflaton ¢ decays into visible matter and dark sector. But in
general, the CMB scales should correspond to N ~ 50 to 60. Therefore we can simply
calculate the observables for N = 50 and N = 60 separately. In Table 2, we show the
results for p = 2 and p = 4.

From Table 2, we see that quadratic inflation agrees very well with the observed
scalar perturbations. It however produces some tensor perturbations which is in tension
with Planck. The chaotic inflation model is in even stronger tension with Planck data
in scalar spectral index and tensor-to-scalar ratio, as can be seen from Figure 8.

In fact, the potential Eq. (3.121) makes it difficult to produce large tensor-to-scalar

ratio while keeping ns ~ 1. From Eq. (3.134) and Eq. (3.136), the power-law potential
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Table 2: Inflationary predictions from a power-law potential and the observations.

Quadratic (p = 2) and chaotic (p = 4) inflations are demonstrated. The Planck 2015

data [26-28] are used.

Quadratic inflation Chaotic inflation
Parameters Observations
N =50 N =60 N =50 N =60
m/M, 50x 1077 42x 1077 N/A N/A
Pe = 2.142 x 107°
A N/A N/A 3.7x 107" 22x107"
Tg 0.9667 £ 0.0040 0.960 0.967 0.941 0.951
dny —4 —4 -3 -4
—0.0065 £ 0.0076 —8 x 10 -5 x 10 —1x 10 -8 x 10
dlnk
r < 0.07 at 95% CL 0.16 0.13 0.31 0.26
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Figure 8: The Planck observations constrain inflationary models as above [26]. The x and

y coordinates correspond to the spectral index and the tensor-to-scalar ratio. The shaded

grey, red, and blue regions show the Planck observational constraints when combined with

different data sources. The colour depths indicate the 1o and 20 confidence levels. Other

shaded regions and line segments correspond to the predictions of various inflationary models,

for 50 and 60 e-folds of inflation before the Hubble exit on smaller and bigger circle sides

respectively.
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needs to satisfy an additional consistency relation besides those in Section 3.4:
2 2 2
1+ =) r*=64(1 — ny)~. (3.137)
p

Given r < 0.07 and ns ~ 0.96, the consistency relation requires p < 1, which is beyond
the scope of the thesis. The power-law potential cannot reproduce our observations for
p =2 or p=4, due to the consistency relation.

On the other hand, another fundamental problem of the power-law potential is that
the inflaton ¢ typically needs to reach Planck scale M, to produce inflation, as required

in Eq. (3.128) [147].

3.5.2 Inflection point inflation

In this section, we will consider the single-field slow-roll inflation models that can be
effectively regarded as an inflection or saddle point potential in the neighbourhood'? .
Such potentials may arise from Minimal Supersymmetric Standard Model (MSSM) [85,
148], as an example. The inflection point brings about a plateau in the potential, which
is flat enough locally to accommodate slow roll while the inflaton stays sub-Planckian
(< My).

The constructed scalar potential is [80,82]*

6 10
V(g) = %qubQ AL e

: (3.138)
6M3 " MS

where m and A > 0 are called the soft breaking mass and the A-term respectively. Let

us define
A2

402 =1— )
@ 40m?2

(3.139)

19 We only study inflection point here.

20 Tnflection point potentials are possible in various forms [4, 80, 82,90-93,149]. Here we only

discuss a specific one.
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V()

V(o)

Figure 9: The inflection point inflation can be achieved typically around

the inflection point ¢g because of the cancellation in V'(¢).

There exists an inflection point ¢¢ in the potential V' (¢) with V" (¢g) = 0, which lies at

Po = <mMS> ' +0(a?). (3.140)
AW/10
At the inflection point ¢y,
V(go) = 1emid+ 0, (3.141)
V(go) = 4a*m2¢y+ O(at), (3.142)
V" (po) = 327:;02 + O(a?). (3.143)

Neglecting higher order expansion terms around the inflection point ¢q, the effective

potential around inflection point becomes

V" (¢0)
6

V(p) = V(o) + V'(¢0)(¢ — ¢0) + (¢ — ¢0)®. (3.144)
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The first and second slow-roll parameters then become

2252

G = gy [N TG~ 90)]” (14 0(a?), (3.145)
1502

L L O(a?). (3.146)

From Eq. (3.145) and Eq. (3.146), we can find inflation near the inflection point if the

potential is flat enough with €4 < 1, i.e.

1672
4 0
@< 9pM2

< 1. (3.147)

The second inequality comes from our wish to keep the inflaton sub-Planckian. The
potential then has the shape as Figure 9.
From now on we keep only the leading order terms. The slow-roll parameters are

then simplified to

22502
€ = 167T¢§ (@262 + 4(¢ — ¢0)?]”, (3.148)
2
ny = Dy (¢ — ¢0). (3.149)

Inflation hence only occurs close enough to the inflection point with |ng| < 1, as?!

71'(1)3
_ . 3.150
The Hubble expansion rate is given by
32mm>2 o2
H?>~ =0 151
15M? (3.151)
According to Eq. (3.150), we set the end of inflation at
ng)g
= ¢p — 152
(;56 ¢0 15M57 (3 5 )

21 The first slow-roll condition should also be satisfied to allow slow-roll inflation. However, during
inflection point inflation, the violation of the second slow-roll condition is usually much earlier. For

this reason, we don’t consider the first slow-roll condition.
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where the subscript e indicates end of inflation. The dynamics of background solution
can then be solved, which yields the power spectrum of curvature perturbation [4,83,

85,90]

256mm?2¢g 4 [ 15aM
N) = i PN 3.153
P = 35 5aiars ™\ argg ) (3.133)

and the spectral index for scalar perturbations [4,83,85,90]

15aM? 15aM?
ng=1- P cot ( pN) : (3.154)

7r¢% 47r<b3

Since the potential in this setup is usually very flat around the inflection point, the
second slow-roll parameter |14 is usually much larger than the first slow-roll parameter
€y The spectral tilt ng — 1 should then mostly come from 74, while leaving ey very
small. In such cases, one would expect a very small tensor-to-scalar ratio. Owverall,
the inflection point potential Eq. (3.138) has been shown to agree well with the Planck
observations in [4].

On the other hand, inflection and/or saddle point potentials of inflation require the
model parameters to be substantially tuned [85]. Here the parameters m and A must be
tuned to bring about a very small a. This raises the question why in nature the param-
eters would cancel so finely, and can be regarded disadvantageous for inflection/saddle
point inflation. This is however beyond the scope of the thesis.

To summarize, in this chapter we have derived generic predictions of single-field
slow-roll inflation. We have studied power-law and inflection point potentials. The
consistency relation in single-field slow-roll inflation forbids many features in the CMB,
such as large non-Gaussianities, which will be investigated in the framework of multi-

field inflation in the upcoming chapters.
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4 Multi-component inflation

In this chapter, we derive the cosmological predictions for multi-field inflation. Spectator
fields can be regarded as the minimal multi-field inflation scenario. Single-field slow-roll
inflation with an extra perfect fluid is also discussed. Conclusions of this chapter will

provide assistance for the spectator calculations in the next chapter.

4.1 Generic multi-field slow-roll inflation

4.1.1 6N formalism

Consider n slowly rolling real canonical scalar fields, indicated with ¢* where p =
0,1,...,n — 1. Assuming JN formalism (see Section 3.2.2 and [132,134,140-142]) and
perturbative calculations are applicable, we can always write the remaining e-folds of

universe expansion as a function of the fields on spatially flat hypersurfaces
N =N(¢ ¢',....¢" ) = N(¢"). (4.1)

According to separate universe approach [132,134], the perturbation in N then cor-
responds to a curvature perturbation, which can be expanded in terms of the field

perturbations d¢* on spatially flat hypersurfaces as [140-142]

C(x) = SN(x) = N5 + %Nu,,(égb“éqﬁ” — (5656")) + éNW 66468766 + higher order,

(4.2)
where
dN
NH p— W, (4.3)
d2N
SN
N d (4.5)

WA = Ipderdss
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The space-time dependences are omitted for simplicity.
We know for slowly rolling scalars, their quantum fluctuations should be Gaussian,

like Eq. (3.63), which will satisfy
(00" (k)¢ (K')) = (2m)°6"° (k — K') Pyg (k). (4.6)

For super-Hubble perturbations, Eq. (3.66) and Eq. (3.99) still hold, giving rise to

H? H?
Pss(k) = 573 Pso = 13- (4.7)
The leading order curvature perturbation is the Gaussian part
(a(x) = N,ooH (x). (4.8)

The power spectrum of curvature perturbation can hence be calculated easily at leading

order [132,134]

Pe = P5¢ZN3. (4.9)
o

The local bi-spectrum is measured from (Section 2.2)

() = (e x 3N (004007 — (50#507)) )
_ gszj\m\r,7 (562607 (5050 — (5656")) )

= 3NN, ((69)%)?

S T () (4.10)

Recall the definition of fyr, from Eq. (2.26) and Eq. (2.31). By comparing Eq. (2.31)

and Eq. (4.10), we find the expression of fyr, for multi-field inflation, as [140, 141]

5 N,,N,N,
fNL = 7“”7“”2. (4.11)

"(2. )
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Similarly, the local tri-spectra can be derived as [142]

25 N, AN, N, N
gNL = %, (4‘12)

*(zm)’

N, N,ANy N,
W, = A (4.13)

3
(2.5%)
When only one field contributes to the curvature perturbation, such as when other

fields are heavy and provide negligible perturbations, we can redefine the fields so that

the only field contributing to curvature perturbation is named as ¢°. Then the only non-

vanishing term among N, for u = 0,1,...,n—11is Nyg. The non-Gaussianity parameters
reduce to
5 Noo
= —— 4.14
fNL 6 N02 ) ( )
25 NOOO
= —— 4.15
gNL 54 Ng ) ( )
Ng,
= —=. 4.16
TNL NSL ( )

Therefore, the consistency relation Eq. (3.115) also holds in the multi-field scenarios
where only one field produces curvature perturbation.

For the power spectrum of tensor perturbations, the same relation Eq. (3.108) also
holds for multi-field inflation. However, the tensor-to-scalar ratio changes because the

scalar perturbations are different

64m

=T (4.17)
Mg >, N

ﬁ
Il

s

4.1.2 Multi-field evolution

In the above section, we have expressed cosmological observables in terms of Ny, N,
and N,,. We will move on to computing N, N, and N, in this section.
Consider the generic multi-field inflation scenario with n slowly rolling canonical

scalar fields, ¢, where u = 0,1,...,n — 1. When the full action of the model and the
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Figure 10: The field perturbation d¢ (black) is schematically decomposed into adia-
batic + entropy perturbation modes (green), or into field perturbation modes (pur-
ple), or into curvature + isocurvature perturbation modes (red) on a two dimensional
hypersurface of the full phase space. The adiabatic and curvature modes are along
the trajectory (blue). The entropy mode is perpendicular to the trajectory while

the isocurvature mode is on the uniform N hypersurface (dashed red).
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initial conditions are given, the classical solution of the background evolution becomes
a fixed trajectory in the n dimensional phase space of the physical system, as in Figure
10. Based on the perturbative calculations of separate universe approach [132-136], we
can treat each Hubble patch as a homogenous separate universe which receives the field
perturbations ¢* — ¢* + d¢*. As shown in Figure 10, the generic perturbations d¢#
can be decomposed in three typical ways, each of which then corresponds to a different

approach in calculating the evolution of perturbations:

e The perturbation §¢* is decomposed along the trajectory of the background evolu-
tion, and the n—1 dimensional hypersurface that is perpendicular to the trajectory.
The adiabatic mode is the component along the trajectory, and the n — 1 entropy
modes are on the n — 1 dimensional hypersurface. Together, they form a complete
and orthogonal basis of the n dimensional field space. The adiabatic mode can be
regarded as a time shift, which is the same as the perturbation mode in single-field
slow-roll inflation. The complexity arises from the entropy modes, which can still
produce curvature perturbation after Hubble exit. From the Hubble exit, we need
to keep track of all the perturbations and calculate how entropy modes transfer
to adiabatic mode as the universe evolves, up to the point when entropy modes
cease to transfer to adiabatic mode, known as the adiabatic limit. After reaching
the adiabatic limit, the adiabatic perturbation then corresponds to the amount of
curvature perturbation that would be generated. Isocurvature perturbations can

be calculated similarly [150,151].

e The perturbation §¢* is decomposed along the n field directions, into n separate
components of the field perturbations, d¢*. We can then evolve the field pertur-
bations d¢*, or the distribution of perturbations P(d¢"), from Hubble exit to the

adiabatic limit. Then, field perturbations can be projected onto the curvature
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perturbation direction, and also isocurvature perturbation directions if needed,

yielding the cosmological predictions straightforwardly [152-154].

The perturbations d¢* are decomposed along the trajectory of background evo-
lution, and the n — 1 dimensional hypersurface, on which any field perturbation
does not lead to any curvature perturbation. The curvature mode is the component
along the trajectory, and the n—1 isocurvature modes are on the n—1 dimensional
hypersurface. Together, they form a complete but not necessarily orthogonal basis
of the n dimensional field space. Given any perturbation d¢* on any point of the
trajectory, we can instantly tell that d¢* produces the curvature perturbation that
is exactly equal to the curvature mode of the decomposition. This is because the
isocurvature modes do not produce any curvature perturbation by definition (see
Figure 10). According to 6 N formalism, such isocurvature modes do not produce
any 0NV in separate universes, so we can call the n — 1 dimensionsal hypersurface as
the uniform N hypersurface. Note that in our convention, adiabatic and curvature
perturbations are not the same, and neither are isocurvature and entropy pertur-
bations. To derive the n — 1 dimensional isocurvature hypersurface, we need to
evolve the isocurvature hypersurface from a known position, such as at the adia-
batic limit or a known boundary, back to the Hubble exit of the perturbation mode

of our concern. Isocurvature perturbations can be calculated similarly [1,155-157].

For the comparisons between these approaches, see [1,153,154].

For convenience, we will use the last two approaches in the thesis. In order to

parameterize the uniform N hypersurface, we can use IV, to determine the direction of

the hypersurface, N, for the geometrical curvature of the hypersurface, and so forth

for higher order expansion if required. Therefore the question of evolving the uniform

N hypersurface now becomes the question of evolving N,, N, ..., from a known
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boundary hypersurface at a later time to the Hubble exit of the perturbation mode of
our interest. For example, we may pick the boundary when the universe reaches the
adiabatic limit, where the uniform N hypersurface overlaps with uniform energy density
hypersurface.

According to the separate universe approach, we can parameterize the phase space
of a homogenous Hubble patch with ¢*, for the n fields with u = 0,1,...,n—1. Here we
also define a different parameterization, using p, where = 0,1,...,n — 1. The zeroth
component corresponds to pg = N, the coordinate along curvature direction, and p; (for
the ¢ = 1,2,...,n — 1 components in p,) are the isocurvature coordinates on uniform
N hypersurface.

In the absence of any isocurvature perturbation concerns, p; can be chosen arbitrarily
without exact definitions, as long as they form a complete but not necessarily orthogonal
basis of uniform N hypersurface. We can then write the local coordinate transformation
Pt «— py, as

d¢* = o"dp,, (4.18)

where the summation over v is implicit, and the transformation matrix ¢*" is defined

as
do*
ot = 9 . (4.19)
dpy
The inverse transformation is
dp, = o de”, (4.20)
in which the inverse transformation matrix satisifies
_ dpu
O = dTb’” (4.21)
with the consistency relation
Oua0™ =000, =0, . (4.22)
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Consider the action for multi-field slow-roll inflation
S = /\/7—9 d'z %PQR -V+> Lov g, o (4.23)
- 167 2 v ’ ‘
where the potential is abbreviated from the form

V=V(e)=V(¢") =V(¢°d....0" ). (4.24)

Assuming we have solved the background evolution for the fields ¢*, we then have

limited information about the transformation matrix, as

2
MU_%_ MpVy

T AN~ 8V (4.25)

g

where we use superscripts and subscripts °

1 for total derivatives w.r.t p, and ¢
respectively. The slow-roll approximation has been applied at the second equality.

The differentiations satisfy

d d d d
e — =0 (4.26)
dpy de¥ de# dpy
It is also commutative on ¢ by definition, as
A = gAY (4.27)
Applying Eq. (4.26) on Eq. (4.27), we find
g = ghMV = gV GhA (4.28)

Since the inverse transformation matrix oy, is the inverse of oM its derivative should

follow the differential rule for inverse matrices, i.e.

0 aB,0 __ a0 a0
Oy = —0X\a0Bu0 B0 — —amaguawa 4= =020 . (4.29)

By substituting Eq. (4.25) into Eq. (4.29), it reduces to

M? (v, V
oa® = p(

-
=2 (22 on Al . 4.30
st \ V2 % )U* (4.30)
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After the manipulation, Eq. (4.30) has become a set of first order linear differential
equations for oy,, w.r.t the e-folding po = N. The equation set is separable for each
A. Since the background evolution ¢* is known, the coefficients of Eq. (4.30) are also
known.

By definition N, = N, = oq,, so the A = 0 part of Eq. (4.30) corresponds to

VTV

AN, M2 (V. V, Ve
- N— A (R EC AT LR 4.31
dN 8 ( 3 )

Therefore we have formulated the set of differential equations that N, should satisty,
which can then be solved backwards on a per model basis.

For higher order perturbations, some calculations would reveal a similar relation
0 _ a0 a0 a0
Oxppy = —Oxa0" u = Ox,a0™ i — Oxa0™ L. (4.32)

The A = 0 component corresponds to

2 2
dN'u,l/ _ % VO{VV o ‘/:Oél/ N % ‘/:O“/:N _ Voz,u N
dN 8w V2 \%4 HE T 8 V2 % ve
M2 2V, V,V V.V \n% V.,V V
My (2VaViuV ViV ViVeer  ViVep | Veaw ) (433
87 ( V3 V2 V2 v Ty > (433

After solving N, from Eq. (4.31), we are then able to solve N, from Eq. (4.33).

From above, we can solve N, and N,,, so the curvature perturbation ¢ from any
field perturbations §¢* is predictable. For the isocurvature perturbations, if we know
exactly how the inflationary model couples to the standard model degrees of freedom,
we can then define isocurvature directions accordingly.

For example, when we are interested in the relative energy density perturbation of
cold dark matter (CDM), we can specifically define p; along this direction. The rest
of the components p = 2,...,n — 1 should be picked on the uniform N(= pg) and p;
hypersurface with n — 2 dimensions, so that these components are decoupled from CDM

isocurvature perturbation in addition to curvature perturbation. Such isocurvature
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perturbations should follow the same evolution equations as Eq. (4.31) and Eq. (4.33),
corresponding to different A components of the same equations, Eq. (4.30) and Eq.
(4.32).

One substantial application of the local coordinate transformation ¢* <— p, is to
obtain Ny after knowing the rest, i.e. N;, for ¢« = 1,2,...,n — 1. This is useful, for
example, when calculating the combined curvature perturbations from the inflaton and
the curvaton/spectator field in Chapter 5.

For this purpose, consider the field perturbation §¢°, which can be decomposed into

two components:

e the perturbation dpy along the trajectory direction, which projects onto the field

. do#
perturbation space as {J¢# = dL;O(SpO}’ and

e the field perturbations §¢' which fill the remaining n — 1 dimensions in the phase

space.

The first component contributes to the curvature perturbation by the amount

-1
Spo = (M) 5V (4.34)

dpo
The second component then cancels out the rest of the field perturbations d¢' coming
from the first component. Their net contribution to field space is exactly 6¢°, whilst
their total contribution to curvature perturbation can be obtained because we know IV;.

The mathematical approach is simple. From Eq. (4.22), we get

dep
oot = Nugyr = b (4.35)
This immediately gives
de®\ g
No= | — 1—N; , 4.
0 <dN> < dN (4.36)

where d¢* /dN is known from the background equations of motion.
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4.1.3 Two-field inflation

When only two fields are present, the conclusions can be further simplified. For u =

v =0, Eq. (4.22) becomes

M

2
P NV, =1. 4.
8tV Za: v (4.37)

This allows us to eliminate N, for a # p in Eq. (4.31) because there are only two fields,

which gives

dNy

N = ulNg + v, (4.38)

where the temporary variables are defined as

M? (v,V 1%
p 0Vo1 ,00
= _—» (L0701 %00 4.39
“ 81 ( vV, Vv ) (4:39)
Vo Vo
= 0 _ % 4.4
v v (4.40)

and similarly for Nj.
Now the differential equations for Ny and N; are separable, allowing us to provide

a solution in the integral form with Mathematica

N N N
No(N) = No(Nyog) + /Mt "3 /N ve” et "V N, (4.41)
ref

where the subscript “ref” corresponds to a reference point which can be picked at the
time when the universe has become adiabatic, so Ny(Npef) is known. It should stay on
the same trajectory with that of background evolution, i.e. plr-ef = ;.

Similarly, since N,,0"° = dN,/dN can be read out directly from Eq. (4.38), for
second order perturbations we can also eliminate N, for a # v in Eq. (4.33). The
second order equations will also fit within the form Eq. (4.38), but with different though
more complicated v and v. The second order solutions hence also have an integral

form. The integral form is a further simplification that only applies on two-field models,

because we are unable to separate the differential equations for n > 2 in general.
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4.1.4 Separable potentials

There are other scenarios where the conclusions can be further simplified, even for more
than two fields. One common case is when the potential adopts a specific form, such
as the separable potentials [150,155,158]. For example, very often we may encounter

potentials that can be decomposed for each field, as

V(") = V(") (4.42)
17

so the fields do not couple with each other. Note here that V), indicates the separated
potentials for each field ¢*, not the derivative of ¢* which would contain a comma.

Since the potential is separable, we have the relation
Vi =0, for pu # v. (4.43)

This allows us to greatly simplify Eq. (4.31), giving

2 2
ANy My ViV MoV (4.44)
aN st V2 8V
V, o de®
_ Yun 49N 4.4
v oean e (4.45)
1%
— _nMNM+77M’ (446)

where in the last step, we have applied the relation ogo0®® = 1. The slow-roll parameters

for multi-field inflation with the separable potential Eq. (4.42) are defined as

M2V2
= P> 4.47
€u 167'('[)2 ’ ( )
M2V,
_ P s
= — 7= 4.48
um 87p s ( )
and the total energy density is just p ~ V.
For separable potentials, the slow-roll parameters satisfy the relation
dlne
1 N“ = 21, — 4de, (4.49)
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where the total first slow-roll parameter is defined as

d1 dinH
e=—so=""T2=Y"¢,. (4.50)
w

The differential equation Eq. (4.46) yields to the same form with Eq. (4.38), with

U= —Ty, (4.51)
and
V.,
= 2 4.52
b=t (1.5)

In the case of separable potentials, the integrals in Eq. (4.41) can be worked out analyt-
ically, because they only contain total derivatives. For example, 7, is a total derivative

as can be seen from Eq. (4.49) and Eq. (4.50). The solution is

Sr Vv

N:Nref+
n=NE R,

(4.53)

The superscript “ref” is similar to the subscripts in Eq. (4.41). The same formula is

also derived in [150, 155, 158].

4.2 Spectator fields

From the above, we see that multi-field inflation can be simplified a lot with only two
fields, or with uncoupled fields. When we look for the minimal extension of single-
field slow-roll inflation, one possible candidate is to introduce only two uncoupled fields
(except minimally by gravity). Generically, both fields can participate in inflation, and
produce curvature perturbations, but again the simplest possibility is the two fields
have separate roles. The inflaton field ¢ dominates energy density and drives inflation,
while it only contributes negligibly to curvature perturbation. The spectator field o
then remains subdominant in energy density, but is responsible for creating curvature

perturbation.
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The definition of spectator fields in this thesis follow the criteria below:

e The spectator field produces the observable curvature perturbation, in terms of

amount and length scale. Otherwise, we are not motivated to study it.

e The inflation background dynamics are hardly changed if the spectator field is
modified or removed, at least during the period it produces observable perturba-
tions. This requires the spectator to remain subdominant in energy density. The

inflation dynamics should be hardly affected by the spectator.

In principle, there are no other limitations, such as when the spectator decays or ends
slow roll, or what its (or its decay products’) energy density ratio is in the beginning of
Hot Big Bang. Most two-field inflation scenarios, such as hybrid inflation [50] or assisted
inflation [55-60], do not belong to the inflaton-spectator category. This is because the
inflation dynamics cannot stay exactly the same after removing one field. The inflaton
and the spectator can even couple as long as the above criteria are satisfied, but we will
insist on no coupling in the thesis, purely for minimalism.

The total potential can hence be written as

Viot(d,0) =V (9) + U(0), (4.54)

where V' and U are the respective potentials for ¢ and . During inflation, the inflaton
dominates the energy density, and we can neglect ¢ for background evolution. The
system then reduces to single-field slow-roll inflation, during which we can directly
apply the calculations in Section 3.1. The perturbations, however, would involve model-

dependent calculations.
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4.3 Single inflaton with a perfect fluid

Let us consider the case where we add a perfect fluid with a constant equation of state
parameter w into single-field slow-roll inflation. We will only consider the fluid to be
matter-like with w = 0 or radiation-like with w = 1/3 in the thesis. The perfect fluid
can also represent fields, such as those in fast oscillations which behave as matter-like
fluids with w = 0.

Now the energy density of the universe contains two parts

p=V(9)+ py, (4.55)

where the potential energy density V' (¢) comes from the inflaton ¢, and the energy den-
sity of the perfect fluid is py. We know that a slow-roll field behaves like a cosmological
constant, with

V(¢) xd, (4.56)

but the perfect fluid is redshifted according to [15]
pf X a 30w, (4.57)

Due to the distinctive redshift rates, we shall expect the contribution from perfect fluid
to be quickly redshifted away, leaving the universe in a single-field slow-roll inflation
state. Before the perfect fluid is redshifted away, it however can still contribute to the
e-folding of universe expansion®?.

Inflation requires the comoving Hubble radius to decrease as the universe expands,

so the inflaton ¢ have to take the major role in energy density. We will work within this

22 We do not address how to establish the initial conditions here, but as an example the perfect
fluid can come from the decay of a pre-existing slow-roll field. The preceding stage can be multi-field

inflation, or the spectator mechanism which will be discussed in Chapter 5.
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constraint, so the Hubble rate of universe expansion satisfies

8T _N
= <p £e3FOWN=N) V(@) , (4.58)
p

where the subscript 7 indicates the initial condition. Therefore, py; and IV; are regarded

as known constants for the scenario.

The equation of motion for inflaton is (after slow-roll approximation)

3Ho+V'(¢) =0, (4.59)
or alternatively,
V'(¢) AN
H? = —-—. 4.
3 do (4.60)

By combining Eq. (4.58) and Eq. (4.60), we can eliminate the Hubble rate H, and reduce

them to a differential equation of ¢ w.r.t N as

8 3(1+w)(N—N;) V'(¢) AN
i w g V — —_. 4.61
The differential equation can be solved ezactly with Mathematica, as
1 1—rg
Ni — N = n(¢s, &) + In —— 1% (4.62)

314+w)  1—ry
where n(¢1, ¢2) is the number of e-folds of universe expansion if the perfect fluid is not

present:

1 8rV

n(ﬁbl, ¢2) = W
P

P2

do, (4.63)

and correspondingly, the second term in Eq. (4.62) is the contribution from perfect fluid.

Also, 7y is the energy density ratio of the perfect fluid versus total, as

Pr

ry= W <1, (4.64)

and

a=1-—

24(1 + w)mV () /@ 31+ w)n(4i,0) (165)
¢

M Vi(¢)
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To understand how the perfect fluid affects perturbations, let us consider the in-

finitesimal perturbations in initial condition on a spatially flat slicing

bi = ¢i + 0¢i, pri = pfi+0pfi. (4.66)

The parameters n, rg; and o will change correspondingly:

87V () T 0Q;
1) i =— 2 9¢; =2,/ — , 4.67
oy (0Pt =00
57“]% = Tfl(l T'fz) ( o 4 TE i Mp) , (4,68)
and
b = = |4¢(1 — ) +6(1 + w)a /= O% (4.69)
v Zoi M, :

Here the tilded slow-roll parameters are defined as if the inflaton ¢ is the only component
in the universe, and obtained by replacing the total energy density with ¢’s potential

energy density in Eq. (3.10), Eq. (3.11) and Eq. (3.72), so that

M2vl2 c

P - p ¢

“ 167V2 (1 —rp)?’ (4.70)
MQV// n

S p ¢

o g7V 11y (4.71)

B M4V/V/// 5

£ = —% = ¢ (4.72)

(87V)? (1—rp)?
From above, we can find the total change in the number of e-folds of inflation by

fixing the reference point at the end of inflation with N, = 0, as

¢ = 6N, = 1 [2 T 0¢i  (L—a)rsdpy

_ — . 4.73
1—ary €pi My 3(1+w) pyi ( )

Therefore, when the perturbation only exists for ¢, the amount of the curvature per-
turbation produced would be similar to that from single-field slow-roll inflation, except

with a small correction from (1 — ary;).
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When multiple components coexist during inflation, isocurvature perturbations may
be produced. In the case of single inflaton with a (matter-like or radiation-like) perfect
fluid, the isocurvature perturbations are typically negligible. This is because any energy
density perturbation in the perfect fluid is redshifted away quickly during the remaining
inflation. Therefore as long as the perfect fluid goes away early enough before the end
of inflation, it will not leave any relic in the energy components we see today.

We can also obtain closed form solutions for the background evolution if necessary,
by evaluating «. For this purpose, we need to calculate the integral in Eq. (4.65),
which converges to the attractor solution quickly as inflation proceeds because of the
exponential damping. For the slowly rolling inflaton ¢, we can perform a series expansion

of the slow-roll parameters around the initial point, i.e.

V() Vi) dn V()| 2

2
1
(Sﬂv() i + higher order. (4.74)

Eq. (4.65) can then be calculated order by order, in the form
a=a® + oM 4+ o 4 higher order, (4.75)

. i g
where each al) ~ O (62773,5 ; (e y)> corresponds to the slow-roll parameter expansion
of the order j (assuming that the first and second slow-roll parameters are small at the
same (first) order, while the third slow-roll parameter is small at the second order).

Some calculations then yield « order by order

o =0 (4.76)
%.,;
L — A
“ 31+ w)’ (4.77)
42,45(34; — Tis)
2 - _ pi\O€pi — Tgi
“ 91 +w)? (4.78)
4éy; )
B = 108, (384 — 20 -2 '
“ 271+ w)? [10%(36@ 201gi) + 275 + Egi | (4.79)
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We can also write them in terms of the original slow-roll parameters

a® = o, (4.80)
2€4;
M = - i 4.81
@ 301+ w)(1—rp)2’ (4.81)
4e 4 3€4;
@ _ _ Pi b 4.82
@ 9(1—|—w)2(1—rfi)3 <1—7’fi n¢z> ’ ( ’ )
4ey; 10€e4; 3€4;
(3) —- [ol) ol i o 2 . 2 2A . 4
! 27(1 + w)3(1 = rpi)t [1 — i (1 — i %) B fm} 5)

Therefore, at the leading order, o ~ O(eg;) < 0.

To summarize, in this chapter we have studied multi-field inflation at perturbation
level. The existence of a perfect fluid in single-field slow-roll inflation can potentially
contribute to cosmological perturbations. Spectator fields arise naturally as a minimal

multi-field inflation scenario, which shall be discussed in the next chapter.
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5 Spectator scenario

In this chapter, we first introduce the curvaton scenario and recall some of its exist-
ing studies. We then proceed to the spectator scenario and study its background and
perturbation evolutions. In the end, we map out the parameter space of the spectator

scenario for three example potentials.

5.1 Curvaton scenario

The curvaton scenario was proposed in [100-103], as an alternative scenario to produce
the primordial perturbations. The inflaton ¢ drives inflation as in single-field slow-roll
inflation, while the curvaton remains subdominant in energy density during inflation.
The curvaton is either slowly rolling or frozen during inflation. Its perturbations will be
kept, and only transfer to the curvature perturbation after inflation. The final energy
density ratio of the curvaton or its decay products’ is not constrained by the scenario.
There are two typical curvaton scenarios — a dominant curvaton and a subdominant

curvaton at the time of decay — which are demonstrated in Figure 11. The simplest
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curvaton potential takes the form??

The evolution follows the four phases below:

e During inflation, both fields are slowly rolling, acting as the cosmological constant.
The curvaton can even be frozen, so its quantum fluctuations are stronger than its
slow roll. The existence of a curvaton ¢ does not change the inflation dynamics
other than slightly boosting the Hubble rate by contributing to the total energy
density. At the Hubble exit of pivot scales, the perturbation in the field o is

preserved and does not affect universe evolution right away.

e Inflation ends once the inflaton has ended slow roll. It starts to oscillate and then
decays into relativistic particles at some point. The curvaton still remains slowly
rolling after inflation because it is much lighter than the inflaton. The universe
then consists of two components — the perfect fluid of radiation coming from ¢’s

decay products, and the cosmological constant like curvaton o. The radiation is

23 Although there are many other choices of the curvaton potential, Eq. (5.1) is advantageous due
to its simplicity. The constant mass m allows us to predict when it ends slow roll independently
of the field value o or its initial conditions [101,103]. This property also allows the curvaton to be
frozen instead of slowly rolling, without changing any of the cosmological predictions. Therefore,
we will only investigate the minimal potential Eq. (5.1) for the curvaton in the thesis. There is
a rich literature in the study of curvaton, such as those with different potentials, kinetic terms,
particle physics origins and inflationary models, or the case when both the inflaton and the curvaton
contribute to curvature perturbation, or vector curvaton. The curvaton may also drive a second
phase of inflation. Some of the relevant literature can be found in [4,72,73,75,78,79,93,101,103,

104,140, 159-222].
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expected to dominate the universe for some time, despite the redshift from universe
expansion. There can also be a phase of oscillation for ¢ right after the end of

inflation.

As the Hubble rate quickly declines, at some point it will drop below the curvaton
mass m, so the curvaton starts to oscillate around its vacuum expectation value.
The oscillating curvaton behaves like matter, and also starts to be redshifted away,
though at a lower rate than radiation. To prevent a second phase of inflation, we
require the curvaton to remain subdominant at the transition point where it ends

slow roll.

When the Hubble rate further drops below the decay rate of the curvaton, the
curvaton decay process becomes efficient enough so the energy density of curvaton
is assumed to be fully and instantly transferred to its decay products. The decay
products are relativistic, so the radiations from inflaton and curvaton are blended
together and are assumed to become indistinguishable. This forms the adiabatic
initial condition for Hot Big Bang. The curvaton’s energy density ratio peaks at
its time of decay, which consequently leads to the highest conversion rate from the
initial curvaton perturbation to curvature perturbation ¢. In the minimal scenario,
this is the only source of primordial perturbations, dictating all the inhomogeneities

of the universe we see today.

After inflation, the curvaton’s energy density ratio increases, until it decays into

radiation. The curvaton may even catch up with the inflaton during the process, after

it starts to oscillate. This gives us the two possible scenarios shown in Figure 11. If the

curvaton fails to catch up with the inflaton in energy density before it decays, then it

never will.

The potential Eq. (5.1) has been extensively studied in the past, giving rise to the
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prediction of power spectrum of curvature perturbation [101,103]

72 H?
¢ = 9?0727 (5-2)
where
= SPed (5.3)
4pd — Pod

characterizes the conversion rate from the curvaton field perturbation to curvature per-
turbation. Here the subscripts * and d correspond to the time of pivot scale Hubble exit
and the time of curvaton decay respectively, while p, and p are the energy densities of
the curvaton and the total. Since the curvaton is much lighter than the inflaton, the

spectral index only depends on the first slow-roll parameter of the inflaton:

ns =1 — 26 =1 —2ep,. (5.4)

This constrains the inflaton model by

€pe ~ 0.02. (5.5)

The non-Gaussianities of curvature perturbation have also been investigated for cur-

vaton scenario, giving [103,140, 142, 172]

5 5 5.

N = 73 " (5.6)
25/ 9 1

gNL = 54<—f—f—2+107’+37’2>7 (57)
36/5 5 5.\°

o= (5o )

The curvaton scenario therefore gives two distinct non-Gaussianity predictions for the

two possibilities in Figure 11:

e When curvaton always subdominates energy density, we typically acquire large
non-Gaussianities (> 1):

25
67

) 9
— = — = . 5-9
= gNL ™NL = o (5.9)
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e When curvaton is subdominant at the time it ends slow roll, but becomes dominant

at the time of decay, the non-Gaussianities are small (~ O(1)):

5 25

INL = ——, gNL =

1 TNL = g (5.10)

12’ 4
There is also a possibility in-between where the curvaton contributes significantly but not
fully to the total energy density at the time of decay. The non-Gaussianity predictions
are also expected to lie in between.

The primordial tensor perturbations only depend on the energy scale of inflation,
giving the same power spectrum as in Eq. (3.108). The tensor-to-scalar ratio will be

suppressed because scalar perturbations now come from the curvaton

144702
r= .
772M1§

(5.11)

As a multi-field model, the curvaton scenario can also produce isocurvature pertur-
bations [104]. The current observation strongly constrains the existence of isocurvature
perturbations. This requires 7 < 1 or 1 — 7 < 1, so the universe should be filled with
either the inflaton decay products or the curvaton decay products. The only exception
of the requirement is a fundamental theory that guarantees the same branching ratios
for inflaton and curvaton.

The Planck satellite gives accurate measurements on the non-Gaussianities of the
CMB temperature perturbation, thus constraining models of inflation and/or the cur-
vature perturbation generation mechanisms. The curvaton models, acting as the source
of the curvature perturbation, are also constrained accordingly. Planck sees no local
bi-spectrum according to the bound fnxy = 0.8 & 5.0. This leads to the constraint
7 > 0.06 at over 3o significance (see Eq. (5.9)), for the quadratic curvaton model that
is fully responsible for curvature perturbation. When this is combined with the absence

of isocurvature perturbations, the constraint becomes 7 > 0.98 [26]. Therefore, the
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curvaton must also produce the matter contents of our universe.

The large ratio 7 > 0.98 may also cause other issues for the curvaton model. To avoid
a second phase of inflation, the curvaton should contribute no more than half to the total
energy density at the time it ends slow roll. This means the curvaton must oscillate for
more than 4 e-folds before it decays. It raises the question of why its coupling constant
with matter is so small, and how to suppress possible parametric resonance during the
oscillations [224].

In order to match the Planck observations, there have been several extensions of
curvaton model in recent literature. We will not discuss them in the thesis, but instead,

simply list them as below:

e When the curvaton potential has a self-coupling term, it may produce negative fnt,
by itself which cancels out the positive fyi, from the minimal curvaton scenario
[171]. The curvaton is thus allowed not to dominate the energy density of the
universe at decay. However it produces extra gy unavoidably, which can be
observed in future measurements. The coupling constant also requires extra tuning

for the fine cancellation.

e If curvaton and inflaton have the same branching ratios, their decay products
become indistinguishable and therefore no isocurvature perturbation is produced.
The constraint then falls back to 7 > 0.06, and mild non-Gaussianities can be
achieved within the observational bound. However the identical branching ratio
should come out automatically from the theoretical construction of inflaton and

curvaton models, but not as a mere assumption without any justification.

e The curvaton can also contribute only partially to curvature perturbation, while
the rest comes from other fields, such as the inflaton. In such cases, the inflaton

perturbations can dilute the characteristics of the curvature perturbations from
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curvaton, depending on the contribution ratio to curvature perturbation. This can
suppress the local fyi, from the curvaton, while the other observables, such as ng

and 7ni, are also subject to change [222,225].

5.2 Spectator scenario

Above, we have demonstrated the curvaton scenario, in which a light field seeds the
fluctuations and then decays after inflation has come to an end. The minimal cur-
vaton model however is strongly constrained by the recent Planck data, due to the
non-Gaussianity and isocurvature constraints.

On the other hand, if a field exits slow roll or decays much before the end of inflation,
it will never influence the thermal history of the universe and will become a spectator
field. Its decay products will be redshifted away during inflation and the inflaton will
be solely responsible for creating all the matter. Meanwhile such a spectator field could
still be responsible for seeding the CMB anisotropy, provided the relevant scales for the
CMB leave the Hubble patch before the spectator field ends slow roll. In this respect,
spectator scenarios do not produce any isocurvature perturbations in the universe.

As explained in Section 4.2, we will stick to the separable potential Eq. (4.54) where
the inflaton and spectator fields do not couple. The spectator energy density is always
subdominant, giving V(¢) > U(o) at any time. If the spectator field ends slow roll well
before the end of inflation but after the Hubble exit of the pivot scales, it gives rise to

two consequent phases of inflation as shown in Figure 12:

1. Phase I: The inflaton ¢ leads inflation. Both ¢ and o are slowly rolling. This
phase ends as the slow-roll condition for ¢ breaks down. We assume that the

relevant perturbations for the CMB leave the Hubble patch in this phase®.

24 The observed pivot scale actually has a window of several e-folds. Here we consider every mode
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Figure 12: A schematic timeline for spectator scenario is shown above. The solid
lines are the background evolutions of the energy densities of inflaton, spectator and
the total contribution. The green and blue dashed lines represent the evolution of
spectator and total energy densities of the universes with perturbed o. The two
phases of spectator evolution are separated by the phase boundary when o breaks

the slow-roll condition.
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2. Phase II: When o ends slow roll, the inflaton ¢ still dominates inflation under
slow-roll conditions. Then ¢ either oscillates around the minimum of it’s potential,
or decays instantly. In either case, o or its decay products are being redshifted
away swiftly during this phase, and can be regarded as a perfect fluid with a
constant equation of state w. For this reason, several e-folds after the beginning

of this phase, the dynamics reduce to that of single-field slow-roll inflation of ¢.

We will use the subscripts “x”

for the Hubble exit of the mode of our concern, “b” for
the boundary between the two inflationary phases, and “e” for the end of inflation. In

Phase I, slow-roll approximations are satisfied for both fields, giving rise to the equations

of motion
M2vl
% = —P (5.12)
dN (U +V)
d MU’
= (5.13)
dN 8m(U +V)

where we have used the number of the remaining e-folds NV as proper time. The potential
energy densities V' (¢) and U (o) are defined according to the separable potentials in Eq.
(4.54).

Eq. (5.12) and Eq. (5.13) suggest a simple relation

d¢ do
whose integrated form is
Pdg  [7do

which holds up to the boundary point b.
Phase I ends when the slow-roll condition of the spectator breaks down. This can

be either first or second slow-roll condition, but here we will only choose the violation

separately so the window is not shown in Figure 12.
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of second slow-roll condition. This is because the violation of first slow-roll condition
typically leads to negligible curvature perturbation from the spectator field, which will
be justified in Section 5.3. In order to violate second slow-roll condition before first-
order, we can use a plateau potential, such as the one shown in Figure 9. For plateau
potentials, both slow-roll conditions are well satisfied before the spectator reaches the
plateau boundary, but the second slow-roll condition breaks down upon reaching the
plateau boundary. The boundary condition of the end of slow roll can then be written

as
27711
MU}

= S7 U+ Vi) =—1. (5.16)

Nob

After the spectator ends slow roll, it then acts as a perfect fluid with a constant
equation of state w. The universe enters single-field slow-roll inflation with a perfect
fluid, which has been solved in Section 4.3. The energy density of spectator (or its
decay products) is diluted as the universe expands, according to p, a—30+w) If the
spectator decays into radiation early on, it will remain subdominant in energy density,
and never take any role in the following evolution. However, in the worst case where the
spectator never decays, it oscillates around its vacuum with w = 0 while the inflaton
decays into radiation immediately after inflation. To prevent the spectator from coming
into our sight, it has to end slow roll before the last ~ 20 e-folds of inflation. We will
not consider the worst case, but instead assume that spectator decays reasonably early,
so it will not leave any imprint on the energy density as long as it ends slow roll before
the end of inflation. This guarantees negligible isocurvature perturbations from the

spectator.
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5.3 Perturbations

The cosmological perturbations arising from the spectator field can be calculated using
ON formalism. Similar with the calculations in the curvaton scenario, we first neglect
the perturbations from the inflaton, and only consider the initial spectator perturbation
at the Hubble exit, do,. All other perturbations are induced by this initial perturbation.

During Phase I, o, perturbs Eq. (5.15) at the boundary by the amount

0py dox doyp
_ — — 2. 1
v oo (5:17)

The field perturbations at the boundary, d¢, and doyp, should still satisfy the boundary

condition Eq. (5.16), giving
8mVy ¢y + (MU' + 8nUy)do, = 0. (5.18)

Combining the above equations gives us the induced field perturbations at the bound-

ary
0y = —(‘g( —0)do,, (5.19)
dop = g’éﬁéa*, (5.20)
where the variable 6 is defined as
h=— 9 % (5.21)

€sb+ €ob + b Eob
The third slow-roll parameter for ¢ at the boundary, &;p, is assumed to be relatively
large (2 O(1)) for the plateau potentials we consider here. The approximation holds as
long as the corresponding slow-roll parameters, €4 and €, are both much smaller than
unity.

In order to calculate the perturbations in the e-folding, we work in the uniform ¢

slicing. Eq. (5.15) then tells us how the field perturbation do evolves after the Hubble
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exit

doc 00,

i o (5.22)
The number of e-folds of Phase I can be written as an integrated form
N o 8r(U +V)
Ny — Ny = / dN = ———"d¢. (5.23)
Ny ®b Mpzvl
The initial perturbation do, alters it by the amount
st [ Up+Vj /¢* U’
ONy, — 6N, = — | — ) —dodo |, .24
=3 (o [ oo (529

in which (according to Eq. (5.14) and Eq. (5.22)) the integral can be simplified to

o U’ o, (% U™ U, — Uy
—dodp = —= / —dp =" 504. (5.25)
/ oV Ul Sy V' Ul

Consequently, we get the final expression for the perturbed number of e-folds in Phase

I as

87U — Up + (1 = 0)(Up + Vi)
M2U!

SN, — 6N, = 50y (5.26)

After the spectator o ends slow roll, the universe enters the second phase of inflation.
Single-field slow-roll inflation with a perfect fluid has been solved in Section 4.3, which
gives the perturbation in the e-folding for Phase II, (according to Eq. (4.73),) as

1 87V (1—a)U}

ONy — 6N, = 0 oop| , 5.27
b 1 —argy | M2V) o+ 3(1 4 w)(Up + V) o (5:27)
where
Usp
= ———— 5.28
= (5.25)

is the energy density ratio of spectator at the phase boundary, and « is defined in Eq.
(4.65).

Since the energy density of spectator field is redshifted away in Phase II, the uni-
verse becomes adiabatic before the end of inflation, without producing any curvature
perturbation after inflation:

0N, = 0. (5.29)
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Combining Eq. (5.26), Eq. (5.27) and Eq. (5.29) gives the total curvature perturbation

¢ from the initial field perturbation do,

¢ = 6N, = N,d0,, (5.30)
where
1—a [ 8nU, U/ 87U, a(l —rgp) 87 (U — Up)
NO' = 2 + 9|: - ) :| + 3 .
1—ary, | M2U, 31+ w)(Uy + VUL M2U. 1—ary, — M2U.

(5.31)

During inflation, most of the slow-roll parameters are much smaller than unity,

including €4, €5, [16|, |N0+], {» < 1, but with the exceptions of 75, = —1 and &,. Therefore

we can perform a series expansion w.r.t the slow-roll parameters together with r, < 1.%°

In addition, when the potential U(c) is sharp enough at the phase boundary, i.e. § < 1

and 75580, > €gpeop, Eq. (5.31) becomes dominated by the very first term. The leading
order of Eq. (5.31) is then simplified to

87U,

P *
When the inflaton dominates the curvature perturbation, we have
81Vi

Therefore, by comparing the above two equations, we find that for spectator to dominate
the curvature perturbation, it simply demands a relatively flatter potential

U, V.
7* < 7* (5.34)

For a simple spectator potential such as the power law potential U(o) x oP, it is
hardly possible for the spectator to fulfill the three conditions simultaneously — dom-

inating curvature perturbation, remaining subdominant in energy density, and exiting

25 The slow-roll parameter §s does not have to be much smaller than 1, but in many cases it is

no larger than (’)(ei). Therefore here we also take it as a small quantity.
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slow roll before the inflaton does. They can be satisfied altogether, on the other hand, if
we use a plateau potential for U(o). For plateau potentials, slow roll is terminated when
the spectator reaches the (sharp enough) plateau edge, justifying our previous choice of
the plateau potential for Eq. (5.16).

The above calculations would then give the power spectrum of curvature perturbation

16H2U?  HZrZ

— — Tk ox 5.35
Pe= 20 = wize, (5:35)
The spectral tilt is given by
OlnP, A€,y
ne—1= - = g+ Wow — — (5.36)

where we have neglected the term —2e¢,.,.
Note from Eq. (5.35), we can obtain €,, from the observed power spectrum of the

curvature perturbation

i,
ox = . 5.37
¢ WM%PC ( )

By plugging it back into Eq. (5.36), we see that as long as the inflation energy scale
H, < 107° M, the last term in Eq. (5.36) is negligible compared to the observed spectral

tilt, ng — 1 &~ —0.033 [26]. So we are left with
ns — 1 = —2€p + 21ox. (5.38)

With the help of Eq. (5.36), the running of spectral tilt can be shown as

dng dng 1
o = =T (g — 1)? = 2[3¢ = 2ep g + Eortlor) — M2+ o] (5.39)

The strength of local bi-spectrum fn1, can be derived from taking the derivative
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0/00, on Eq. (5.31). The leading terms are*’

_ 5Ny, 10sZegh [2€46 —Ngb  €gb Aob b
N = -5 = - \1l-—= )+
6 N2 3rep | 3(1+w) 2 Eob Eob
2082 €5pE ) ( 5 443w Mgy ) S€o Mo
91 +w)rz o Eob 2,) 32, 6re.
+higher order, (5.40)

where the energy density ratio of spectator between the boundary and the Hubble exit

is defined as

U
S0 = ﬁb <1, (5.41)
ES
and the fourth slow-roll parameter is
M6U/2U////
Ao = —o . 5.42
[Br(U + V)3 ( )

The third order derivative N,y = 03N, / 603 can be calculated in the same way and

also gnp. According to Eq. (4.12), we obtain the leading order tri-spectrum of curvature

perturbation as

_ 25) 200« x| Sox N As3esnlon 11
gNL 54 | r2, Tlox T r2, T?;b 31+w) &
8536(]51)601,
21 4 a3 €, ) 5.43
3(1 4+ w)rdyon (5.43)

where

3o+ - 443w Ay
A = €¢b+-n¢b<2n¢b+— d ) —-3e¢b<2n¢b+-” ) (2__ _ b)

S S gcrb 3{,
2 3(1 A 3(4 4+ 3w)Aop — 3\2
12¢2, |6 — = — (I+w+ Ub)_|_ (44 3w)Asp Xob | 9o | (5.44)
@ 2 3 4
§O'b ggb ob ob

Here we have also defined another energy density ratio

Up+Vy
= 1 5.45
s=g v, < b (5.45)

26 Tn this thesis some expressions appear different from those in [3]. However, they are identical

because here we use energy density ratios at different times (r,, and 754) to simplify the results.
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and the fifth slow-roll parameter for o

MSUISU/////
Xo = [ P (5.46)

8r(U + V)|
In the above simplest case, where inflaton perturbation is negligible, curvature pertur-
bation comes solely from the spectator field and vy, fulfills the simple relation

36
TNL = %fl%L (5.47)

When the spectator potential is extremely flat on the plateau (€,,7,« — 0 and
s — 1) and the plateau edge is extremely sharp ({,;, — o0), the non-Gaussianity

predictions are greatly simplified to

10€4p(2€g5 — Mgb)

= 5.48

It 91+ w)rey ( )
506¢>b£¢>b . 25‘50’*

81(1 4+ w)r2,  54r2,’

gNL = (5.49)

Therefore the local fyr, in the spectator scenario is similar to that of curvaton scenario,
because they both are inversely proportional to energy density ratio. However, spectator
scenario produces a weaker fnr,, because it is also suppressed by the slow-roll parameters
of inflaton. The local fyr, in spectator scenario can be large (> O(1)) or small (< O(1)),
depending on which is even smaller, the energy density ratio or the slow-roll parameter
suppression.

In the above calculations, we have assumed that classical slow roll dominates over the
quantum fluctuations of o for the relevant scales. This requires the classical displacement

of o to be larger than the quantum fluctuations per Hubble time, i.e.

do \?

Multiplying both sides with N2 and using Eq. (5.35), we can convert it to a model
independent lower bound on 7,
r2, > Pe. (5.51)
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According to the Planck observation [26], which gives Pr ~ 2.5 x 1079, we obtain a
lower bound 7, > 5 x 107°

On the other hand, when the spectator potential is very flat, such as when the spec-
tator is frozen during inflation, the spectator may fail to end slow roll during inflation.
On such occasions, as the Hubble rate decreases after inflation, the spectator will how-
ever accelerate exponentially. If the spectator reaches the edge of plateau before taking
over the inflaton (or its decay products) in energy density, the model becomes effectively
the curvaton scenario. Otherwise, we will encounter a second phase of inflation, which
is beyond the scope of this thesis.

In order to achieve an ideal spectator scenario, we will need a plateau that is suffi-
ciently flat to dominate curvature perturbation, but not too flat so the spectator still
ends slow roll during inflation. We also require the potential to be smooth enough
(U” small enough) on the plateau for the near scale invariant spectrum. There are no
shortage of such fields. Their origin could come from anywhere — the visible sector or
a hidden sector. Such a spectator does not even have to couple to the Standard Model
degrees of freedom because it does not leave any trace in the current energy density
or isocurvature perturbations. All the onus will be now on the inflaton’s coupling to
the Standard Model degrees of freedom for creating the right thermal history of the

universe.

5.4 Spectator models

5.4.1 Step function spectator

In certain circumstances, we may encounter a spectator field o with the potential u(o),
which slowly rolls at ¢ > o(¢ and decays instantly at ¢ = o¢. Such scenarios can be

modelled equivalently with a potential which has a step function multiplier, namely
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U(o) which is defined as

u(o), for o > oy,
U(o) = H(o — op)u(o) = (5.52)
0, else,

where we assume u(0) is flat and smooth enough to accommodate slow roll for o > oy.

The Heaviside step function is defined as

1, for x > 0,
H(zx) = (5.53)
0, else,

which can be regarded as a limiting case of the hyperbolic tangent function

H(z) = lim 1+tanhkx'

5.54
k—4o00 2 ( )

Such step function potentials can also model composite scenarios, such as using the
symmetry breaking mechanism of hybrid inflation as spectators.

We will keep k as a large number here, and only take the k¥ — 400 limit in the
final step. The spectator o then leaves slow roll at o, > oy when the second slow-roll
condition is violated, or limy_ o o = aar . Due to the sharp transition at the plateau
edge oy, its whole energy density is instantly transferred to its decay products, which
can be regarded as a perfect fluid with a constant equation of state w. No energy density

is lost in the process, requiring tanh k(o — 0¢) — 1, or k(op — 0g) > 1 for the sharp

transition. This simplifies the derivatives of the step function as

0" tanh k(o — o)
do™

R (—2)”+1k”e_2k(”_‘70), forn=1,2,... under k(o — og) > 1.
(5.55)

It then yields the second slow-roll parameter at the phase boundary, for k(o —og) >

Mgug kQMgub

Nob =

= = — €—2k(0b—0'0) — _1
87 (up + Vp) 27 (up + V)

: (5.56)
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from which we solve that the spectator ends slow roll at

L, By (5.57)
690 = op n27r(ub+Vb)' ’
Based on this, we calculate the rest of the slow-roll parameters
M2u/2
pb
€ = — 5.58
ob 167 (up + V3)? (5.58)
Eob = 2kMpy |2, (5.59)
T
272 Eob
Aoy = —2k Mp—, (5.60)
s
3
oo = 26ME ()7 (5.61)
T

For a step function potential whose edge is infinitely sharp (i.e. & — o0), the local

bi-spectrum (Eq. (5.40)) and tri-spectrum (Eq. (5.43)) are simplified to

1052 €45 (2656 — Ngb)  Degw Do

— — 5.62

INL 901 + w)rg + 32 Gro. (5.62)
925 [ 21+ O N

_ 25| 2Mox( _Cox) _ _2SgCebbeb | 5.63

INL 54 [ 2, (770 Ta*) T2, " 3(1+w)rz, (>63)

If we further assume the potential u(o) is very flat and smooth, (i.e. €, < 1, N5y < 1,
and s, ~ 1,) they will reduce to Eq. (5.48) and Eq. (5.49).

As a naive example, we can consider both fields to have quadratic potentials. The
potential U(c) also has a step function for a sharp transition during inflation. In this

case, the potentials are written as

V(g) = %mgqﬁ, Ulo) = %m?,aQ"H(a — o0). (5.64)

Inflation is driven by V(¢). In the beginning, when the relevant perturbations leave
the Hubble patch, we have o, > og, so it stays on the plateau and rolls down slowly.
When the spectator field reaches o, = 09, it decay instantly into radiation which can be
modelled by the the sudden change in the potential arising from the step function, which

terminates slow roll. The radiation is quickly diluted away by the remaining inflation.
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Since o rolls very slowly during Phase 1, we typically expect o, — 09 < 0g. This means

the effective potential for ¢ > oy can be approximated by a linear potential

1
U(0) = 5me0i + mgoo(o = 0o). (5.65)

For this model, we have a total of 4 free parameters — mg, my, 0o, and N which
is the number of e-folds of universe expansion from the phase boundary to the end of
inflation (after setting N, = 0). The overall energy scale only affects the power spectrum

of the curvature perturbation by

8(2N, + 1)mZag

C pu—
30

(5.66)

Therefore we can fix P; to the observed value and hence reduce the number of free
parameters to 3. We want ¢ to dominate curvature perturbation, which requires oy to
be large enough (o > ¢.). However as long as this condition is satisfied, the value of
oo hardly affects the cosmological predictions of the model. We are left with only two
free parameters, which are the mass ratio m,/mg and Np. For this model, the energy
density ratio at the phase boundary is given by

2 2
m;op

Tob (5.67)

So we will use 75 and N, for coordinates of the two-dimensional parameter space,
replacing mq /mg.

After transforming the parameter space, the free parameters reduce from mg, me, 0o, Ny,
to rgp and Np. The other two degrees of freedom are absorbed in P, which is fixed by
observation, and oy which does not change the cosmological predictions. Based on the

background solution for single-field slow-roll inflation for ¢ (as Eq. (3.129)):

Ajp
2\/771 ( )
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the transformation in the parameter space has the following relations

3MIP,
2 p”¢
= — 5.69
"o T 82N, +1)02 (5.69)
3(2Ny + 1) MSPer
m2 = (2N, + 1)M, <z (5.70)
32(2N, + 1)7oy
The local bi-spectrum in Eq. (5.62) is now simplified to
5
e = (5.71)

6(2Nb + 1)27“01) '

The two dimensional parameter space (4, IVp) is constrained by the following con-

ditions

1. The Hubble exit of pivot scale, the phase boundary, and the end of inflation are

all well separated. So typically we choose 3 < N < N, — 3.
. The spectator field should remain subdominant in energy density, so r,, < 1.

. The inflaton should provide suppressed curvature perturbation compared to that
from spectator, which means "”52;1; > s2e54/ (826¢*). For the specific model, it

corresponds to g > ¢, and does not constrain the free parameters.

. The first slow-roll parameter is smaller than unity when o stays on the flat poten-

tial, i.e. €54 < 1.

. The quantum fluctuations of ¢ should not dominate over its classical slow roll.

This means Eq. (5.51) is valid. Here, it means

N, + 1
ST g 5.72
Tob >\ 9N, +1° ¢ (5.72)

Under the above conditions, we can calculate the spectral index ng, its running

dns/dInk, the local bi-spectrum fnr,, and tri-spectrum gnp. A specific example of

fnr, is shown in Figure 13, for the parameters N, = 50, o9 = 10M, and w = 1/3.

The regions violating any of the above five conditions are excluded and shown by the
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Figure 13: The local bi-spectrum fyr, is shown for a step potential spectator field
with a quadratic inflaton, as discussed in Section 5.4.1. The yellow shaded region is
excluded from parameter space by the five criteria discussed in Section 5.4.1. Darker
regions indicate a higher fyr,. The red dashed contours are for fyr, = 1,5, 10, 20 from

top right to bottom left.

114



yellow shaded region in Figure 13. We can read out from Eq. (5.69) the mass for ¢
here is mg ~ 3.0 x 10~7 My, so the curvature perturbation from ¢ is indeed negligible.
In addition, for these parameters we have ny = 0.98, dng/dlnk = —3 x 10~* and
gnL < 1, all of which hardly depend on the choice of Ny, or r,4. They all fall within the
observational bounds [26,27].

From Figure 13, we see that the parameter space is limited. In particular, ryp
is constrained on both sides because we need o to be subdominant and its quantum
fluctuations not to overcome slow-roll motion. Moreover, o hardly contributes to ng,
fnL or gni, because its slow-roll parameters are tiny. With the inflaton ¢ being the
only contribution to spectral index, we get ns ~ 0.98, a small running, a small local bi-
spectrum fnr,, and a smal tri-spectrum gng,. For these parameters, we can see the local
bi-spectrum strength fnr, has a maximum value around 20, which is capped because
the classical slow roll has to dominate over quantum fluctuations. It also agrees well
with the Planck observations, which limit fnxi, < 16 at ~ 30 [27]. In this case, the
major contribution to fyr, comes from the conversion from non-adiabatic perturbations
to curvature perturbation, which becomes non-Gaussian after the spectator ends slow
roll and decays into perfect fluid, even though this non-Gaussian conversion only lasts

for one e-fold or so.

5.4.2 Inflection point spectator

Flat directions naturally arise in string theory and supersymmetric theories [93]. These
flat directions can also be candidates for the spectator potential. In most cases, such

flat directions can be written locally as an effective scalar potential in the form [80,82]

A Ac?
U(AJ):UO <1+’)/10-—|—f}/3 g

M, 6]\45’) + higher order, (5.73)
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where

Ao =0 — o9 (5.74)

is the displacement of the scalar spectator o from its inflection/saddle point oy.

Therefore at Ao = 0, i.e. 0 = 09, we will get an inflection/saddle point where U = Uy
and U” = 0. For inflection and saddle points, we will have v; > 0 and v; = 0 respectively,
and we always have 3 > 0. In general, the higher order terms in the effective potential
Eq. (5.73), e.g. Ac*, also provide a small contribution to the potential or its derivatives.
Here we assume their contributions vanish for the sake of simplicity.

In this respect the motion of o can be solved as follows. We first obtain the field
displacement at the phase boundary Aoy, from the breakdown of the second slow-roll
condition 7, = —1

_ 8t My (Up + V3)

Aoy = . 5.75
’ 13U0 (5.75)

With this we can introduce a very helpful parameter =y, which tells us how “flat” the

potential is at the inflection point

9M3
No = % P B U (5.76)
b 13AT; 2 An(Up+ V)

Therefore the ratio of U'(c) between the inflection point and the phase boundary is

v0/(14+70). For the inflection point potential we are interested in here, typically 7o < 1.
As long as we specify the inflaton potential and IV, we are able to solve the equation

of motion for Ao. The slow-roll approximation in Phase I gives the Lh.s of Eq. (5.15)

as
/Aff dAo Mg \/T . \/WAJ a7
—— = —/—— arctan,/—— —
Aoy, U/ UO Y173 2’}’1 Mp Ay
M? 1 T
= —P ___(arctan — + arctan > , 5.77
Amyo(Up + Vi) < Y0 Y0 (5.77)
where the temporary variable
Ao
= , 5.78
|Ac| (5.78)
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is the relative displacement from the inflection point.

Since ¢ always subdominates energy density, we can neglect its contribution to the
Hubble rate when solving the background evolution for ¢(N). By equating Eq. (5.77)
(as the Lh.s of Eq. (5.15)) with the r.h.s of Eq. (5.15), we derive the evolution of o ()

in terms of z(N), as

1 +_4ﬁmﬁl@%—vw(/¢ do (5.79)
@

x
arctan — = — arctan — .
Y0 Y0 M2 , V'(9)

We can also derive the slow-roll parameters that are needed to calculate the cosmo-

logical observables

6473 (Uy + Vp)*

2 2\2
- , 5.80
‘ RO vz o) (5:80)
Up+ Vs
o = ) . 1
g Uv+v’ (5.81)
Uy + Vo) o
y = 0TV , 5.82

and all the higher slow-roll parameters vanish by our initial assumption. When the
plateau formed by the inflection point is flat but has a sharp transition at the boundary

(73 is large and 79 < 1), and the plateau is narrow (|Ao,| < My,), the observables then

can be simplified. For example, the spectral index and its running become 2*
ne—1 = —2€p + 2524, (5.83)
dn 1
dlnsk: ~ —i(ns —1)% 4 244 (20gx — Begs) + 5% (78 — 22). (5.84)
As a simple example, we consider the quadratic inflaton potential
L 9.9
V(9) = 5mi* (5.85)

and we assume it dominates over the spectator potential U(c). After setting the end

of inflation at N, = 0 and taking the pivot scale as N, = 50, we have a total of 5 free

2Tn the limit s — 1, they reduce to the results in [3].
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parameters m, Up, v1,v3 and Np. By using the same trick as in Section 5.4.1, we can fix
the overall energy scale to match P, and switch to the parameter space 744, Y0, 73, NVp-
Then the cosmological observables and the solution z.(N,) are independent of 3 when
73 is large, as can be seen from Eq. (5.79), Eq. (5.83), and Eq. (5.84). Therefore, here
we take a large 3 and further reduce the parameter space to 744,70, Np.

The background evolution of ¢ can be worked out as a function of NV

2N +1
O(N) = M, 4;. (5.86)

This reduces Eq. (5.79) to

. 2Ny +1 2N, +1
arctanx— = —arctan — + 0(2N, +1) 1 +

n . 5.87
Y0 Y0 4 2Ny +1 (5.87)

We can make some predictions from the expressions already. In Eq. (5.87) when
N, = 50 and ~q are fixed, the relative displacement z, at the Hubble exit is maximized
when the last term in Eq. (5.87) reaches maximum at N, ~ 18. Since the field o
contributes to the spectral index by 2sx, as in Eq. (5.83), we should expect the spectral
index to also reach maximum at N, ~ 18. The last term of Eq. (5.40) contributes
—52,/674p to the local fyr,, which should reach the minimum at N, ~ 18.

Our analytical predictions can be verified by considering the typical case N, = 50,
v3 = 10'° v9 = 0.15 and w = 1/3. The only remaining free parameters are r,; and
Ny. We can hence plot the CMB observables on the (7,4, Np) parameter space, as in
Figure 14 and Figure 15, where the parameter v, is also shown. The parameter space
has the same exclusion conditions as discussed in Section 5.4.1, which are shaded in

yellow. Here the third constraint for the specific model can be shown as

64 3 2_|_ 2
4>> 7T(’}/O I‘*)

A 5.88
b ,Yged)* ( )

The energy scale for the spectator field, Uy, varies from 10_26M;)l to 10_17M3.
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Figure 14: Cosmological observables and v, are drawn for the inflection point spec-
tator field with a quadratic inflaton potential. The x axis is the logarithmic of r,y,
the energy density ratio of the spectator field w.r.t the total at the phase boundary.
The y axis is IV, the number of e-folds of inflation from the phase boundary “b” to
the end of inflation. The shaded yellow regions are excluded by the five constraints
discussed in Section 5.4.1. The shaded green regions are observationally favoured by
the spectral index within 0.9667 4= 0.0080 whereas the solid green lines indicate the
central value, based on the 20 constraint by Planck [26]. Two additional subfigures

are placed in Figure 15 due to page limit.
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Figure 15: Parameter space for the inflection point spectator with a quadratic infla-

ton, followed from Figure 14.

In Figure 14 and Figure 15, we find agreement with our analytical predictions.
Around N, = 18, the spectral index peaks and drops out of the 20 confidence level,
whereas the local bi-spectrum reaches its minimum. The running of the spectral index
is typically small. The local fxr, and gny, can both attain small values within the current
observational bound.

It is worth noting that the fine-tuning of inflection/saddle point potentials is allevi-
ated on spectator fields. This is simply because the inflaton dominated energy density

allows for a less flat inflection/saddle point potential.
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5.4.3 Hyperbolic tangent spectator

In this section, we consider a smoother plateau for the spectator potential, which is the

hyperbolic tangent function, in the form

Ulo) = % <1 + tanh ;’O> . (5.89)

For simplicity, we favour a small enough parameter for oy, so the slow-roll phase for
the spectator takes place at ¢ > 20(, but og should not be so small that it becomes a

step-like potential. The effective potential is
_20
U(o) = Uy (1 — 2 ao) . (5.90)

We can then write down the slow-roll parameters

M?2U? o
p-0 —oo
¢ = —2 0 w0, (5.91)
7 4ol V2
M2U0 _ 20
p
Ne = — e 7o, (5.92)
7 2#08‘/
M2UE  _so
£y = —F—=e 0, (5.93)
7 4m2odV2

where we have neglected the spectator energy density because it is subdominant.

The spectator ends slow roll at n,, = —1, i.e.
20 MSUO (5 94)
e 0 — . .
27ra(2]V

Here we assume the inflaton energy density V (¢) to be almost constant during inflation.
This can be guaranteed by the saddle point potential V(¢). The background evolution

of the spectator field can then be solved as

20 MSUO
€90 = 5
2wogV

(N — Ny +1). (5.95)

The solution then gives the simple expressions for the slow-roll parameters, Eq. (5.91),
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Eq. (5.92) and Eq. (5.93), as

_ 7r08 1
T ME(N-Ny+ 1)
B 1
o = _N—Nb—l-l’
B 1
o = (N—Nb—l-l)Q.

(5.96)
(5.97)

(5.98)

The condition ¢ > 20( then demonstrates the relation (together with Eq. (5.94))

€ K 7’077(2, < |770‘7

which guarantees the slow roll is terminated by the second order condition.

(5.99)

When the spectator o reaches the edge of the hyperbolic tangent plateau at oy,

we assume it decays instantly and completely into relativistic species, thus leaving no

residual isocurvature perturbations. All the matter is then created by the decay of the

inflaton field, such as the saddle point inflaton similar with that in Section 3.5.2, which

can be written as [4,84, 226]

Ah

3 h2 4

1
V(9) = 5m?lof* -
For A = 4m, we can find the saddle point at
o= V3.
h
The effective potential around the saddle point then becomes

V(e) = V(o) + V7 (g0) (¢ — ¢o)> + higher order,

6
where
4
m
V(¢0) = mv
nn 2
V7 (¢o) = %hm-
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The spectator field can always be dropped when considering the inflaton dynamics.
Also neglecting the higher order terms and taking the inflaton energy density to be near
constant (V(¢) = V(¢p)) during inflation, the slow-roll parameters for the inflaton can

be written as

IM2 (¢ — ¢o)*

€ = —————, (5.105)

d) ﬂ_¢8

3Mp (¢ — o)
p

Ng = ————=—. (5.106)

d) 7T¢8
At the end of inflation, the second slow-roll condition is violated with 74, = —1, giving

¢0 — Qe 7T¢(2)
= 1 5.107
o0 sz b (5.107)

where the inequality holds because of our sub-Planckian assumption ¢9 < M. The
small relative field displacement then justifies our approximation of V(¢) ~ V(¢p).
Then we can solve the background evolution of the inflaton

2y

¢:¢0_3M§(2+N—Ne)'

(5.108)

For practical purposes, the inflaton perturbations could be assumed to be subdominant
in producing curvature perturbation, as compared to that of the spectator’s.

Assuming the saddle point potential of the inflaton is very flat (e4« < 754) and
smooth (74« < 75+) near the Hubble exit of the pivot scales, we can neglect the inflaton’s
slow-roll parameters in the cosmological observables. The slow-roll parameter ¢, is also
negligible according to Eq. (5.99). At the pivot scale N = N,, the spectral index ng,
the local bi-spectrum fyg,, and the local tri-spectrum gnp, are then only determined by
the slow-roll parameters of the spectator o, giving the leading order terms

2

Pl = = — e (5.109)
LY. 5
- _ - , 5.110
fNL 6To—* 6(N>(< - Nb + ]-)To‘* ( )
25(2773* - gd*) 25
_ — : 5.111
INL 5412, 54(N, — N, + 1)%r2, (5.111)
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where, due to the flatness of the hyperbolic tangent potential and the saddle point

potential, the energy density ratio is simply

Uo
ok N Toh R ——. 112
I Vi) o1

The power spectrum of curvature perturbation then becomes

P 2(N, — Ny + 1)%r2, Vg
¢ = :
SWMgag

(5.113)

Therefore to obtain the observed power spectrum for the curvature perturbation, which
requires og to take the value

L %(M—M+W- (5.114)
H2  Am?P;

When the inflaton model is given, the parameters N, and V(¢g) are fixed. The
spectral index ng, the local bi-spectrum fnt,, the local tri-spectrum gnr,, and the relative
value 0o/ H, then only depend on 75, and N. We can then plot the two-dimensional
phase space (744, Np) in Figure 16 and Figure 17, where N, = 0 is taken.

One can see that the model predicts the spectral index, its negligible running, and
the local bi-spectrum as shown in the green shade which depicts the 3o range of the
current Planck data [26,27]. We have also shown the values of gng, in Figure 16 and
Figure 17. Since o decays into radiation, there is no residual isocurvature perturbations,
which matches with observation.

In this chapter, we have summarized the previous studies of the minimal curvaton
scenario, which has been severely constrained by the Planck observations. We then
moved on to spectator scenario, and obtained good agreement with the CMB. For the
spectator models with inflection point potentials, hyperbolic tangent potentials, and
those with a sudden phase transition, we have mapped out their parameter space in

accordance with the CMB.
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(b) The running of the spectral index.

Figure 16: The parameter space for the hyperbolic tangent spectator model with a

saddle point inflaton. The yellow shaded regions are excluded due to the multiple

constraints in Section 5.4.1. The green bands comply with the Planck observations

at 30 confidence level for all the observables, including the spectral index and its

running, and the local non-Gaussianities. The red contour lines are for the values

of the respective parameters. Here we have taken the pivot scale e-folding N, = 50

Two additional subfigures are placed in Figure 17 due to page limit.
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Figure 17: Parameter space for the hyperbolic tangent spectator with a saddle point

inflaton, followed from Figure 16.
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Although the second half of this chapter has been devoted to producing the CMB
fluctuations with the spectator scenario, it is merely a possibility for certain model
potentials under certain initial conditions. For this reason, spectator scenario does not
suffer from fine tuning in initial condition. Initial conditions that fail to allow the
spectator to end slow roll during inflation may instead lead to curvaton scenario or a
second phase of inflation, which can also seed the desired cosmological observables in
their own ways. Undesired spectator scenario may also appear in many-field inflation,

indicating another future direction of spectator studies.
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6 CMB power asymmetry from spectator fields

As discussed in Section 2.6, the power asymmetry of the CMB temperature fluctuations
should come from the inflationary epoch or other alternative scenarios. There have
been plenty of relevant analyses and proposals to explain the power asymmetry [5, 6,
125,220, 227-242]. We first discuss the generic conditions for producing a large CMB
power asymmetry from inflation, showing the deficiency of CMB power asymmetry
from (nearly) scale invariant perturbations. We then demonstrate how a tachyonic
fast roll phase may enhance power asymmetry. Combining with other observational
constraints, we construct a minimal model for the observed CMB power asymmetry

based on spectator scenario.

6.1 Primordial origins of the CMB power asymmetry

6.1.1 Consistency relation for single-source perturbations

Single-source here indicates that the primordial perturbations originated from only a
single field. It can be single-field slow-roll inflation, where only one field is present,
but hybrid inflation, curvaton or spectator scenarios also count, as long as only one
field contributes to primordial perturbations. This is in contrast with the primordial
perturbations from multiple sources, which will be discussed in Section 6.1.2.

Using the separate universe approach [132,134], we can regard the opposite sides of
our Hubble patch as independent separate universes for the CMB power spectra. Assum-
ing the curvature perturbation is determined by only one field o, (which may participate
in inflation,) the power spectrum of the curvature perturbation can be written as (at
) 28

the leading order

Pc = Psn = N2 Pso. (6.1)

28 Starting from here, all primordial variables would indicate their values at Hubble exit unless
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As an example, the o field can be one of the inflatons, a curvaton, or a spectator.

As explained in Section 3.2, field perturbations, such as doy, can exist on scales
which are even much larger than the size of our current Hubble patch. Such wvery
large scale perturbations can bring about a non-vanishing (vector) gradient?” Vo at the
Hubble exit of the pivot scales, which can be regarded as a constant in our observable
universe. Consider two opposite local patches on the CMB map, separated by 2rig
directed from one patch to the other, where ry = 1/a.H, is our comoving distance
to the Last Scattering Surface, defined in Eq. (3.95). The gradient Vo then yields a
background field asymmetry between the two opposite local patches at the Hubble exit,
by the amount

Ao = 2r - Vo. (6.2)

Along the maximal direction, the field asymmetry is most significant by the amount
Ao = 2r,|Val. (6.3)

The background field asymmetry Ao can then result in the asymmetry in the cur-
vature perturbation. According to Eq. (6.1), on the opposite sides the power spectra of

curvature perturbation should differ by

AP, OP¢ 2Nyo
_— = A =
P.  Poo . N,

Ao, (6.4)

where we have neglected the possible change in Hubble rate due to Ao, because during
inflation H should remain almost constant. Since we are only interested in the absolute

amount of asymmetry, we can redefine AP; and Ac as their absolute values. This

otherwise specified.

BV = (0/0zt,0/0x2,0/023) is the vector representation of the gradient operator for three spatial

dimensions.
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transforms Eq. (6.4) into

AP< - 2Nyo
Pc | N,

Ao. (6.5)

Since o is the only field that creates cosmological perturbations, we can write N,
and Ny, in terms of cosmological observables. This will create a link between the

asymmetries and other cosmological observables, such as

APC 12 Ac
Pe \/7|fNL‘\/>a (6.6)

where Ao /+/Ps, can be regarded as the relative strength of very large scale perturba-
tions, compared with those at the pivot scales. The CMB power asymmetry factor A

can then be related to

APxr  AP; 3 Ao
- _ VP 6.7
APar  4P;  5+/Ps, [l (6.7)

From the latest Planck observations [11,26], we know P¢ = (2.14240.0040)x 10~ and
A = 0.07+0.02. For simplicity, we can take their central values. The local fxi, = 0.8+5.0
constraint at 1o corresponds to | fnr,| < 10.8 at over 95% CL. Putting together all these

constraints, Eq. (6.7) then leads to the lower bound for very large scale perturbations

Ao

54
Pso 3|NLIVPe

> 233, (6.8)

at over 95% CL.
For compatibility with forthcoming sections, we also use expectation values as the
measure for the amount of asymmetry. The expectation versions of Eq. (6.7) and Eq.

(6.8) are

9 (|Ac?) .,
2 Pa,

(A%) = fRuPe, (6.9)

and
(|Ac?)  25(A?)
P&o gfl%LPC

> 5.4 x 104, (6.10)

where for simplicity, we have taken the observed central value A =~ 0.07 as the standard

deviation of A.

130



6.1.2 Consistency relation for multi-source perturbations

In the more generic scenario of multi-field slow-roll inflation, where perturbations of all

fields may contribute to curvature perturbation, Eq. (6.1) becomes

Pc=Psn =Psp »_ Ny, (6.11)
“w
where p =0,1,...,n—1 for the canonical slow-roll scalar fields ¢* and n is the number

of ¢ fields. The very large scale perturbations then bring about the gradient V¢#, whose
maximum directions can differ for each field. By comparing the opposite local patches
on the CMB map along an arbitrary direction, which are separated by 2r)s, we can find

the asymmetries in the background field evolutions by the amount
A¢H = 2r)5 - V. (6.12)

The asymmetry in the curvature perturbation can then be calculated as

A'PC _ AN, N,
Pe XN}

47y

20N}

rs - Vo = fig - Y NuNuwVe. (6.13)

24

The maximal asymmetry of curvature perturbation is achieved when the unit vector g
aligns with the vector it is multiplied with in Eq. (6.13). In the following calculations,

we are only interested in the direction with the strongest asymmetry signal, which has

APC 47“15
= NN, V¢’ (6.14)
P ZANf ; . ‘
where
2
Jo s 09"

Y ONNWVY | =D ZNMNW% : (6.15)
w,v =1 w,v

In the simplest case where perturbative evolutions are identical for all the fields
¢" on very large scales, the expectation of the gradients of all the fields should be

independently Gaussian and isotropic, so they are all equal to

09" 06"\ _ | (09"
<8xi 8$i> = <<8x’> >’ (6.16)
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and

3 2
(Vo) = <Z <86f:> > = (|V¢|?), for any u. (6.17)

1=1

These properties allow us to calculate with ease the expectation value of the absolute

in Eq. (6.14)
. 2 8¢” 2
> N,N.Vé = (> ZNMNW% (6.18)
v =1 v
3
D DN
-3y ¥ N“NWNANM<£Z.£Z.> (6.19)
=1 p,v,A\n
3 2
a v
— Z NN, N,\Ny <Z < aﬁi> > (6.20)
[TR7Z9N =1

3
= 7 (|Vo?) (ZN3> . (6.21)

Then we know the expectation of power asymmetry in the CMB perturbation spectrum,

according to Eq. (6.14), as

(APZ)
2y _ ¢
(A7) = 1672 (6.22)
= i (Vo) Y NS (6.23)
w
A 2
= leTNLPC<‘PZ>| >7 (6.24)
where
(|Ag*) = 4rf (IV9I?) (6.25)

is the expectation value of the field asymmetry along its maximal direction (see Eq.
(6.12)). Then Eq. (6.24) yields the lower bound of the strength of very large scale

perturbations

(JAs)) — 4(4?)
= 3200 6.26
Pse ™LP¢ ~ ’ (6:26)

at over 95% CL.
Comparing it with Eq. (6.10), we find that in multi-source scenario, the applicable

non-Gaussianity parameter is instead 7. This also states that the single-source sce-
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nario Eq. (6.10) is a special case of the multi-source version Eq. (6.26), because of the

consistency relation Eq. (3.119).

6.2 Lack of asymmetry from scale invariant perturbations

It still remains a question if Eq. (6.10) or Eq. (6.26) can be satisfied in order to explain
the CMB power asymmetry, especially for slow-roll scalar fields during inflation. In
this section, we will calculate the expectation of field gradient from very large scale
perturbations. The very large scale perturbations produce a non-vanishing gradient

along any arbitrary z direction, whose expectation can be calculated as

2 31c131/ ] ,
<‘85¢(X) > _ < [ e kdkkzk;5¢k5¢;r(/ez(k_k)'x> (6.27)
Je k! <k

0z (2m)3
= / k2 Psy(k)d*k (6.28)
k<ks
Ap [k
- g K Py (k)dk, (6.29)
0

where the upper bound of the integral
ke = a.H,, (6.30)

is the comoving wavenumber of the pivot scale, only scales larger than which can make
a significant contribution to the overall gradient in our current Hubble patch. The lower
bound of the integral is treated as zero as an approximation, because a more careful
choice of the lower bound (that is < k) only changes the integral negligibly in most
cases. The vanishing lower bound does not indicate any past completeness for inflation.

We can then derive the expectation of field gradient

k*

(IVo[?) = 4w/ k* Py (k)dk, (6.31)
0
and that of field asymmetry
ko

{|A¢[*) = 1677, / k* Py (k)dk. (6.32)

0
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In the simplest case, if all the fields ¢* are slowly rolling in the last several e-folds
before the Hubble exit of the CMB scales, we can obtain the (almost) scale invariant

field perturbations®’
k3 Psy (k) = ki Py (ko) = 21 P, for k < k.. (6.33)

This greatly simplifies Eq. (6.32), yielding the relative strength of field asymmetry for
scale invariant perturbations:
)

Ao = 16n, 6.34
oo (6.34)

which is insufficient, according to Eq. (6.26), to produce the observed CMB power

asymmetry. Also, Eq. (6.24) becomes
(A%) = Am3 NP < 9 x 1074, (6.35)

at > 95% CL.
The statement still holds when the spectral index of field perturbations are non-
vanishing but small. The power spectrum of field perturbations can be parameterized

w.r.t the reference scale kg, as

k

n(;d,fl
k3 Py (k) = ki Psg (ko) (kio> , (6.36)

where ngy &~ 1 is the spectral index of field perturbations, defined similarly to n, in Eq.

(2.15) for curvature perturbation ¢. Eq. (6.34) then becomes (assuming nsy # —1)

(|ag?) 320 K2 (k"0 67
Pso  msp+ 1a2HZ \ ko ‘ ‘
Eq. (6.35) in the weak scale dependence case then becomes
87 k3 (k"
2y _ 0 *
(A7) = nog + 1 a2H? <k‘o> T™~NLP¢. (6.38)

30 We assume that perturbations in the infrared limit (k — 0) do not affect local physics, so any

possible deviation from scale invariance in the infrared limit would be negligible.
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As a good approximation for practical purposes, here we choose the reference scale
ko = k., at the pivot scale. Eq. (6.38) is then simplified to

873
A% = o 1 17'NL7)§~ (6.39)

As we can see from Eq. (6.39), the weak scale dependence only introduces the ex-
tra factor 2/(nsy + 1). This cannot change the order of magnitude for a nearly scale
invariant spectrum with ns4 ~ 1. In the single-source case where Eq. (6.9) should be
applied, the inconsistency with the observed central value A = 0.07 is even stronger. We
therefore conclude that for canonical slow-roll scalar fields with nearly scale invariant
perturbations, any mechanism cannot produce the CMB power asymmetry with central

value A = 0.07, while satisfying the local non-Gaussianity constraints from fxr, and 7nt..

6.3 Enhancing very large scale perturbations from a tachy-

onic fast-roll phase

In the previous section, we have shown that canonical slow-roll scalars cannot produce
the observed CMB power asymmetry because of (near) scale invariant spectrum. This
suggests to us straightforwardly to violate scale invariance using non-slow-roll fields. It
is well known that perturbations can get enhanced during a tachyonic fast-roll phase
[6,67,243]. Therefore we wish to investigate how a tachyonic fast-roll phase before the
Hubble exit of the pivot scale may enhance CMB power asymmetry.

In the simplest case, let us consider a scalar field ¢ that acquires a tachyonic mass

for a brief period. The total effective action for the tachyonic phase is given by
4 1 1 55
S=[+—gdz —58”08“0 + gmo + Lelse | (6.40)

where m is the effective tachyonic mass of o during the tachyonic phase, which is re-

garded as a constant for simplicity. All other components of the universe are then
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contained in the Lge term. For simplicity, we also assume that the Hubble rate H
remains almost constant, which may come from the L term. Then the Hubble rate
H determines a unique energy scale, w.r.t which all the dimensional variables can be

expressed. As an example, the tachyonic mass m can be written as
m? = (e2Nm — 1)2H?, (6.41)

where N, is defined as such.

Before or after the brief tachyonic fast-roll phase, we simply assume the scalar o
becomes light and enters slow-roll phase. For perturbative calculations in slow-roll
phase, we can simply take m = 0 in Eq. (6.40), or N,,, = 0 in Eq. (6.41), because the
effective mass is much smaller than the Hubble rate. Here we do not investigate how the
brief tachyonic fast-roll phase may be motivated in any specific particle physics theory,
but instead only discuss the phenomenological consequences. For simplicity, we will also
assume that the fast-roll phase (or the tachyonic mass) is switched on and off instantly.

During tachyonic fast-roll phase, we will not solve the perturbative evolutions exactly,
such as in Eq. (3.61). Instead and as an approximation, we can find the attractor
solutions for slow-roll and fast-roll phases and concatenate them. For this purpose, we

define the redshift damping rate for perturbation mode k as

1901n Ps,(k,N)

. (6.42)

Note here we have used N = In %, the past e-folds of the universe expansion w.r.t

a certain reference scale ag, as proper time®' . Also, Ps,(k, N) is the realtime power
spectrum, i.e. a function of the e-folding NV, instead of P, (k) which is its late time value

after freezing. We can then write the power spectrum of the field perturbation at any

31 Note that N here has a different sign with the previous convention in this thesis.
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e-folding N w.r.t its value at a reference e-folding Ny as
N
Py (k, N) = 2w s MNpe e Ny (6.43)

As an example, the slow-roll solution Eq. (3.65) of field perturbation yields the

redshift rate

262(Nk*N)
ap(N) = _Wv (6.44)
where IV}, is the dimensionless relative wave number, defined as
k? = 202 H?e*Nr, (6.45)

Obviously then super-Hubble modes correspond to k* < a?H? or N, < N, and for
sub-Hubble modes we have k? > a>H? or N;, > N.

With a brief tachyonic phase, the exact solution no longer holds. Any mode k or N
may experience three possible phases — the sub-Hubble, slow-roll, and tachyonic phases.
As an approximation, we can assume when any mode enters any phase, it immediately
behaves as the attractor solution of this phase. For simplicity, we also assume no energy
is lost during phase transitions. The evolutions of power spectra then follow Eq. (6.43),
where ay(N) can be a piecewise function for different phases.

Using the tachyonic action Eq. (6.40), we can write down the equation of motion for
the field perturbation do as

2

dox + 3Hdoy + (ZQ — m2> dox = 0. (6.46)

The redshift rate ai(N) of the three phases can then be calculated as follows. (The

slow-roll phase is just the special case of N,, = 0.)

e For sub-Hubble modes, the momentum is much larger than the Hubble rate and

tachyonic mass combined, with k2 > a?(2H?+m?). Therefore we can define 7 and
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1 according to Eq. (3.48) and Eq. (3.49). The equation of motion then transforms

into
Ui+ [k — a®(2H? + m?)] ¢ = 0, (6.47)
or
.+ [1 - 62(N+Nm’Nk)} ki = 0. (6.48)

Therefore, sub-Hubble modes correspond to N > N+ N,,, which has the harmonic

oscillator solution 1 o 7° or o o< a~!. The damping rate is simply

Oék(N) =—1, for N > N + Ny,. (6.49)

e For tachyonic modes, the relatively small momentum (k < a?(2H? 4+ m?)) allows
us to define

Ui = a2 oy (6.50)

The equation of motion then becomes

i — (m? 91312—]‘12 =0 6.51
= (m? g 3 ) =0, (6.51)
or

7 1 2N, 2(Ny—N) 2

i — Z+2(e m 2N ) H2y = 0. (6.52)

The attractor solution corresponds to the redshift rate

1
ap(N) = _g n \/4 + 2 [e2Nm — e2(Ne=N)], for N, < N+ N,,,.  (6.53)

Combining the two phases, we arrive at the full expression for redshift rate (while

approximately applying the solutions near phase boundary)

-1, for Np > N + Ny,
ai(N) = (6.54)

34 \/i +2 [e2Nm — e2(Nik=N)], for Nj, < N + N,
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Mass

N; 0 Np, N,
Ist Slow roll ~ Tachyonic 2nd Slow roll CMB scales
Fast roll

Figure 18: The hierarchy of scales, and the timeline of the tachyonic fast-roll sce-
nario. The x axis is the number of e-folds of inflation as time measure, whose zero
point is chosen at the end of the tachyonic phase. The y axis is the effective mass
of the field of our concern. The tachyonic fast-roll phase lasts during N; < N < 0,

with the mass m? = (¥ — 1)2H? where N,, < N..

It can be verified that the piecewise solution is continuous at the boundary Ny = N+ N,

with ap = —1. During slow roll, we can take the m — 0 or N,;, — 0 limit, reducing Eq.
(6.54) to
-1, for N > N,
ak(N)|s = (6.55)
-3 4+,/9 —2e2(Ne=N), for Ny < N.

Outside the tachyonic phase, the field o is always light, yielding Eq. (6.55) as the

solution for aj(N). In this case, we know already that the power spectrum of the field
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Ny—N

-3 -2 3

Figure 19: A demonstration of a(N) and the enhancement rate Aay(N) for some
typical values of N,,. From bottom to top, black, green, yellow and red correspond
to N,, = 0,1,1.5,2 respectively. Dashed curves represent ay(/N), and solid ones

represent Aag (V).
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perturbation doy is almost scale invariant. However when a brief tachyonic fast-roll
phase is present, as shown in Figure 18, the tachyonic phase will provide a different
redshift rate for field perturbations. The difference Aag(N) = ag(N) — ag(N)|s is
therefore defined as the relative enhancement rate, due to the tachyonic mass m. It can

be expressed as

p

0, for N, > N + Ny,

Aag(N) = \/%4—2[@2]\’7”—62(%_1\[)] -1 for N + N,, > N > N,

V2[RV — 2N-N)] — [82e20-N), for Ny < N
(6.56)

This is plotted with some typical values of N,, in Figure 19, from which we see that the
enhancement can be quite significant (Aay ~ e¥m). Also, from Eq. (6.56) we can see
that the scales with N > N+ N, are not affected by the tachyonic phase. Remembering
that the tachyonic phase lasts from N = N; < 0 to N = 0, the scales Ny > N,,, will be
totally unaffected, which is where we want the pivot scale to lie (N, > N,,).

The relative enhancement from the fast-roll phase changes the CMB power asym-

metry by

A 2 Nen n — 0 Aa
<| 7)0-| > — / 327736( 60'+]-)(Nk N*)+2 le A k(N)deNk7 (657)
oo —00

where ng, ~ 1 is the spectral index of do in the absence of tachyonic enhancement,
as defined in Eq. (6.36). Here we have neglected the integral region N, < N < N,,
because it is not enhanced by the tachyonic fast-roll scenario, and has been shown in
Section 6.2 to generate only a small CMB power asymmetry. The inner integral of Aay
is performed for the tachyonic fast-roll phase N; < N < 0 only. Eq. (6.57) can be recast
into

2 Nm
qiaw _ 39, 3p(nss+D)(Nm—N.) / 2R AN, (6.58)
do -
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Figure 20: The enhancement Sj is shown in the black solid curve, where its compo-

nents Ny — N, and the integral in Eq. (6.59) are shown in the green and the red
dashed curves respectively. The blue shaded region is the number of e-folds of the

universe expansion during the fast-roll phase. We have taken the parameter values

N; =—-2,N,, =1.2.
where we have defined

0
B = ~(ns + 1)(Ni — Non) + /N Bag(N)aN. (6.59)

Since the mode dependence in Eq. (6.58) has been absorbed into S, the scale kpax which
maximizes Sy will contribute most to the CMB asymmetry. The overall exponential
coefficient in Eq. (6.58) simply means that a longer slow roll after the tachyonic phase
will stretch the initial perturbation modes, and lead to a weaker CMB power asymmetry.

We would like ) to peak at some scale Ny, , or otherwise it is difficult to produce

sufficient CMB power asymmetry. The peak mode Ny_ . can be solved from 08 /0Ny =
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0. Noticing Aag(N) is only a function of N — Ny, this yields
1
Ak (0) = Aty (Ni) + 5 (1 + 155). (6.60)

Since ns, ~ 1, there would be no peak if Aag(0) is always less than 1. The above
condition requires the tachyonic mass to be large enough. According to Eq. (6.56), we
obtain

m? > 2H. (6.61)

The contribution to the CMB power asymmetry would then mostly come from
around the peak scale Ny_. . If we know the full width at half maximum (FWHM)
of the peak, namely AN, we can have a good estimation for the integral, hence writing

Eq. (6.58) as
(laal?)
Pso

~ 3213 AN (Moo +1) (N =N )+ 2B (6.62)

A typical example of §i is shown in Figure 20, for ng, =1, N; = =2, and N,, = 1.2,
in which By peaks at about N ~ —1, with B, . ~ 4.7. The half maximum lies at
Blemax — %1112 with AN =~ 0.8. We do not want the pivot scale spectrum to be modified
by the fast-roll phase, so we require N, > N,,. As a consequence, we take N, = N,,+2.5.

Plugging these numbers into Eq. (6.62) will give

(|As]?)
P&U

~ 6.4 x 10%. (6.63)

This result satisfies both necessary conditions Eq. (6.10) and Eq. (6.26), yielding a much
stronger CMB power asymmetry than the slow-roll scenario.

We also have to make sure that the perturbations remain small throughout the dy-
namics. This typically requires the curvature perturbation from the o field to have a
power spectrum k:3P<50 (k) < 1. Since there can be other sources of curvature perturba-

tion, we define a ratio for ¢ at the pivot scale

R3(k) = Jjngf(gf)) <1. (6.64)
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The constraint k3P, (k) < 1 then becomes

0
"73P<5(,(k‘) = k?’PCag(k)‘ eQINiAak(N)dN

ST

0
= B3P (k) R2 (k) vy AerN)AN

: In. Aag(N)AN

= 2m°P:R*(k) <1, (6.65)

where we have used the scale invariance k3P, (k)|sc = k3P, (ks) for any mode k. This
constrains the total amount of asymmetry enhancement, i.e. the height of the red dashed

curve in Figure 20, by
0 1
/N‘ Aai(N)dN < —3 In27*P: — In R, for any N < 0. (6.66)

Since R < 1 and Pr = 2.142 x 1079, in the example of Figure 20 the red curve is

lower than —31 In P, ~ 8.5, and therefore the condition Eq. (6.66) is well satisfied.

6.4 Other observational constraints

6.4.1 Quasars

Quasar observation [244] constrains the power asymmetry of the universe in the quasar
scale N, > N,. If we define r4 as our physical distance to the farthest quasar, we can

write Ng, the length scale of our distance to the quasars as (see also Figure 21)

—Nq

T

Ty = (6.67)

The quasar observation finds no asymmetry, requiring A < 0.02 in the quasar scale
Ng; see [244]. From Eq. (6.9) and Eq. (6.24), we find that it may be accommodated
with the CMB scale power asymmetry A ~ 0.07, if the non-Gaussianity parameter, fni,
or 7n1,, has a running®? . The amount of non-Gaussianity and its running depend very

much on the inflationary model, but many existing models can provide such a running.

32 The discussion of the running of the local non-Gaussianities, and how it may affect the scale
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MNs

-+

Figure 21: A schematic figure on the power asymmetries of the CMB and quasars
spectrum. The outer sphere is the LSS and the inner one contains all the observed
quasars. Therefore, quasar observation can only constrain the asymmetry in the
distance scales smaller than r,, whilst the asymmetry in the distance scale ri; can
be much larger. In this sense, we need running in the asymmetry factor A in order

to satisfy the quasar constraint.
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For example, in spectator scenario, a large running can be achieved if the effective mass

of the spectator field runs between the Hubble exits of the pivot and the quasar scales.

6.4.2 Quadrupole and octupole

The source of CMB power asymmetry should not generate any excessive quadrupole or
octupole in the CMB. Following the conventions in [249,250], we replicate their derived

constraints here, from Eq. (4), and Eq. (5) of [250]

kxg)?|®(1q)sinw| < 5.8Q, for quadrupole, 6.68
k

(kmd)3|<1>,;(7'd)cosw| < 320, for octupole, (6.69)

where Q@ = 1.8 x 107° and O = 2.7 x 107°. We rephrase them with our convention,

with kzq|®p(9)| = 3|A¢ = /P 3\|/A7307| where kxg = v/2eNkmax =N« After neglecting
S0 %

the sin and cos functions, these two inequalities become

17.4 Pso
No N, < 7.4Q /Pso..

In —= , for quadrupole, 6.70
RN v q p (6.70)
1 480 +/Pss
e — N S In —— \/T* for octupole. (6.71)

S5 n \/ﬁm,

Therefore the quadrupole and octupole constraints put a lower bound on N,, the
e-folding of the second slow-roll phase (see Figure 18). In the example shown in Figure
20, we have Ny, .~ —1. By plugging in the values of O, Q, P, N, and |Ac|/\/Pss
from the example Figure 20 and Eq. (6.63), we can see that both the quadrupole and

the octupole constraints are satisfied.

dependence of the CMB power asymmetry, is beyond the scope of the thesis. Some of the relevant

discussions can be found in [245-248].
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6.5 CMB power asymmetry from spectator scenario

The tachyonic enhancement discussed in Section 6.3 in principle applies to any scenario,
by providing a large enough field asymmetry on the opposite sides of our Hubble patch,
while satisfying all the observational constraints such as quasars, quadrupole and oc-
tupole. In this section, we will however only discuss how to produce the observed CMB
power asymmetry with spectator mechanism, where the spectator field receives the en-
hanced field asymmetry from a brief tachyonic fast-roll phase. There are several reasons

for the consideration.

e When the tachyonic enhancement applies on an inflaton field, (or one or more of
the inflaton fields,) the newly introduced tachyonic fast-roll phase may change the
original behaviour of the inflaton, and hence inflation itself. The tachyonic fast-roll
phase may totally destroy inflation, change the dynamics or predictions of inflation
dramatically, etc. Therefore, the tachyonic fast-roll phase is preferably applied on

a field which does not participate in inflation, e.g. a curvaton or spectator field.

e When the tachyonic enhancement applies on an inflaton field, even if the cal-
culations have been adjusted to take into account the tachyonic phase, it still
remains a problem how to motivate the tachyonic potential (and the transitions)
within a well-established particle physics framework. This argument also applies
to curvaton scenario because it has to produce a significant amount of the current
universe components, according to non-Gaussianity and isocurvature perturbation

constraints. (See Section 5.1.)

Having all these said, in this thesis we would only seek an explanation of the observed
CMB power asymmetry from spectator scenario, on top of single-field slow-roll inflation.

The role of driving inflation and producing matter is then separated from producing the
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perturbations. The single-field slow-roll inflation can be chosen with a particle physics
foundation, while all the perturbations come from the spectator field and contain a
mild non-Gaussianity fyr. In principle, there can be more than one spectator field or
inflaton, but as a minimum we only consider one of them each.

We then combine the expressions of the CMB power asymmetry Eq. (6.9) and the
field asymmetry Eq. (6.62), with the inequalities Eq. (6.66) and Eq. (6.70). This gives

the upper bound of CMB power asymmetry 2
9
(A?) < 55 X 1740 fALV2AN. (6.72)

After substituting in the values for @ < 1.8 x 107°, AN ~ 1 and fyi, < 10.8, we find
the upper bound A < 0.14, which allows the observed central value A =~ 0.07. The
parameter space for A and fyg, is shown in Figure 22.

In another slightly more complicated scenario, we may suppose that the spectator
partially contributes to the curvature perturbation but is still the only field that receives
the tachyonic enhancement. The other source(s) of the curvature perturbation can be the

inflaton(s) or some other spectator/curvaton field(s). The upper bound then becomes

(A% < 8.7Q LR 1Y/ ATN, (6.73)

where R is defined in Eq. (6.64). We substitute the values of Q < 1.8 x 107°, AN ~ 1

and 7ni, < 2800, so the above equation yields
A< 0.56R"z. (6.74)

Therefore A = 0.07 is also allowed, and this model can generate a much stronger CMB

power asymmetry.

33 The quadrupole constraint is stronger than the octupole constraint in most cases. Therefore

we drop the octupole constraint in the discussion.
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Figure 22: The parameter space for the inflaton and spectator model in Section 6.5.
The blue line shows the maximum CMB power asymmetry that can be reached by
any given fyp. The vertical red bands indicate the latest Planck bounds for local
bi-spectrum fyr, for 1o, 20 and 30 regions [117]. The horizontal blue bands indicate
the Planck observational bounds for CMB power asymmetry, also for 1o, 20 and 30
regions [108]. The neighbouring area of fyi, ~ 6 and A = 0.06 is within 1o C.L. for

both observables.
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To summarize, this chapter has provided an explanation for the observed CMB
power asymmetry with the spectator scenario. The (nearly) scale invariant and (almost)
Gaussian primordial fluctuation cannot produce the observed CMB power asymmetry.
We have proposed a viable solution through the violation of scale invariance on scales
much larger than the pivot scales, which can be realized with a tachyonic fast-roll phase.
In order to avoid disruptions in inflationary dynamics or in the production of visible

matter, the spectator scenario could be an ideal candidate.
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7 Conclusions

This thesis started from the observational aspects of the CMB, and investigated early
universe theories step by step from single-field slow-roll inflation, to multi-field inflation,
and then to the spectator scenario. During the investigation, we have compared cos-
mological predictions of relevant models with observations. The spectator scenario has
been found to be in agreement with cosmological observations, being able to produce
large or small local non-Gaussianity without any isocurvature perturbations. This the-
sis has also proposed an explanation for the CMB power asymmetry with the spectator
scenario.

To be specific, in Chapter 2, we have studied CMB temperature fluctuation. Its an-
gular power spectrum is consistent with a nearly scale invariant primordial perturbation.
Its angular bi-spectrum and angular tri-spectrum are compatible with zero, suggesting
a (mostly) Gaussian primordial perturbation. CMB observations have not yet detected
the primordial B mode and isocurvature perturbations, but the CMB power asymmetry
has drawn community interest.

The CMB favors a featureless, ordinary beginning of the universe. In Chapter 3,
single-field slow-roll inflation has been shown to agree well with observations. We have
demonstrated the slow-roll mechanism for single-field inflation. Single-field slow-roll in-
flation can attain a nearly scale invariant and almost Gaussian primordial perturbation.
It does not produce any isocurvature perturbation either. We have listed the observa-
tional constraints in Table 1. Models of single-field slow-roll inflation have been tested
against Table 1, such as power-law and inflection point potentials.

In Chapter 4, we have derived the generic observational predictions of multi-field
inflation. Multi-field inflation can provide richer features than single-field slow-roll in-

flation, for example a significant non-Gaussianity with nearly scale invariant spectrum.
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The generic predictions of multi-field inflation can be greatly simplified for two-field
inflation or scenarios with separable potentials. When an additional perfect fluid co-
exists during single-field inflation, we have found it may induce significant curvature
perturbation.

We started Chapter 5 by summarizing the cosmological predictions of the minimal
curvaton scenario. We then proposed the spectator scenario, and derived its evolution at
background and perturbation levels. The spectator scenario can produce large or small
non-Gaussianities, whilst not generating any isocurvature perturbations. As typical
examples of the spectator scenario, we have examined step function potentials, inflection
point potentials, and hyperbolic tangent potentials, all of which have demonstrated
satisfactory agreements with observations.

The spectator field is able to dominate cosmological perturbations without signifi-
cantly affecting inflationary dynamics or matter production. This advantage makes it
an ideal candidate for an explanation of the CMB power asymmetry. With a brief tachy-
onic fast-roll phase well before the Hubble exit of the pivot scales, the spectator scenario
has been shown to be capable of bringing about the observed CMB power asymmetry
in Chapter 6. This realization also agrees with other cosmic observations. On the other
hand, with a nearly scale invariant and Gaussian primordial perturbation, generation of
the observed CMB power asymmetry has been shown to be difficult.

In the future, we may expect the discovery of primordial B modes in the CMB
due to gravitational waves from inflation, which will surely bring about a great change
the field of cosmology. Potential discoveries in particle physics, by the Large Hadron
Collider or future particle accelerators, may change the way we understand High Energy
Physics. Dark matter observations are also trying to accumulate evidence for detection,

hopefully to expand the Standard Model in the near future. Broadly speaking, all
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the above knowledge we gain are vital towards a unified and deeper understanding of
particle physics and cosmology. Specifically, they will also further distinguish early

universe models including the spectator scenario.
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A Special functions

A.1 Spherical harmonic functions

Spherical harmonic functions form an orthogonal and complete base of spherical func-

tions, i.e.

/ A2RY}E, () Vi () = 6170 -

So any spherical function can be expanded in terms of spherical harmonics

f(ﬁ) = Z flelm(ﬁ)a
Im
where
fin = [ aY;, (@)f @)

We can also decompose the product of two spherical harmonics

Grmams = /dZﬁ}/lﬂm (ﬁ)}/l2m2(ﬁ)}/l3m3(ﬁ)’

i 1o I3

So G2 is called the Gaunt integral.

The spherical harmonics have other properties such as

im(B) = (=1)"Y_pm (D),

A.2 3j symbols

(A1)

(A.2)

(A.3)

(A.4)

(A7)

The 37 symbols are used to characterize the coupling between different angular momenta.

The reader can find the precise definition and properties in [113,251, 252].
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1. Triangle conditions
lh Iy I3
is nonzero if and only if all of the following

The 35 symbol
mi1p M2 ms

conditions are satisfied:

o 2[y,2l5,2l3 € Ny.
o [li—lf <3<+l

) mi:_lia_li"i'lv--'alia fOFi:1,2,3-
e my+mo+mgz=0.

2. Symmetries

ll lQ l3 l2 l3 ll
: (A.8)

mi1 Mg M3
l l l l l l

1 2 3 _ (_1)ll+l2+l3 1 3 2 ’ (A‘Q)
mi1 Mo M3

Wl 1 ho ol
I (cppteris | (A)

mip m2 ms3

3. Orthogonalities

Lol I3 i lp 3
> (23+1) 07, Omaimgs  (A11)
mimz mi1 Mo M3 mi1 mo M3
bl I3 i Iy I3
> (23+1) Oy iy Omgiing - (AL12)
lams mi1 Mo M3 my My mg3
4. Other relations
Gmimams _ (2l1 + 1)(2l2 + 1)(2l3 + 1)
1 Iz 3 47
lh Iy I3 lh s I3
X , (A.13)
0 0 O mp M2 ms3



)
i

where L =1 4+ 5 + I3 in the above expression.

A.3 6j symbols

(L = 201)!(L — 2)!(L — 213)!(L/2)!?

(L+D)I(L/2—1)2(L/2 -

1)2(L)2 — I5)12

The 65 symbols can be defined from 35 symbols as

Ly Lo

i s

where 7,7 = 1,2, 3.

252].

Z (_1)11+12+13+m1+m2+m3

M;m;

Ly

M,y

L

m1

P

ma2

la

_m2
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I3

Lj

M3

Ly

M,

My

L odd,
(A.14)
L even,
Ly Lg
My Ms
I3
ms
(A.15)

Its precise definition and properties can also be found in [113,251,
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