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Abstract

In some high energy particle physics on which inflation models are based, many scalar fields
are predicted. Some of them, which we call curvatons, may take a role of generating the
primordial curvature perturbations and some curvatons may lead to the blue-tilted spectrum
of curvature perturbation.

In this thesis, we show that a significant number of primordial blackholes can be formed
in an axion-like curvaton model, in which the highly blue-tilted power spectrum of pri-
mordial curvature perturbations is achieved. It is found that the produced blackholes with
masses ~ 10%° — 10?6 g account for the present cold dark matter. We also argue the possi-
bility of forming the primordial blackholes with mass ~ 10° M, as seeds of the supermassive
blackholes.

In addition, we also investigate the gravitational wave background induced by the first
order scalar perturbations in the curvaton models. We consider the quadratic and axion-like
curvaton potential which can generate the blue-tilted power spectrum of curvature pertur-
bations on small scales and derive the maximal amount of gravitational wave background
today. We find the power spectrum of the induced gravitational wave background has a
characteristic peak at the frequency corresponding to the scale reentering the horizon at
the curvaton decay, in the case where the curvaton does not dominate the energy density of
the Universe. We also find the enhancement of the amount of the gravitational waves in the
case where the curvaton dominates the energy density of the Universe. Such induced grav-
itational waves would be detectable by the future space-based gravitational wave detectors
or pulsar timing observations.
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Chapter 1

Introduction

Overview

Recent cosmological observations such as Planck [1] or Wilkinson Microwave Anisotropy
probe (WMAP) [2] strongly supports the existence of an accelerated expansion era called
inflation in the very early stage of the universe. In addition to solving some difficulties
in the standard Big Bang cosmology such as the horizon problem, inflation can naturally
generate the primordial seeds of density perturbations on superhorizon scale by expanding
the quantum fluctuations of some scalar field on very small scales. This mechanism for
generating the density perturbations generally predicts the almost scale-invariant spectrum
of curvature perturbations obeying the Gaussian statistics,which is consistent with the ob-
served temperature anisotropies of the cosmic microwave background (CMB) [3]. Similarly,
the standard inflationary paradigm predicts the generation of the primordial tensor met-
ric perturbations which may be detected as the gravitational wave background (GWB) by
future observations.

In addition, the CMB observations have also revealed that our present universe is filled
with the unknown matter called dark matter, which cannot be explained within the frame-
work of the well-established standard model of particle physics. The observed density
parameter for the cold dark matter (CDM) is found by the Planck [1] to be

Qcpmh? = 0.1196 + 0.0031, (1.1)

where h is the dimensionless Hubble parameter defined via the present Hubble parameter:
Hy = 100~ km sec™! Mpc~!. In order to detect the dark matter, many experiments have
been performed by now, but we have not found any meaningful signature yet. Therefore it
is one of the most important problems of modern cosmology and particle physics to answer
what the dark matter is.

Primordial blackhole as a component of the cold dark matter

It is often said assumed that the dark matter is the weakly-interacting massive particles
(WIMPs) because the supersymmetric (SUSY) model [4], which is one of the most promising
model beyond the standard model, naturally provides such WIMPs as the lightest super-
symmetric particle (LSP). Another promising candidate of dark matter is the axion, which

1



2 CHAPTER 1. INTRODUCTION

is originally introduced to solve the strong CP problem in the standard model [5]. In ad-
dition, it is known that the primordial black holes (PBHs), the black holes formed in the
early universe [6,7], can behave like CDM. In this thesis, we argue the scenario in which
the currently observed abundance of CDM is partially explained by PBHs.

PBHs are expected to be formed through the collapses of the high density regions caused
by the large primordial density perturbations [8] Light PBHs with mass smaller than 101° g
are evaporated by now through the Hawking radiation [9], implying that only the PBHs
with masses Mgy > 10" g can survive and contribute to the CDM. Although, various
observations have severely constrained the PBH abundance [10], it is still possible that
PBHs occupy the significant fraction of the current CDM, so investigating the possibility of
the PBH formation is still a meaningful research field. Although it is not easy to build the
model in which a significant number of PBHs are formed, various models were proposed in
the literature. Focusing on the inflation models, for examples, PBH formation was proposed
in double inflation models [11-15] or running mass inflation models [16,17].

In order for PBHs to form through the primordial density perturbations, we need the
strongly blue-tilted power spectrum of the curvature perturbations, which gives the large
density perturbations at small scales while the large scale density perturbations are con-
sistent with the CMB observation. However, the observation indicates that the scale de-
pendence of the power spectrum is slightly red-tilted at large scales. This inconsistency is
solved by employing a curvaton. The curvaton was originally introduced to generate the
primordial large scale curvature perturbations instead of the inflaton [18-20]. In the curva-
ton model, a scalar field (called curvaton) acquires fluctuations during inflation and after
inflation it decays into the standard model particles producing the adiabatic perturbation
in the radiation dominated universe.

In this thesis, we consider that the curvaton is responsible for generating only the small-
scale curvature perturbations while the large-scale perturbations are generated by an infla-
ton. After the decay of the curvaton, a significant number of PBHs can be formed through
large density perturbations due to the curvaton. A specific model for the PBH formation
with curvaton was proposed in [21], where three scalar fields (including inflaton and cur-
vaton) with ad hoc couplings among them evolve non-trivially during inflation and leads
to large density perturbations at small scales. Our mechanism for the PBH formation is
completely different from that in Ref. [21]. We consider an axion-like curvaton field whose
nature is very crucial for the PBH formation. Furthermore, axion-like fields often appear in
various particle physics theories. We consider that one of such axion-like (curvaton) fields
may play an important role for the PBH formation as studied in this paper. Ref. [16] also
discussed PBH formation in curvaton model without concrete models.

Gravitational waves as a probe of the early universe

The inflation is driven by some scalar field called inflaton whose potential is nearly flat.
Although various inflation models have been proposed so far, unfortunately, there is no
promising candidate for an inflaton. Moreover, the density perturbation may be produced
by another scalar field like the curvaton model [18-20]. One of the difficulty to identify
the model is due to lack of clues from the observations on small scales. While the CMB
observation is a powerful tool for constraining the spectrum of the curvature perturbations
on large scales, we know little about the one on small scales, so we have only a little infor-
mation to constrain the inflation model. On the other hand, future and current detectors of



gravitational waves have a high sensitivity at higher frequency modes corresponding to the
smaller scale fluctuations than that observed by CMB anisotropies. Thus, it is interesting
to investigate the signal of the primordial gravitational waves on small scales, which would
be a powerful tool to reveal the inflationary dynamics over a long period in combination
with the CMB observations.

There are several mechanisms for generating the primordial GWBs. First, as mentioned
before, they are generated by the quantum fluctuations of the tensor metric perturbations
in the inflationary era, which typically has an almost scale-invariant power spectrum, and
the amplitude of such gravitational waves is typically given by the inflationary Hubble scale.
In addition to the direct detections, it is also expected to detect the signal of gravitational
waves on cosmological scales through the observations of the B-mode polarization of the
CMB anisotropy [22-25]. Second, the gravitational waves can be also induced by primordial
scalar perturbations. In principle, the scalar and tensor perturbations evolve independently
and are not mixed at linear order on the homogeneous isotropic FLRW universe, but at
the second order these perturbations are not independent any more [26-31]. Hence the
stochastic GWB can be sourced from the quadratic component of the first order scalar
perturbations in the metric and energy-momentum tensor [32-34]. Actually, the blue-tilted
adiabatic curvature perturbations generate a large amount of gravitational waves at high
frequencies, which would be detectable by future observations [35-37] Since such curvature
perturbations have the potential to form a large number of PBHs, the amount of the scalar-
induced gravitational waves is also constrained by the PBH formation [38-40].

In this thesis, we also investigate the gravitational wave generation in the curvaton
model. Various relevant studies have been done in the literature [41-44]. We consider
two cases with the quadratic and also the axion-like potential, both where the blue-tilted
adiabatic curvature perturbations can be easily realized. and we also introduce the inflaton
fluctuations as a source of the adiabatic curvature perturbations on large scales so that we
realize the COBE normalization and the slightly red-tilted power spectrum of the curvature
perturbations. On smaller scales, the blue-tilted component sourced from the curvaton
fluctuations is dominated, which is the same setup as the PBH case. In this set-up, we
investigate the GWB induced from not only the scalar adiabatic perturbations but also from
the transverse-traceless part of the energy momentum tensor which is due to the kinetic term
of the curvaton field [41]. We also study both cases where the energy density of the curvaton
field is dominant or still subdominant in the Universe at the curvaton decay [43]'.Then,
we discuss the detectability of such scalar-induced GWB in the future experiments: such
as the space-based gravitational wave detectors e.g., Laser Interferometer Space Antenna
(LISA) [45], DECi-hertz Interferometer Gravitational wave Observer (DECIGO) [46, 47]
and Big Bang Observer (BBO) [48], and also the pulsar timing observations [49] like Square
Kilometre Array (SKA) [50].

Outline of this thesis

This thesis is organized as following. In chapter 2, we review the curvaton model, particu-
larly focusing on the model with blue-tilted power spectrum of curvature perturbation. In

'Here, we consider the case with a single curvaton field. In [44], the authors have considered two-curvaton
scenarios and have investigated the generation of the scalar-induced gravitational waves during the era when
one of the curvaton is dominant.
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chapter 3, we review the standard description and some observational constraints on the
PBH and investigate the PBH formation in an axion-like curvaton model. In chapter 4, we
review the basics on the gravitational wave and discuss the possibility for the gravitational
wave generation in curvaton models. Finally, we conclude in chapter 5.

Notation

We use the units of ¢ = A = kp = 1 unless noted. The signature of the Minkowski
metric is adopted as 7, = (—, 4+, +, +). We denote the cosmic time and conformal time as
respectively ¢t and 7. Mp = (87G)~/? and G are the reduced Planck mass and Newton’s
constant respectively. Mg is the solar mass: Mg = 1.99 x 1033 g.



Chapter 2

Curvaton model

2.1 Basics of the curvaton scenario

2.1.1 Overview

In this chapter, we briefly review the curvaton model. In the curvaton scenario [18-20],
one introduces an additional scalar field besides inflaton, so-called curvaton denoted as o,
which is a subdominant component and acquires quantum fluctuations during inflation. The
curvaton field is required to be massless during inflation and should decay after inflation in
order to convert the isocurvature perturbations from a curvaton into adiabatic ones. The
curvaton model has some interesting features. One of them is that the relatively large non-
Gaussianity in curvature perturbation can be predicted. Although, the CMB observation so
far is consistent with the Gaussian perturbation [3], the future observation may detect the
deviation from Gaussian. In addition, in the early universe scenarios based on the particle
physics such as supersymmetric models, many scalar fields are predicted and some of them
may take roles of curvatons. So the curvaton model is worth considering in order to figure
out the physics in the very early universe.

Background dynamics In general, the curvaton is required to be massless during infla-
tion in order to generate the superhorizon-scale curvature perturbations, so it slowly rolls
down its own potential during inflation like an inflaton, and then, it starts to oscillate co-
herently when the Hubble parameter H becomes comparable to the curvaton mass after
inflation as illustrated in Fig 2.1. Around the minimum, the curvaton potential can be gen-
erally well-approximated by the quadratic potential, and oscillating curvaton field behaves
like a pressureless matter whose energy density decreases obeying o a~2 where a is the
scale factor of the cosmic expansion. Hence, in the radiation dominated Universe where
the energy density of the Universe evolves as &< a~%, the ratio of the energy density of the
curvaton to that of the radiation relatively increases and the isocurvature perturbations
sourced from the quantum fluctuations of the curvaton contributes to the evolution of the
adiabatic curvature perturbations on superhorizon scales. After the curvaton decays into
the radiation, which occurs when the Hubble parameter becomes equal to the decay rate of
the curvaton written as I';, the resultant adiabatic curvature perturbations stay constant in
time. These history of the background energy density of the Universe in a curvaton scenario
is illustrated by Fig. 2.2.
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Figure 2.1: This figure shows the background dynamics of the curvaton field. We can see
that the curvaton field remains unchanged as long as the Hubble parameter (H) is larger
than the curvaton mass (m), and starts to oscillate when H = m.

curvaton

Figure 2.2: A schematic view of the time evolution of the energy density of the inflaton
(dashed green), the curvaton (solid blue) and the radiation (solid red) is shown. m,, I,
and I'y are respectively the curvaton mass, the curvaton decay rate and the inflaton decay
rate.
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2.1.2 Curvature perturbation in a curvaton model

Based on the JN formalism [51-54], the curvature perturbations on uniform total energy
density hypersurface on super-horizon scales are given by the perturbation of the local e-
folding number and can be expanded in terms of the fluctuations of an inflaton field and a

curvaton field as
¢ =0N = Nyops + Nybos + -+, (2.1)

where ¢ and o denote the inflaton and curvaton respectively, Ny = ON/0¢, and N, =
ON/do, with N = ftt* Hdt. Here, an subscript * denotes the value at an initial flat hy-
persurface and we take ¢t = t, to be the time when the scale of interest exits the Hubble
horizon during inflation.

The inflaton contribution to the total curvature perturbation can be easily derived as
following. Under the slow-roll approximation, 3H + V' (¢) ~ 0, we can rewrite the formula

for the e-folding number:

N= 2 /@qus (2.2)
Mz J,, v

where the subscripts ¢ and f denote an initial and a final value of the inflaton during infla-

tion. Thus, from the definition of the first slow-roll parameter, ¢ = —H /H? (overdot denotes

the time derivative), we obtain the perturbation of the e-folding number and coefficient N

is derived as 1
Ny = ——— (2.3)

1/26M123
The curvaton contribution to the curvature perturbation comes from the isocurvature

perturbation originated from the curvaton field fluctuation during inflation. The nonlinear
curvature perturbation on uniform ¢-component density hypersurface is given by

1 [P dp;
; =0N + / _— 2.4
C 3 Di (1 —i—wi)pi ( )

where w; is an equation of state parameter for i-component, that is 1/3 (0) for radiation
(matter) and barred quantities (p;) here denote the background values. Then, the curvature
perturbations on uniform radiation- and curvaton-density hypersurface are given by

_ L (pr
Cr—6N+41n (/_)r>’ (2.5)
and )
Po
s =0N+—-In{— ). 2.
‘ +3n<m> (26)

From this formula, the energy conservation on uniform density hypersurface at an arbitrary
time after the beginning of the curvaton oscillation before the curvaton decay yields

Q, et =N Q36 =0N) — 1, (2.7)

where . and €, are density parameters of the radiation and the curvaton respectively
defined as Q; = p;/piot With ¢ = r, 0. Keeping only the first order quantities, we obtain 6 N

as
49, 30,

N= g
N =10 130, T 10 130,

G (2.8)
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On the other hand, the curvaton isocurvature perturbation is defined as

So = 3(Ca - Cr)’ (29)

so we can rewrite 0N in terms of (. and S, as

- 7(n)
SN = ¢, + m&,, (2.10)

where r(n) is the time-dependent ratio of the background energy density of the curvaton p,
to that of radiation p, given by

p_o () (before the curvaton decay)
pr(n)
r(n) = ~ (2.11)
rp = e—a (after the curvaton decay),
Prlt=tp

where a subscript “D” denotes the value at the curvaton decay. Because of r(n) « a before
the curvaton decay, in the case where the first reheating induced by the inflaton decay
occurs before the beginning of the curvaton oscillation, rp is calculated as

1/ o\ 2/ Mo\ /2
TD:6<J\Z:> <Fg> for mgs < Ty, (2.12)

where m, is the curvaton mass and I'y and I', are respectively the decay rate of the
inflaton and curvaton. A subscript “osc” denotes the value at the beginning of the curvaton
oscillation. In another case where m, > I'y, that is, the curvaton starts to oscillate before
the inflaton decays into radiation, we obtain

1 ( Gosc 2 r 1/2
=g <(Jj\4p> (1{;:) for me > Ty, (2.13)

Because the curvaton is a subdominant component at the beginning of the curvaton
oscillation, the total background energy density at that time can be well approximated by
the radiation energy density, p ~ p,, which implies that the uniform total energy density
slicing coincides with the uniform radiation density slicing, 0N = ( ~ (.. Therefore we
obtain the energy density of the curvaton as

po = poe ™) ~ 5 eSo. (2.14)

On the other hand, the energy density of the curvaton can be expressed in terms of the
curvaton field fluctuation on spatially flat slicing as p, = m2(Fosc + 000sc)?/2. Because an
isocurvature perturbation from the curvaton is the gauge-invariant quantity, we obtain the
relation between the curvaton isocurvature perturbation and the curvaton field fluctuation

up to first order as

25 0OSsC 2d1 0OSC
S, o 2000 _ 20 MTosc s, (2.15)

Oosc doy

and then, we obtain the coefficient N, as

_2r(n) dlnoggs
7 4+43r(n) do.

(2.16)
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In the curvaton model, the power spectrum of the curvature perturbations is obtained
as

7'(2
(Ce MK, ) = 69 I + W) 2P (), (217)
PC(k’ 77) = ,PCyin(k) + PC,curv(k;)a (2.18)

where P¢ ing(k) and P¢ curv (k) are contributions from the inflaton and the curvaton respec-
tively and they are given by

1 [ Hy \°
Peani(k) = 2e<27erp> : (2.19)
Peonnk) = r()  \° (2dIn0esc\? [ Hint\?
Goury 4+ 3r(n) do 27

() )
= (4‘|'37'(77)> PS,curV(k)’ (2-20)

where Pg curyv is the power spectrum of the isocurvature perturbations induced by the cur-
vaton and we have used the formula: (see Appendix A)

272

- 2
(66(K),06(K'),) = (50(k).d0(K).) = 6(k + k') <k3> <zl;f> . (2.21)

2.2 Curvaton model with blue spectrum

Recent cosmological observations have indicated that the power spectrum of the primor-
dial curvature perturbations is almost scale-invariant and P, ~ 107 in large scales: k <
1 Mpc~!. On the other hand, due to the difficulty of the direct observation, the pri-
mordial fluctuations on smaller scales are almost free from the tight observational bounds
except for the constraints from the abundance of PBHs [10,55], ultra-compact minihalos
(UCMHs) [56,57] or CMB p-distortion [58] and GWBs [38].

On the other hand, large density perturbation on small scales is required for the for-
mation of PBHs as seeds for the SMBHs. So, we want the model realising the blue-tilted
power spectrum of curvature perturbation. Generically, it is very difficult in single field
inflation models which are rigorously constrained by the Planck observation. Then, we are
motivated to consider the multi-field model during inflation. In particular, the curvaton
model can easily realize the blue-tilted spectrum as shown later. Therefore, we consider the
case in which the inflaton is responsible for generating the large scale perturbations, which
are constrained by observations, and the curvaton is responsible for the small scale ones,
which are schematically illustrated in Fig 2.3.

We parametrize the power spectrum of the curvature perturbations induced from the
curvaton fluctuations as

k na—l
P{,curv(k) = PC,curv(kc) <k’> (222)

where n, is the spectral index, k. is some reference value of wave number which are here
taken to be k. = 1 Mpc~! and

PC,curv(kc) = PC,inf =2X 10_9- (223)
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Figure 2.3: This figure illustrates the power spectrum of curvature perturbation in our
situation. The red and blue lines correspond to the contributions from a inflaton and
curvaton respectively. k, is the pivot scale taken to be 0.002 Mpc~! and we have taken
k. =1 Mpc~! throughout the thesis.

Here, we would like to note the non-Gaussianity of the primordial curvature pertur-
bations, characterized by the nonlinearity parameter fyr. The curvaton model has been
well-known as a model which can predict the large non-Gaussianity: fxr, ~ 1/rp 2 10. Re-
cently, Planck observation placed a stringent constraint on fyi,, giving —8.9 < fnp < 14.3
at two sigma level [1,3] However, even if we take small rp in the later discussion, our model
does not conflict with the Planck constraint. Because we rely on the inflaton to generate the
large scale curvature perturbations, fyi, is suppressed by roughly (P¢curv/ Pc,inf)z x 1/rp.

2.2.1 Quadratic curvaton model
Let us consider a simple curvaton model with quadratic potential as a representative model

which realizes the blue-tilted spectrum, whose potential is given by

1
V(o) = §m§a2. (2.24)

Under the slow-roll approximation, 3Hin¢o + V' (o) & 0, the field value of ¢ when the mode
k exits the horizon is obtained as

m2 kol
o«(k) = ofexp < ~ I N> <k‘p) Y (2.25)

inf

where oy is the field value at the end of the inflation and k, = 0.002 Mpc~! is the pivot
scale. Here we set N = 50 from the time when the pivot scale k, leave the horizon to the
end of the inflation. Note that since the field fluctuation on superhorizon scale is given by

(see Appendix A)
2
Hiy ko \ Me/3Hint m2
= — z 2.2
do ( o )(aHmf> X exp Vi , (2.26)

inf
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the isocurvature perturbation, Sy = 200 /0 remains constant on superhorizon scales, so it
can be well-approximated by the value at the horizon exiting. Because of m, ~ Hj,¢ in
the present setup, the curvaton starts to oscillate soon after the inflation, which leads to
Of = 0Oosc. Therefore, we have

dIn o o 1 x < k SH{L (2.27)

do, o«(k) l?p ’

and hence the spectral index of the power spectrum of the curvature perturbations is derived

as )
2m;

2.28
=, (2.28)

inf

ng ~ 1+

where we have neglected the contribution from the time-derivative of Hubble parameter,
which is O(e) and much smaller than 2m2/ 3Hi2nf, because we set my ~ Hiy to realize the
strongly blue-tilted power spectrum as illustrated in Fig. 2.3.

2.2.2 Axion-like curvaton model

In this subsection, we review an axion-like curvaton model which was originally introduced
in [59] (see also [60]) as an axion model with extremely blue-tilted spectrum of the axion
isocurvature perturbations. The model is built in the framework of supersymmetry and has
the following superpotential:

W = hS(®d — f?), (2.29)

where ®, ® and S are chiral superfields whose R-charges are +1, —1 and +2 respectively,
f is some energy scale and h is a dimensionless coupling constant. This model has also an
additional global U(1) symmetry and ®, ® and S have charges +1, —1 and 0, respectively.
In the limit of the global SUSY, the scalar potential is derived from (2.29) as

V =1h3|®® — f22 + h?S2(1®) + |2, (2.30)

where, the scalar components are denoted by the same symbols as the superfields. Provided
that |S| < f is satisfied, S tends to the origin and ® and ® are settled on the flat direction
satisfying

PP = f2 with S =0, (2.31)

which makes the scalar potential (2.30) vanish. In the very early universe whose energy scale
is nearly the Planck scale, most of the scalar fields has field value comparable to the Planck
scale. So, we can say that ® has initially the Planck scale field value and S is stabilized
at the origin. Thus, hereafter, we can reasonanbly assume that the flat condition (2.31)
is always satisfied. Including the supergravity effects, the Hubble-induced mass terms are
added to the scalar potential [61] as

Vi = et H?|®|? + o H?|®|* + csH?|S|?, (2.32)

where c1, co and cg are numerical constants assumed to be real, positive and of order unity.
In addition, there also exist the low energy SUSY breaking terms,

Vin = mi|@|* + m3|®|* + m§|SP?, (2.33)
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where m1, mo and mg are soft masses of order of the gravitino mass. Because we are inter-
ested in the inflationary epoch, we neglect the low energy SUSY breaking mass terms and
the flat direction is lifted by only the Hubble-induced mass terms (2.32) and the minimums
of ® and ® are determined as

e\ /4 B o\ /4
y<1>|mm:<q) 7, |<1>\mm:<> 7. (2.34)

C2

Now, we decompose the complex scalar fields into the radial and the phase components
as

o = \290 exp(ify), @ = \}igp exp(if_). (2.35)
Then, along the flat direction, the massless direction is found as a linear combination of
the phases, 8 = (01 — 0_)/2. Without loss of generality, we can take ¢ > ¢ as the initial
condition and neglect the dynamics of ¢ in the early epoch [60], so we follow the dynamics
of only the complex scalar field ® = e /1/2 whose potential is given by

1
Vo = §CH2(30 - @min)2a (2.36)

where @i, is the potential minimum of ¢ given by (2.34) which is taken to be Ymin = f
hereafter. Note that since the mass is comparable to the Hubble parameter, ¢ rolls down
the potential somewhat rapidly during inflation.

In our model, the curvaton is defined as the phase component of ®. Note that since the
curvaton is well-defined canonically-normalized field only after ¢ reaches the minimum, we
denote it as 0 = f@. In order for the curvaton to have a mass, the U(1) symmetry should
be broken by some non-perturbative effect. Because the curvaton has a shift symmetry:
o+ 2w f = o, the potential should be periodic, so we choose a cosine form for it like an
axion illustrated in Fig 2.4:

V(o) =A* [1 — cos <c})] o~ %miaQ, (2.37)
where the second equality holds near the minimum o, = 0 and the curvaton mass is
defined as m, = A?/f. After the Hubble parameter becomes smaller than the curvaton
mass, the curvaton field starts to oscillate coherently with the initial amplitude o; = f6
and behaves as matter.

The curvaton decays when the Hubble parameter becomes equal to the decay rate of
the curvaton and the decay temperature of the curvaton is determined from the decay rate.
The interaction of the curvaton with its decay product is suppressed by f like an axion, so
the decay rate of the curvaton is characterized by the dimensionless numerical constant k
which should be smaller than unity:

2,3
K< my

Then, the decay temperature of the curvaton is derived as

—1/4
_ Gx 1/2
Tgec = 0.5 < 100) (T Mp)*/=, (2.39)
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Figure 2.4: This figure illustrates the curvaton potential in an axion-like curvaton model.

where g, is the relativistic degrees of freedom.

Let us consider the generation of the fluctuations of the curvaton in this model which
is illustrated schematically in Fig. 2.5. During inflation, the fluctuation of the angular
direction 6 is roughly given by 060, ~ Hins/@. at the horizon exit and it stays constant
on superhorizon scales. After ¢ reaches the minimum, the field value of the curvaton is
unchanged because the mass of the curvaton is much smaller than Hj,; and the fluctuation
of § can be identified with that of the curvaton as (see Appendix A) !

0. 1 (Huw
0 pu(k)o; < 2 )’ (240)

d,lnaosc(sa B 5£
dos oo

_
o

o=f
where 6; is the initial misalignment angle assumed to be 0; > Hi,s/ (27 f) in order for the
quantum fluctuations not to dominate over the classical value. ¢, (k) indicates the value of
© just when the scale k exit the horizon. From the above expression, the scale dependence
of the curvature perturbations sourced from the fluctuations of the curvaton is determined

by solving the equation of motion for ¢ during inflation. For the potential (2.36), it is given
by

o=f

¢+ 3Hintp + cHip(p — f) =0, (2.41)

and we obtain the following solution:

3 3 4

AN .

th A== —-4/1——c. 2.42
Y xe wi 5 2\/ 5¢ (2.42)

In order to realize the blue-tilted spectrum, the initial value of ¢ is required to be far
displaced from the minimum, so the solution (2.42) leads to . (k) oc k= for ¢ > f. This

yields the spectral index:
4
ng =4—34/1— g© (2.43)

!The fluctuations of ¢ also give a contribution to §6. However, it is small (suppressed by 6) and hence
can be neglected.
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Figure 2.5: This figure illustrates the angular fluctuation of the complex scalar field in an
axion-like curvaton model is illustrated. As the radial component approaches the minimum,
the angular fluctuation becomes large because the background value of the phase component
(which is the displacement from the global minimum) is unchanged.

which implies the extremely blue-tilted spectrum up to n, = 4 for ¢ ~ 9/4. Note that
the fluctuations of the curvaton which exit the horizon after ¢ reaches the minimum is
scale-invariant.

As a summary, we can express the power spectrum as

k Nng—1
Pecurv (ke) <k:> for k <ky

Pg,curv(kf) for k> kf,

PC,curv(k) = (2.44)

where ky corresponds to the scale exiting the horizon just when ¢ reaches the minimum f
and P¢ curv(kf) is calculated as

Pe.curv (k) = Pe.curv (kc) <]Zf>n1 = ( ] irézzn)f( 2?%)2 (2.45)

Note that, from the ¢, dependence of P¢ cury(K);

(k) )
Pecure (k) = P cure (ke) <(’; ((k))> for k < ky, (2.46)
one obtain the relation
2/(ng—1)
- kc(i*&%g) for k < ky. (2.47)

Domain wall problem Because we adopt the curvaton potential as a cosine function,
there are two minima, 8 = 0,27. If the quantum fluctuation of the curvaton field is large
enough to get over the maximum of the potential, domain walls are formed after the curvaton
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P

Figure 2.6: This figure schematically illustrates the power spectrum of curvature pertur-
bation in an axion-like curvaton model. ky is defined as the wave number corresponding to
the scale which exits the horizon just when ¢ reaches the minimum.

starts to oscillate and they induce the cosmological disaster. So, we must impose the
condition |7 — ;| > 6 to avoid the domain wall formation. Because the maximal angular
fluctuation is given by 00max = Hing/27 f, we obtain the condition to avoid the domain wall
formation as

0; <m—

2:; or 0; >m+ 5:;, (2.48)
which is shown in Fig 2.7.

Here we have derived the scalar potential in the frame work of supergravity. However,
we can build the model without supersymmetry if we start with the potential (2.30). The
Hubble induced mass terms (2.32) which are necessary for generating the blue-tilted power
spectrum can be obtained through couplings with the inflaton field. For example, suppose
that a scalar ¢ causes chaotic inflation and its potential is given by V() = Ag*. Then the
term like g?|®|? (g: small coupling) lead to the Hubble induced mass term for ® if we take
appropriate g.
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Figure 2.7: This figure shows the constraint on the initial angle to avoid the domain wall
formation. The red region is ruled out.



Chapter 3

Primordial blackholes from a
curvaton model

3.1 The standard description of the PBH

Primordial blackholes (PBHs) are expected to be formed through the collapse of highly
overdensity regions which are usually seeded by the primordial fluctuation. If the density
contrast smoothed over the horizon scale is larger than some critical value, &, this region
collapses into the PBH. Fig. 3.1 illustrates the criterion for the PBH formation. . is given
by w which is determined from the relation between the pressure and the energy density of
the cosmic fluid P = wp and it takes 1/3 in radiation dominated universe. This criterion
for the PBH formation is well confirmed by the numerical calculations [62-64].

According to the above PBH formation process, the mass of PBHs is as large as the
horizon mass at the formation time, which is given by

47 _ [ -1/2 Tform -
Mgy = —p, H™2 ~ 0.05M,
BH =577 005 O(100) GeV

Gx —1/6 kform -2
~1x108M, ,
100 Mpc?

where the subscript “form” represents the value at the PBH formation. (For example,
Ttorm is the PBH formation temperature and k¢, is the wave number corresponding to the
scale reentering the horizon at the PBH formation) It is also well known that light PBHs
evaporate into particles in thermal equilibrium with the Hawking temperature given by

(3.1)

hc3 MBH -1
Ty =— 1077 K 3.2
"= 887G Mpyks < Mo ’ (32)
and the lifetime of such PBHs is estimated as
hC4 MBH 3
T(M) ~ ~ 10% <> yT. (3.3)
GQM]_%H Mg

This means that the lifetime of those PBHs with mass Mg < 10'® g is shorter than the
age of the present Universe and such PBHs have completely evaporated by now. Here, we

17
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Figure 3.1: This figure schematically illustrates the criterion for the PBH formation. The
horizontal axis and the vertical axis represent the spatial coordinate and the local density
contrast smoothed over the horizon scale. Those regions where the density contrast exceeds
the threshold value shown as a dashed line collapses into the PBH.

are interested in PBHs which can account for the present CDM or seeds for SMBHs, so we
focus only on non-evaporating PBHs.

According to the PBH formation criterion in radiation dominated universe, PBHs can
be formed in those horizon-volume region satisfying 6(R) > d., where §(R) is the density
contrast smoothed over the horizon scale R which is expressed as

5(R) = /R Brs(x)W (x), (3.4)

where §(x) is the density contrast, dp/p, at a given spatial point x, W(x) is the window
function and we set §. = 1/3. So the probability for the PBH formation is expressed as

5-f§%§3)—ﬂmmamm&m, (3.5)

where p(d(R)) is the probability distribution function for §(R). Normally, the probability
distribution obeys the Gaussian statistics;

p(8)d6(R) = O*(R) >d6(R), (3.6)

T
Varo(R) T\ 202(R)

where o(R) is the smoothed variance over the horizon scale evaluated at the horizon reen-
tering (do not confuse it with the curvaton field value) defined as

© B3P(k) ~ o,  dk
R) = W=(kR)— 3.7
o(R) = [ ER T (37)
where P(k) is the power spectrum of density contrast and W (kR) is the Fourier transforma-
tion of the window function. Considering the top hat window function for example, which

is given by . A
W(x) = ;O(R - [x|) with V= ng’), (3.8)
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we obtain
~ 3 .
W(kR) = R [ — kRcos(kR) + sin(kR)], (3.9)

and for the Gaussian window function given by

W(x) = —— exp ( _ |X‘2> (3.10)

Vo 2
we obtain -
~ k
W(kR) = exp ( - 2R ) (3.11)

Assuming that the density contrast obeys the Gaussian distribution, the PBH formation
probability or initial energy fraction of PBH is approximated as

8 ~ o (M) exp [ - 18021(]\4)} , (3.12)

where M is the mass contained in the smoothing scale given by M = (47/3)pR3. Once the
initial abundance of PBH are determined, we can obtain the current density parameter of
PBH which has not evaporated by now;

. Mo\ /2
Qppph? = ZPBLeaqy 52 5 1078( 22 ) (3.13)
Ptot,eq MBH

where the subscript “eq” indicates the time of the matter-radiation equality and Q,, ~
0.13h~2 is the density parameter of matter component today.

Here, we show the relation between the density perturbation and the curvature per-
turbation. In the comoving gauge in which the curvature perturbation is expressed as R,
which coincides with ¢ well outside the horizon, the following relation is derived (see (B.36)
in Appendix B);

6(1 + w)?

Ps(k) = G+ 3w)2'P’R(k‘), (3.14)

at the time the scale k leaves the horizon [65]. Assuming the Gaussian window function
W (kR) = exp(—k*R?/2) and taking into account P ~ Pg on superhorizon scales, (2.44)
and (2.45), we can approximate the variance as

P (R) = S Pcure ) [(kB) D ((ng — 1)/2 3R + BRY)], (3.15)

where y(a,z) and E; are respectively the incomplete gamma function and exponential
integral function defined as
oo ,—t1

x
'y(a’x) = / ta_le_tdt, and El(.T) = / Tdt (316)
0 T

Then, if we write
0'2(]{771) = aPC,CuI‘V(k)a (3.17)

the numerical coefficient « is taken to be 0.1-4 as shown in Fig. 3.2.
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Figure 3.2:  The ratio of the smoothed variance of density perturbation to the power
spectrum of curvature perturbation are shown. The horizontal axis is the wave number
corresponding to the smoothing scale as k = R~! divided by k. This curve is independent
of ng.

3.2 Constraints on the abundance of PBH

3.2.1 Constraints from CDM density parameters

Here we briefly review the constraints on the abundance of PBHs, which is summarized
n [10]. Since we are interested in the PBHs which can contribute to the CDM, we focus
on the constraints on the non-evaporating PBH with mass Mgy > 10 g. First of all, such
PBHs must not overclose the universe, that is Qppn < QcpMm, which yields

_11( Mgu
<3x 107 ==
B<3x (M

1/2
) for Mgy > 10" g. (3.18)
O]

This is the most conservative constraint and a number of observations have further con-
strained the PBH abundance as briefly summarized below.

3.2.2 Constraints from microlensing

If the dark matter is made of massive compact objects, it induces the gravitational lensing
with an optical depth of order 1079, which is called microlensing [66]. In particular, as the
massive compact halo objects (MACHOs), including PBHs, move through the Milky Way
halo, they may pass near the line of sight to a star from us, causing the magnification of
the observed flux. So, the microlensing is a powerful tool to search for the dark matter
existing in the Milky Way haloes. Actually, the microlensing surveys of stars in the Large
and Small Magellanic Cloud (LMC and SMC) such as MACHO and EROS survey have
been performed for many years and ruled out the MACHO CDM including the PBH CDM
as dominant component of the CDM in the mass range 6 x 10° g — 6 x 103* g (3 x 1078 M, —
30Mg) [67-71]. In addition, the recent microlensing survey by the Kepler satellite, which is
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mainly aimed to finding the extra-solar planets [72,73], have also succeeded to constrain the
PBH CDM [74-76]. Thanks to the high precision photometry of the Kepler telescope, we
have obtained the more stringent constraint than previous microlensing observations. As a
result, it have found that PBHs in the mass range 4 x 10?4 g — 2 x 10%6 g (2 x 1079M, —
107" M) cannot be the dominant component of the present CDM.

3.2.3 Constraints from accretion

After matter-radiation equality, sufficiently massive PBHs begins to capture the surrounding
gas and injects some energy into CMB by producing X-rays, which results in changing
the recombination history affecting the CMB temperature anisotropy observed today and
inducing the y-type spectral distortion of the CMB spectrum from the Planck distribution
[77]. For example, the Thomson scattering optical depth may possibly become 7 ~ 1 due
to the X-ray ionization from PBH accretion, which is inconsistent with the Planck result,
so the PBH abundance is severely constrained in some mass range. In addition, the FIRAS
spectrometer on the COBE satellite have set the upper limit on the comptonization y
parameter which is defined in terms of the energy density injection AU and background
energy density of CMB U as AU/U = 4y, that is y < 1.5 x 107> at 95% confidence
level [78,79]. Combining the above two constraints, we are able to constrain the abundance
of the PBHs with 2 x 1032 g — 2 x 10* g (0.1M < Mpy < 108My).

3.2.4 Constraints from stars

At the time of star formation, i.e. z < 10, PBHs may be captured by the gravitational
potential created by stars and may continue to live there even after the stars evolve into
the compact remnants like the neutron stars (NSs) or the white dwarfs (WDs). Since
baryons can contract by non-gravitational force, which develops the very steep gravitational
potential, surrounding PBHs are pulled into a center of the potential and eventually trapped
near the core of the NS or WD. The recent work [80] suggests that, in such a situation, PBHs
may destroy such NSs or WDs by accretion, so we can constrain the abundance of PBHs
since we actually have observed NSs and WDs. They have shown that the observations of
NSs and WDs in globular clusters constrain the PBHs with mass 10'¢ g > Mpy > 10%! g
and 10%! ¢ > My = 3 x 10?2 g respectively. In these mass range, PBHs cannot be the
dominant component of the dark matter.

The direct capture of surrounding PBHs by NSs can also be possible and NSs can also be
destroyed, which can put more stringent limits on the PBH abundance [81,82] Considering
a close encounter of a PBH and a NS, the PBH loses its initial energy, which becomes the
gravitationally bound energy. Following ref. [82], the energy loss is estimated as

Mpu 2v (#\"7"/ Rxs \'"
AFE = — 3.19
RNS 1—n (4) MBH ( )

where Ryg is the radius of the neutron star which we take 12 km as a typical value, n is a
parameter of the polytropic equation of state of stars defined via p o p1+1/ ™ which we take
n = 1/2 and ~ is order unity constant taken here to be v = 1. From this, an upper bound
on the dark matter fraction in PBHs can be calculated as

QpeH Mpyo,(1 — QGMNs/RNs) (1 ~exp ( B 3AF )>—1
Qcpm 2v/67mtns Mns Rxsppum Mgno? ’

(3.20)
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Figure 3.3:  An upper bound on the dark matter fraction in PBHs from the neutron
star. We have taken ppy = 10 GeV cm™3 (solid red), 102 GeV cm ™2 (dashed green) and
1 GeV em™® (dotted blue) and o, = 100 km s™! (thick lines) and 10 km s~* (thin lines).
The small-dotted magenta line show the upper bound from the Kepler satellite.

where Myg and tng are respectively the mass and the lifetime of the neutron star which
are taken to be 1.4My and 10'° yr and ppy and o, are the energy density and velocity
dispersion of dark matter. Fig. 3.3 shows an upper bound on dark matter fraction in PBHs.
We can see that, if we take ppy ~ 10* GeV em™ and o, ~ 10 km s™!, there are no allowed
region in which the PBH is the dominant dark matter component. However, the constraint
is sensitive to the dark matter density and the velocity dispersion which are quite uncertain,
so the PBH can be still a viable candidate for the dark matter.

3.3 PBHs as seeds of supermassive blackhole

Another motivation to consider the PBH is the existence of supermassive blackholes (SMBHs)
at the center of galaxies [83,84]. The observation of quasars (QSO) reveals that the SMBHs
with mass Mpy ~ 10° M exist at the redshift z ~ 6 [85]. Because the mass of the SMBH
is roughly 9 orders magnitude larger than the stellar mass object, it is very difficult to ex-
plain these blackholes within the purely astrophysical mechanism, so we should rely on the
primordial origin. However, it is also very difficult to provide such heavy PBHs because we
need the PBH formation temperature to be Tiorm S 1 MeV and large density perturbation
on scales korm < 10 Mpc_l. Actually, such a situation is ruled out from the constraint on
the CMB spectral distortions due to photon diffusion [86] by the COBE/FIRAS observa-
tion. It is known that the energy of the small scale density perturbation is dissipated into
CMB photons via diffusion damping and diffusion damping scale is given by

k'~ 2.5 x 10°(1 + 2)~%/2 Mpe. (3.21)

After the double Compton scattering become ineffective at zpc ~ 2 x 109, then, CMB pho-
tons with k < kq(2pc) ~ 10% Mpc~! receive the energy injection from the small scale fluc-
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tuations, which results in the pu-type CMB spectral distortion parametrized by the chemical
potential ;1 and constrained by the COBE/FIRAS observation to be |u| < 9 x 1075 [78,79].
In this situation, the calculation for p contains the integral of the power spectrum of the
photon energy density, [ d3kP7(k) where P, (k) is decomposed into the power spectrum of
the primordial perturbation and diffusion damping factor, e~ (*/ ka)* Because very large
primordial perturbations on scale kg, are necessary to form PBHs, ki > kg should
be satisfied not to yield too large u. Thus, from the relation (3.1), My < 105Mg must
be satisfied from kform > kq(2pc), which seems to be too light to explain the supermassive
blackholes. However, PBHs can accrete and grow in the universe filled with the dark energy
fluid or quintessence field with equation of state p < —1/3p [87,88] and PBHs with mass
10* — 105M;, can be seeds for the supermassive blackholes [89)].

3.4 PBH formation from an axion-like curvaton model

Here, we consider the PBH formation from an axion-like curvaton model introduced in
the previous chapter based on the paper [90]. First of all, we show the energy density
fraction of PBH in terms of P cyry in Fig. 3.4(a) in the case of @ = 1 (solid red line)
and o = 0.1 (dashed green line). The dotted blue line (the small-dotted magenta line)
corresponds to the upper limit in the case of Mgy = 1027 (10'7) g, which comes from the
current observation of the CDM density. In order for PBHs to be the dominant component
of dark matter as an imaginary situation, the required value of curvature perturbation is
Peeury ~ 2% 1073 (2x 1072) for o = 1 (0.1). Substituting (2.22) and (3.17) into (3.12) and
taking p(k) ~ f, the constraint (3.18) is rewritten in terms of Hi,¢/(f€) shown in Fig. 3.4(b).
In this figure, the thick (thin) solid red line corresponds to rp =1 and o =1 (0.1) and the
thick dashed green line corresponds to rp = 0.1 and o« = 1. The breaking point of each line
corresponds to the point at which the quantum fluctuation of the curvaton, do = Hiy¢ /2,
becomes f. If Hine/2m > f, the amplitude of the quantum fluctuations of S overtakes the
critical value f, which invalidates our underlying assumption (2.31). From Fig. 3.4(b) we
need rp ~ 1 and f0 ~ Hj,r to account for the present dark matter abundance.

For rp > 1, PBHs can be formed after the curvaton starts to dominate the universe. The
PBH formation in matter dominated universe is discussed in [91,92] and the initial energy
fraction of PBH is estimated as 8 ~ 2 x 1072¢'3/2(M). We have found P; ~ 2 x 10~* and
f0 ~ 10H;,¢ to explain the present dark matter abundance as shown in Fig 3.5. We also
note that there is a non-negligible effect from the non-Gaussianity in the case of rp > 1. In
such a case, the non-Gaussianity parameter fyr, becomes negative and the resultant PBH
abundance becomes too small to be the dominant component of the CDM [93].

Now let us estimate the mass spectrum of PBHs in the present model. This is especially
impotent for SMBHs since, taking into account the merging and accretion events prior to
the formation of SMBHs and constraint from the CMB distortion, the mass spectrum of
primordial seeds of SMBHs is required to have a sharply peaked shape [89]. With R = k1
and Eq.(3.1) we rewrite the smoothed variance (3.15) in terms of PBH masses as

8 M\ D2 1M M
2 _° f o BH BH

where My is the mass of PBH formed when the scale k; enters the horizon. Using (3.22),
we can calculate the mass function, which is defined as the number of PBHs per comoving
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Figure 3.4: The energy density fraction of the PBH at the formation is shown. The
horizontal axis correspond to P¢ curv in Fig. 3.4(a) and Hiue/ f0 in Fig. 3.4(b). In Fig. 3.4(a),
the solid red line and the dashed green line correspond to a« = 1 and o = 0.1 respectively.
In Fig. 3.4(b), the thick (thin) solid red line corresponds to rp =1 and a = 1 (0.1) and the
thick dashed green line corresponds to rp = 0.1 and o = 1. Breaking point of each line in
Fig. 3.4(b) corresponds to do /o = 1. The dotted blue line (the small-dotted magenta line)
corresponds to the upper limit in the case of Mgy = 1027 (10'7) g, which comes from the
current observational value of the CDM density parameter : Qcpym = 0.23.
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Figure 3.5: The energy density fraction of the PBH at the formation is shown. The
horizontal axis correspond to P¢ curv in Fig. 3.5(a) and Hiue/ f0 in Fig. 3.5(b). In Fig. 3.5(a),
the solid red line and the dashed green line correspond to = 1 and o = 0.1 respectively. We
have taken rp = 10 for both figures. Breaking point of each line in Fig. 3.5(b) corresponds
to do /o = 1. The dotted blue line (the small-dotted magenta line) corresponds to the upper
limit in the case of Mpy = 1027 (10'7) g, which comes from the current observational value
of the CDM density parameter : Qcpy = 0.23.
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volume whose mass range is My ~ Mpu + dMpmu, as [94] : (see appendix C)

dnpga 1P$0m(tf)< My >1/2 B(Mgn)
Mgn o?(Mgpn)’

dln 0'2(MBH)
dln MBH

dMgg 187 M2y

(3.23)

where pf°™(t¢) is the radiation energy per comoving volume when the scale k¢ enters the

horizon and B(Mpp) is the density fraction of PBH whose mass is Mpy. Since we assume
that PBHs are formed after the curvaton decays, the mass spectrum has the lower cutoff
M yin, which corresponds to the mass of PBH formed just after the curvaton decays.!The
mass spectrum of PBHs is shown in Fig. 3.6(a). The solid red and dashed green lines corre-
spond to Muyin/My = 1078 and Mpyin /My = 1073 respectively and they are normalized by
the their own peak values. The mass spectrum depends only on M, and it is independent
of ny. It is clear that the dominant contribution to the energy density of PBHs comes from
the smaller mass PBHs, so the constraint on the initial PBH abundance should be applied
to the PBHs with Mp,,. In particular, for My, /My = 1078, it is seen that the number
of PBHs with mass larger than ~ 1074 M 7 decreases drastically. This is due to the sudden
decreasing of a, which implies the sudden decreasing of (M), for k < 10%k¢ (see Fig. 3.2).
Thus we can obtain a very narrow mass spectrum by tuning M, /M t as 1073-102, which
is required to explain SMBHs.

Critical collapse So far, we have considered that the PBH mass is equal to the horizon
mass at formation. It may be true only if the smoothed variance of density perturbation
is much lager than the critical density, d.. However, in most cases, the PBH formation
occurs near the critical value, so we should consider the critical phenomena in gravitational
collapse [62,63,95]. Here let us consider the effect of critical collapse. Numerical simulations
show that the mass of PBH obeys the scaling relation [62]:

Mpy = KMy(5 — 68.), (3.24)

where My is the horizon mass and v, K and J. are numerical constants which are in the
range 0.34 < v < 0.37, 24 < K < 11.9 and 0.67 < 6. < 0.71 respectively. Assuming
the Gaussian probability distribution function for density perturbation smoothed over the
horizon scale at reentering, the probability of PBH formation with mass Mgy is given by

N S [_ (Jc + (Mpn/K My)'/7)?
T Varo(My) ¥ 202(Mp)

Then, PBH mass spectrum is calculated as

p(6(Misy))ds( M) ]dé(MBH). (3.25)

dnpgu _ /2 Peom 1 ( Mpn >1/7 [_ (6c + (Mpp/K My)'/7)?

N e 3.26
dMgy ™ M3y o(Mu)y \ KMy 202 (Mp) ] ’ (320)

which is shown in Fig 3.6(b). This figure shows that the mass spectrum is slightly broadened
but they do not conflict with the requirement for the SMBH formation.

! PBH formation before the curvaton decays in radiation dominated universe may also be possible. In
such a case, however, Ps is suppressed through the factor (p,/p-)? at the formation. Since the number of
produced PBHs is very sensitive to Ps and exponentially suppressed for small Ps, the number of those PBHs
produced before the curvaton decay may be negligibly small. Thus, even if we include the above effect, the
mass spectrum (Fig. 3.6) may slightly spread around the cutoff and nothing is affected in our discussion.
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Figure 3.6: The mass spectrum of PBH, dnppy/dMpy, is shown. In Fig 3.6(a), PBH mass
is assumed to be horizon mass at formation and the solid red line and dashed green line
correspond to Myin /M = 1078 and M, /M ;= 1073 respectively and they are normalized
by the their own peak values. They are independent of n,. In Fig 3.6(b), the critical
phenomena is taken into account and we fix the horizon mass to be 1078M (solid red) and
1073M; (dashed green). We have taken v = 0.37, K = 11.9 and J. = 0.7 and each line is
normalized by the value at Mgy = 0.6 My in Fig 3.6(b).
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Now, we investigate the parameters allowing the formation of PBHs which eventually
contribute significantly to the CDM. We also impose several conditions to build the viable
scenario, which are listed below.

e Going back to the time when the pivot scale k, = 0.002 Mpc~! leaves the horizon, ¢
should be smaller than the Planck scale. The value of ¢ at that time (¢(k,) = ¢p) is
easily calculated as

k (na—l)/2
op = (,j) f. (3.27)
P
Combining this with the second equality of (2.45), we obtain
k’c 27‘(77) > Hinf
=(-— . 3.28
v (kp) (4 + 3r(n) 271'91‘772/2 ( )

which is shown in Fig 3.7. Imposing ¢ < Mp, we obtain an upper bound on the
Hubble parameter during inflation:

k —(no—1)/2
Hmf<2<”ff”/2103("0“)/201-Mp< : ) . (3.29)

Combining this with the constraint from the tensor-to-scalar ratio [96], Hiys < 5 X
10~°Mp, we get
Hine < min [ 200=1D/2107300 D29, 015 5 % 107°Mp ], (3.30)

where we set k. = 1 Mpc™!.

e The mass of PBHs formed when the scale k; reenter the horizon, My, is calculated
with use of (2.23),(2.44) and (3.1). Since M is larger than the minimum mass of
PBHs, we obtain the following condition:

Tk N2 Pr e (ky)\ "X (D
Min Mr=2x1 46-12/(no—1) G+ c Ceurv R f
< M =20 &\ 100 Mpc~! 2% 103

31)

e The curvaton should decay before the Big Bang nucleosynthesis (BBN), that is Tgec >
1 MeV. From (3.1), the minimum mass of PBHs is related to Tye. as

—-1/4 26 1/2
9« 10" ¢
Tiee ~ 1 x 10° GeV . 3.32
dec = 5 X ¢ (100) < Mo ) (3:32)
Hence the minimum mass of PBHs is constrained as
p ~1/2
Mipin S 1% 108 g<10*0> : (3.33)

which is combined with (3.31) and we get
Mipin S min [ 2 x 1016712/ (e=1) g1 % 1038 g ], (3.34)

where we set g, ~ 100, k. = 1 Mpc~! and Peeurv(kf) =2 x 1073,
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Figure 3.7:  This figure shows the value of ¢ when the pivot scale leaves the horizon
(p(kp) = ¢p). Solid red (dashed green) line corresponds to n, = 2 (3) and thick (thin) line
corresponds to rp =1 (0.1).

e The reheating temperature is also constrained. In the case of I'y < m,, from (2.13)
and (3.32) we obtain

1026 1/2 M 2
Tr ~ 6 x 10° Gev< 0 g) < P), (3.35)

M, min H inf

where we take f ~ Hiy, rp ~ 1 and g, ~ 100. In the case of I'y > m,, on
the other hand, we get the similar relation by simply replacing Tr with Tys.. The
reheating temperature or the curvaton oscillation temperature is constrained from the
inequality (3.30).

We show the parameter space allowing for the PBH to take a role of the dominant
component of the CDM in Fig. 3.8 in the case of I'y < my and k. =1 Mpc~t. The allowed
region is inside the respective contours. The dashed-and-dotted-cyan line is the lower limit
on the PBH mass, which comes from the current upper limit on the tensor-to-scalar ratio.
For the PBH to take a role of the dominant component of the CDM, we need the somewhat
high reheating temperature T > 102 GeV.

Then, we investigate the allowed region of our model parameters, f and m,, in which the
current dark matter density can be explained by the PBH. The allowed parameter region
becomes much narrower than Fig. 3.8 if we take into account the decay rate formula (2.38).
The relation between the decay temperature of the curvaton and PBH mass given by (3.32)
is rewritten as

Fo1x 104 Gev s Mmin v - )" (3.36)
- Y F 102 g 106 GeV ’ ’

which constrains the interesting region in f — m, plane when 10%° g < My, < 10?7 g is
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Figure 3.8: The allowed parameter region in which PBHs can contribute to the CDM in our
model is shown. The allowed region is inside the respective contours. The dotted-blue line
and the solid-red line correspond to the boundary in the case of n, = 3 and 2 respectively.
The dashed-and-dotted-cyan line is the lower limit on the PBH mass coming from the upper
limit on the tensor-to-scalar ratio. We have taken r =1 and § = 1.

imposed. In the case of ms > I'y, (2.13) is translated into the following inequality :

1/3
me
f Z 1 x 1014 GeV K'/l/g (106Ge\/> 5 (337)

where we set 0 = 1 and g, ~ 100. In the case of m, < I'y, on the other hand, the relation
from (2.12) becomes approximately same as (3.37) but replacing = with ~. Moreover, the
constraints (3.30) is trivially translated into upper bound on f by simply replacing Hipn¢
with f6. The constraint (3.34) is rewritten as

M. \"*/ m 3/2
18 c o
F<1x10" GeV m<1034 g) (106 GeV> : (3.38)

where M, is defined as the right-hand-side of (3.34).

We summarize the above constraints in Fig. 3.9(a) and Fig. 3.9(b) forrp = 1 and n, = 2.
In the case of m, > I'y, the conditions (3.37) and (3.38) correspond to the region inside
the thick solid-red (dashed-green) lines for x = 1 (0.01). In addition, it must be below the
thick (thin) dashed-and-dotted-cyan lines corresponding to the upper bound of the PBH
mass, 1027 g for k = 1 (0.01). Thus, the allowed parameters are inside the yellow shaded
regions. In the opposite case, m, < I'y, allowed parameters are on the lower boundary of
these regions. From these, it is found that f and m, must be f ~ 5 x 103 — 10! GeV,
My ~ 5 x 10° — 10® GeV and A ~ 10'° — 10! GeV to explain the current CDM abundance.
Similar results were found when we considered the PBH formation in the matter (curvaton)
dominated era. For example, setting rp = 10 and same parameters as those we have taken
in Fig. 3.9, we found the parameter space shown in Fig. 3.10.
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Figure 3.9: The allowed regions for the PBH to contribute to the CDM in f —m, plane and
f — A plane are shown. Inside the thick solid-red (dashed-green) lines, the conditions (3.37)
and (3.38) are satisfied for k = 1 (0.01). The thick (thin) dashed-and-dotted-cyan lines
corresponds to the upper limit which comes from the maximum mass of PBH dark matter:
Mgy = 10%7 g for k = 1 (0.01), so the allowed parameters are inside the yellow shaded
regions. The thin small-dotted magenta lines correspond to Mgy = 10%° g for x = 0.01.
We have taken rp =1, ny, = 2 and # = 1 and assumed m, > I'; in both figures.
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Figure 3.10: The allowed regions for the PBH to account for the CDM in Mpy — Tk plane
and f —m, plane are shown in Fig. 3.10(a) and Fig. 3.10(b) respectively. In Fig. 3.10(a), the
allowed region is inside the solid-red line (the dotted-blue line) for n, = 2 (n, = 3) and the
dashed-and-dotted-cyan line (small-dotted-magenta line) corresponds to Mgy = 10°Mg
(10*Mg). In Fig. 3.10(b), inside the thick solid-red (dashed-green) lines, the conditions
(3.37) and (3.38) are satisfied for K = 1 (0.01). The thick (thin) dashed-and-dotted-cyan
lines corresponds to the upper limit which comes from the maximum mass of PBH dark
matter: Mpy = 1027 g for k = 1 (0.01), so the allowed parameters are inside the yellow
shaded regions. We have taken rp = 10 and = 1 in both figures and n, = 2 in Fig. 3.10(b).
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Another outcome of our model is the possibility of explaining the seeds of SMBHs. The
initial mass fraction of PBHs as seeds of SMBHs is constrained by the observed comoving
number density of QSOs: anqso =~ (6 4 2) x 107% Mpc™ [85]. The comoving number
density of PBHs is given by

~1/4
a*nppy ~ 6 x 10183 Mpc ™ <g*> < (3.39)

so, compared with a3ano, [ is estimated as

1/4 3/2
—921 gi MBH
B~ 2x10 <10> <105 M@) . (3.40)

Since a quite large mass and a narrow mass spectrum of the PBH are needed to explain the
SMBH, we set Myin ~ My which leads o ~ 0.1, Hine/f0 ~ 2 and P¢curv(kyp) ~ 1 X 1072.
Then the parameter space is constrained by the same way as those of the PBH dark matter
case and we summarize it in Fig. 3.11 and Fig 3.12 for rp = 1 and rp = 10 respectively.

In Fig. 3.11(a) and Fig 3.12(a), the allowed region is inside the solid-red line (the dotted-
blue line) for n, = 2.5 (n, = 2.75). The dashed-and-dotted-cyan line (the small-dotted-
magenta line) corresponds to Mpy = 10°Mg (10*My), on which the SMBH is explained
by the PBH. In Fig. 3.11(b) and Fig. 3.12(b), the allowed region is inside the solid-red line
(the dashed-green line) for x =1 (0.01). The thick (thin) dashed-and-dotted-cyan line and
small-dotted-magenta line correspond to Mgy = 10° My and Mgy = 10* M, respectively for
k=1 (0.01). We found that our model can provide the seeds of SMBHs for T 2> 10° GeV,
f ~ 102 GeV, my ~ 0.5 — 100 GeV and A ~ 10% — 107 GeV.

It is clear that the dark matter and SMBHs cannot be explained by single curvaton
because the mass spectrum of PBH has peaked shape, so we need multiple curvaton field
to explain them. Fortunately, various axion-like particles often appears in particle physics
theories. One of them may be the curvaton which is responsible for SMBHs and another may
explain the present dark matter. In addition, another axion field can play a role of the usual
QCD axion which solves the strong CP problem. If the Peccei-Quinn scale f, is ~ 10'? GeV,
the QCD axion can account for the dark matter of the universe. The coincidence of two
independent scales f ~ f, ~ 102 GeV may be very interesting. Furthermore, it is pointed
out that the axion dark matter is a good candidate consistent with the presence of the
primordial SMBHs [57]. The required scale A ~ 106 — 107 GeV is coincide with the SUSY
breaking scale when it is mediated by gauge interactions, which suggests that the dynamics
generates the curvaton mass may be related to physics of SUSY breaking.
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Figure 3.11: The allowed regions for the PBH to be the seed of the SMBHs in Mpy —
Tr plane and f — m, plane are shown in Fig. 3.11(a) and Fig. 3.11(b) respectively. In
Fig. 3.11(a), the allowed region is inside the solid-red line (the dotted-blue line) for n, = 2.5
(n, = 2.75) and the dashed-and-dotted-cyan line (small-dotted-magenta line) corresponds
to Mpy = 10°My (10*My). In Fig. 3.11(b), the allowed region is inside the solid-red
line (the dashed-green) and the thick (thin) dashed-and-dotted-cyan line and small-dotted-
magenta line correspond to Mpy = 10°My and Mpy = 10*M,, respectively for x = 1
(0.01). We have taken rp =1 and 6 = 1 in both figures and n, = 2.75 in Fig. 3.11(b).
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Figure 3.12: The allowed regions for the PBH to be the seed for SMBHs in Mpy — T plane
and f — m, plane are shown in Fig. 3.12(a) and Fig. 3.12(b) respectively. In Fig. 3.12(a), the
allowed region is inside the solid-red line (the dotted-blue line) for n, = 2.5 (n, = 2.75) and
the dashed-and-dotted-cyan line (small-dotted-magenta line) corresponds to Mpy = 10° M,
(10*My). In Fig. 3.12(b), the allowed region is inside the solid-red line (the dashed-green)
and the thick (thin) dashed-and-dotted-cyan line corresponds to Mgy = 10°Mg, for x = 1
(0.01). We have taken rp = 10 and 6 = 1 in both figures and n, = 2 in Fig. 3.10(b).
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Chapter 4

Gravitational waves from a
curvaton model

In this chapter, we consider the scalar induced gravitational waves in curvaton models
with blue-tilted power spectrum of the curvature perturbation. We begin by the basics
on gravitational waves, and then we briefly explain the scalar induced gravitational waves.
Finally we show the resultant spectrum of the gravitational waves in our models and discuss
the detectability by future detectors.

4.1 Basics on gravitational waves

4.1.1 Power spectrum of the gravitational waves

The stochastic background of the gravitational waves are described by the tensor metric
perturbation, h;j(x,7), satisfying trace-free (hi = 0) and transverse (9'h;; = 0) on the
spatially flat FRW metric, which is given by

ds* = a®(n)[ — dn® + (65 + hyj)dz'da’]. (4.1)

Conventionally, the Fourier transformation of the tensor metric perturbation is defined as

3 .
puen) = [ e i n)ess 00 + i (n)e; 00, (12)

where e;;(k) and e (k) are two polarization tensors defined in terms of two orthonormal

basis vectors, e;(k) and €;(k), orthogonal to k as

e ) = 5 e, (9 (19,09 45)
) = = [es(k)e; () + (e, (k). m

V2

Then, the power spectrum of the tensor metric perturbation is defined through

7.[.2
(hic(mhp(n)) = %5”53& +p)Ph(k,n), (4.5)

where r and s are either + or x and we obtain the total power spectrum as Py = 73;[ +73hx.

37
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4.1.2 The power spectrum of primordial tensor metric perturbations

The dynamics of the spacetime is governed by the Einstein-Hilbert action given by

_ 1 3
S = e /dnd v/ —gR. (4.6)

Substituting our metric with tensor metric perturbations into the Ricci scalar and keeping
up to the second order, we obtain the action for the tensor metric perturbations without
source terms,

1 =r v ij
S = m /dnd?’x\/ —g[ - g“ auhijal/hj]7 (47)

where g, is the background FRW metric and g is its determinant. By varying h;;, the
evolution equation for GW is derived as

hi; + 2Hhi; — V?hij = 0. (4.8)
Further, by substituting (4.2) into (4.7), we obtain
2
a T T T 1,7
S =3 [ dndhgy G R 07 K (4.9)
If we redefine hy as
=2 pr (4.10)

Vi6nG ©

and after integration by parts, the action (4.9) yields the so called Mukhanov action form,

"

S = Z / dnd?’k% [(ﬁ;)'(ﬁtk)’ — <l<:2 + O;) hyh" k} : (4.11)

which implies that Ay is a canonically normalized field. Hereafter we regard hy as quantum

fields, le] The conjugate momentum is given by

) = (W), (4.12)

which is assumed to be satisfied the equal-time commutation relations,

(g (), 7 ()] = #6725 (k — ) (4.13)

A~

(g (n), B ()] = [F(m), 7 ()] = 0. (4.14)

Since hj, is Hermitian, we can express it in terms of the c-number mode functions hy(n);

() = hi(n)ag + hi(n)a’, (4.15)

where a;. and dg are creation and annihilation operator respectively satisfying the commu-
tation relations

g, ag) = 6760 (k — K, (4.16)

i, 4] = [ay , ayy] = 0. (4.17)
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The equation of motion for the mode function is derived as

hy + <k2— 22>hk =0. (4.18)
n
Imposing the initial condition as
- e~ tkn
ngrlaoo hy = T (4.19)
and the subhorizon (|kn| > 1) solution is given by
~ e~ tkn 1
hi(n) = Ton (1 - k‘n) (4.20)
To compute the power spectrum, we consider the following vacuum expectation value,
(Ol ]0) = <1 + 1> (4.21)
2k k2n?
and connecting it with the definition of the power spectrum (4.5), we obtain
P =Py = <Hi“f>2 (4.22)
M2\ 27 ),

where * denote the value at the horizon exit.
Adding the contributions from two polarization modes, the power spectrum of total
tensor metric perturbation is given by

+ X 2 Hi2nf

Pr =Py (k) + Py (k) = w2 M2 (4.23)

and the tensor-to-scalar ratio is

Py(k) 2 H2, 1
= = — mt = 16 . 424
TR TR MER (424)
Rewriting this as
1/2 P 1/2
Hips =~ 3.4 x 107 Mp [ —— e 42

r 3.4 x 10 P<0.1> <2.4><10—9> ’ (4.25)

we obtain the upper bound on the Hubble parameter during inflation as Hiys < 3 x 1075Mp
from the observational constraint on the tensor-to-scalar ratio, r < 0.1.

4.1.3 The energy spectrum of gravitational waves

Next, we derive the energy density and energy spectrum of GW. The energy momentum
tensor is given by

oL _
T/,Ll/ = _2(Sgﬁ + g;LV‘C (426)
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where L is the Lagrangian density. Substituting the Lagrangian density of the tensor
metric perturbation, we obtain the energy density of the GW which is defined as the (0,0)
component of the energy momentum tensor,

1

paw = —T = T [(hi;)? + (Vhij)?] (4.27)

which has vacuum expectation value,

k3 |h;€(”)’2+k2‘hk(”)|2(1k
pew|0) = — —. 4.2

In order to discuss the amount of the present gravitational wave background at the present,
it is useful to introduce a density parameter of gravitational waves within the logarithmic
interval of wavenumber which is given by

1 d{0[pcaw]|0)
Q k,n) = 4.29
GW( 777) pcr(T/) dln k ) ( )
where p., is the critical density and it leads to
87G K R (n)|* + k% hi(n)?

 3H(n) 2 a?(n)

Taking into account both +-mode and x-mode, this is related to the power spectrum of the

tensor mode as )

In particular, focusing only on those gravitational waves generated before the matter radi-
ation equality, Qgw today is calculated via

——Pn(k,n). (4.31)

K,

QGW(k) 67—[2( )

— 5~ Pk, 1), (4.32)

where ), ~ 4.8 x 107 is the density parameter of radiation today, and a subscript x denotes
a certain time after the amplitude of the gravitational wave, |hy|, starts monotonically to
decrease as 1/a on sub-horizon scales during radiation dominated era.

4.2 Scalar-induced gravitational waves

4.2.1 Power spectrum of the gravitational waves with a source term

Here, we formulate the gravitational waves induced by the scalar metric perturbations
and anisotropic stress at second order. The time evolution for the metric perturbations is
described by the Einstein equation and that for h;; is given by

b + 2HR — Vhig = —AT, " Sim, (4.33)
where ’7:]»“”’" is the projection tensor which projects any tensor into the transverse trace-free

one and S;; is the scalar induced source term which is given later. Using the polarization
tensors, (4.16) and (4.17), the projection tensor ’Ejlm is defined via

~ 3 .
T Spm = / (Qi)lg/ze*x[e;;(k)e“m(k)+efj(k)ele(k)]Slm(k, n) (4.34)
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where S;;(k,n) is the Fourier transformed component of S;j(x,7n). Thus the evolution
equation for the Fourier transformed component of h;; is derived as

Ry 4 2Hh + k*hye = S(k,7), (4.35)

where S(k,n) = —4€!™S},,(k,n). Note that, here and hereafter, we omit the polarization
indices + or x on hyx and S(k,7n). Now we solve Eq. (4.35) by using the Green’s function
method. The solution is found to be

hne(n) = —— [ dia(@)gw(n: Sk, 7
) = 2 / fia()gie(; 7)S (k, 7). (4.36)

where gi(n,7) is the Green’s function which is defined through

"

G ) + (k? - ”))gkm;ﬁ) — 5n— ). (4.37)

a(n)

In particular, the Green’s function is given by

gl ) = =gy (1.39)

in radiation dominated era and

gk(n; ﬁ) — (k27777 + 1) Sin[k(ﬁ — ﬁ]zlsn_ﬁk(n — ﬁ) COSWW — 77)]

0(n—1) (4.39)

in matter dominated era. Then, the power spectrum is formally calculated through

(hae(n)hp(n)) = (}7) / " dia(in) gi(n: i) / " diiga(ii2)gp (: 22) (S (k. 1) S (b, 72))
7T2
- %53& +p)Palk,m). (4.40)

In the following, we calculate the power spectrum with two kind of source terms; scalar
metric perturbations and anisotropic stresses, and then, we will apply these formalism to
the curvaton models and discuss the detectability by the future gravitational wave detectors.

4.2.2 Source terms for gravitational waves

In the first order perturbation theory, the right hand side of (4.33), S;;, is zero when
the anisotropic stress does not appear in that order. However, once the second order
contributions are included, it induces non-zero S;;. In the curvaton scenario considered
here, we have two contributions to the source term at the second order; one is coming from
the scalar adiabatic curvature perturbations and another is the anisotropic stress due to
the kinetic term of the curvaton before the curvaton decay. In this subsection, we discuss
these two sources separately.
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Second order adiabatic curvature perturbations
Following the literature, let us consider the scalar metric perturbations in conformal-
Newtonian gauge which is described as

ds? = a*(n)| — (1 +2®)dn* + (1 — 2W)6;;dx"da? |. (4.41)

At the second order, the source term induced from the above scalar metric perturbations
can be written as [97] (see also appendix D)

Sip = —20,00;,® — 1 20;(¥' + HP)9;(®' + H®), (4.42)

where we have assumed that the first order anisotropic stress is zero and it leads to ® = V.
Then, S®(k), which appears in the right hand side of the evolution equation for the Fourier
transformed component of h;;, is calculated through the convolution of two Fourier modes
as

S®(k,n) = —4e" (k) Sy, (k1)

A3k - -
—4 / Welm(k)klkm 3P ()P () (4.43)
+”Hq>;<( n)®y_ 1}(77)4'%(1);'((77)(1);,[{(77) :

Let us consider the evolution of ®. The gravitational potential in conformal-Newtonian
gauge, ®, is related to the curvature perturbation on uniform density slicing as [98,99] (see

also appendix B)

H. 6450 2423
PSS L P o il 444
(=Y T Y e (444)

where r is the ratio of the energy density of the curvaton to that of radiation defined in the
previous chapter. Note that in the curvaton mechanism @ # 0 before the curvaton decay
even on the superhorizon scales. Denoting ¢ = (int + (7(n)/(4+37r(n)))S, and following the
above relation, we obtain the evolution equation for ® on superhorizon scales as

®'(n) 6+ 5r(n) 44 3r(n)
H(n) 2+ 2r(n) 2+ 2r(n)

which is rewritten by adopting the e-folding number N as a time derivative as

dd 6+5r¢) 4+ 3r T

o S, =0. 4.46
aN To ot T oSt g (4.46)

Cll’lf LS =0, (445)

() + 2+ 2r(n)

Denoting 7 = rpe¥ and choosing the initial condition O(N — —o0) = —2(ine/3 which is
consistent with the standard (non-curvaton) scenario, we obtain the analytic solution for
the above first order differential equation:

1 16v/14+r 1+7r 7(1+7r) 3(1+7’)
¢ = "3 3 3 2 Clnf
r 157 157 15r
+(_1+16\/1—|—7" 11(1+7) 3(1+r) 1+T)SU.

r3 5r3 53 502 5

(4.47)
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0
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Figure 4.1: The deviation from ® = 0 defined via (4.48) is shown. The horizontal axis
shows r(n). The solid red line and dashed green line correspond to the inflaton and the
curvaton contributions respectively.

If we express the solution as

4+ 3r T

®=— 1 Ain inf —
6—1—57‘(+ £) Gint 6+ 5r

(1-Ay)Ss, (superhorizon) (4.48)

where Ay and A, represent the deviations from ® = 0, Aj,r and A, is expressed explicitly
as

6+5r (1 16y1+r 1+r T7(1+7r) 3(1+7r)
Ajppr = =1 - — = - , (4.49)
44 3r \r3 1573 1513 1512 5r
6+5 1 161 11(1 3(1 1
A, =14 2L o (+T)+ Utr) 1tr ; (4.50)
r 73 513 513 512 5r

and they are shown in Fig. 4.1. This figure shows that & deviates from the value with
®’ = 0 at most 25%. Although the deviations are not so large, in the following numerical
calculation of the scalar-induced gravitational wave background, we properly include the
contribution from ®’ on super-horizon scales.

For subhorizon modes, ® is constrained by the Poisson equation and we obtain

__3 () i 1 o 77"(77) 5& subhorizon
o0 ==3(%2) (T + e ) Comoron) (631

Note that ® is frozen after the curvaton starts to dominate the universe until its decay if
rp > 1. Focusing only on the curvaton contribution, we unify (4.48) and (4.51), which can
be expressed as

(4.52)

TS(ka n)SU for 1N < Ndom
P(n(< Mdec)) & {

TS(kandom)Sa for 7 > Ndom,
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where 7)gec and 7gom are the conformal time at the decay and at the beginning of curvaton
domination respectively and we define

r(n) 2(1 +r(n)) 2} -
Ts(k,n) = ———" (1= A)Sy |1+ 0 (1 — AL (K : 4.53
ko) = (1= A0S, [+ e T - A (k) (1.53)
The transfer function of ® after the curvaton decay in radiation dominated era is given by
a decaying-oscillation solution as [100]

and we obtain the time evolution of ® after the curvaton decay as

To(k,m)Ts(k,Ndec)Ss for k< 1/Ngec
®(k,n(> ndec))m{ (s T (K, ) ma (4.55)
T‘D(l/ndemn)TS(k?nX)SJ for k> 1/ndec’

where we define nx = ngec for rp < 1 and nx = Ngom Otherwise.

Assuming that there exists the curvaton dominated epoch, rp > 1, the resultant density
parameter of gravitational waves is enhanced on scales which are inside the horizon in
curvaton dominated era because ® remains constant at that time. This leads to hy ~
const. on subhorizon scales [37,43]. On the other hand, gravitational waves emitted before
the curvaton domination, the energy density of gravitational waves suffers an additional
suppression because of pgw/ps o a~!. Thus, the present energy density spectrum of
gravitational waves (4.32) is expressed as

k2Q.,

Qaw (k) = mﬁm(l@, ), (4.56)

where 7, denotes the conformal time when mode k reentering reenter the horizon and F?
denotes the enhancement and suppression due to the early matter (curvaton) domination,
which is given by

(lﬁfldec)2 for 1/ndec <k< 1/77dom7
F2 ~ (k'rldom)_4(77dec/77dom)2 + ("’/dorn/'rldec)2 for 1/Tldom <k (457)
1 otherwise.

Here we assume the density perturbation on subhorizon scales, which grows proportional

to the scale factor in matter dominated universe, does not reach O(1). Otherwise, the
enhancement ends at the cut off scale kny, ~ 73_611{:1\,(1 /Mdec)/MNdec corresponding to the scale
which becomes nonlinear at the curvaton decay and 1/ngom in (4.57) must be replaced with

kNL-

Anisotropic stress sourced from the kinetic term of the curvaton

Next, in the curvaton scenario, there is another source induced from the kinetic term of the
curvaton as

St = Mp20;000;60, (4.58)
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and the source term of the evolution equation for hy is given by

Skin (k, 77) — _4elm(k)5kin(k )

A3k
= —4Mp / 2R ™ (k) kykmoog (n)doy_¢(n). (4.59)

By decomposing do into the transfer function and the initial value evaluated on super-
horizon scales at a certain time before the curvaton starts to oscillate as

dok(n) = T,(k,n)dok, (4.60)

the transfer function, T, (k, n), is derived from the evolution equation for do for each Fourier
mode,

. . k2
Soy + 3Héo + (m?, + a2>50k =0. (4.61)

For H > mg, k/a, dox remains unchanged because of the Hubble overdamping and other-
wise, the behavior of the solution is found to be

a ! for k/a>mgy, H,
5o (4.62)

a=3/? for ms > k/a, H.

Taking into account it, we can derive the transfer function for do which is summarized
below.

e For Fourier modes reentering the horizon after the curvaton starts to oscillate at 7osc,
do remains frozen for 1 < 7s on super-horizon scales and evolves like a=3/2 for
7 > Tosc bOth on super-horizon and sub-horizon scales. Hence we obtain the transfer
function for knes. < 1 as

1 for 1 < Nosc

()Y for n> e

Ty (k(< 1/77080)’77) = { (463)

e Oppositely, for modes reentering the horizon before the curvaton oscillation, do re-
mains constant for < 1/k, evolves like oc a~! for 1/k < 1 < 1, and o a=3/? for
N > N, where 1, is defined via k/a(n,) = m, and given by n,, = knZ. [41]. Thus
we obtain the transfer function for kngs. > 1 as

1 for n<1/k
To (k(> 1/Nosc),n) = % / for 1/k<n<nm (4.64)
1 (nm)\3/2
o () for 1> .

Power spectrum

Substituting the superhorizon evolution for @, given by (4.48), and the transfer function,
given by (4.54), (4.63) and (4.64), into (4.43) and (4.59), we obtain the following expression
for the contribution from curvaton:

; 3k - ~ - ~ . : .
S'(k,n) = /We(k, k)fi(k,k,n)Ss(k)Sy(k —k) with i= &, kin, (4.65)
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where we define

e(k, k) = ™ (k) kik,, = v2k?sin? 0 (4.66)
and
3 A, [(6+5
T AU 2 ~ ~
+ <§1Z) (1 S ) )Tq)(k,n)T@(rk—km)
7 (4.67)
Ay . -
s (1 o (55 ) )me Tt - K
+ 5aTo(EnTallk k)|
2
fkin(k7l~{a 77) = - <(Jj\;jj> Téa(if,n)Téa(‘k - 12’7 77)0(1 - kdecn)- (4'68)

Then, substituting these source terms into (4.40), and assuming that the primordial isocur-
vature perturbation, S, (k), obeys the Gaussian statisctics, we obtain

1+y
(i) () = 63k+p/ dy/+

2y 1+ 2
X i <1 (y4y)> pS,curV(k‘x)Psvcurv(ky) (469)

x [’“ [ dnatiyant )fi(kfc,ky,ﬁ)r,

a(n) Ja,

where we define - = |k —k|/k and y = k/k. This leads the power spectrum of gravitational
waves through (4.40). We calculate this integral numerically to yield the resultant spectrum.

4.3 Results

Based on the above formulation, let us evaluate the amount of the gravitational waves
induced from the scalar fluctuations in the curvaton scenario [101].

4.3.1 Contribution from Sg?

Let us consider the contribution from S;I; given by Eq. (4.42). This has been well investi-
gated in the literature and the resultant density parameter for gravitational waves can be
approximated as [33, 34]

— P curv k 2
Qaw ~ 10 19<§5<(k() >> , (4.70)

which is also confirmed by our full numerical integration. This result is quite reasonable
since the gravitational waves are sourced by the quadratic of the curvature perturbation.
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In the curvaton model with blue spectrum, Qgw has a peak at the wave number kgq. given
by

1 GeV

for rp < 1 because the power spectrum of curvature perturbations from the curvaton is
suppressed proportional to r = p,/p, x a before the curvaton decay. For rp > 1, the peak
wave number is either kqom = 1/Ndom or kL given by

T 1/2
kgee ~ 1.7 x 10%° Mpc_l( z ) : (4.71)

kpeak = min(kdoma kNL) ~ min(rg2kdeC7 Pc,curv(kdec)il/élkdec)- (472)

Taking into account the above, we show the resultant spectrum of the gravitational waves
in the quadratic curvaton model and the axion-like curvaton model below.

Quadratic curvaton model

First, we consider the induced gravitational waves in the quadratic curvaton model. Here
we assume m, ~ I'y which means that the reheating occurs soon after inflation, because
this gives the maximal amount of gravitational waves once we fix rp, Hiyr and n,. We
show the peak value of Qqw written as Qgw (kpeak) in terms of the spectral index n, in
Fig. 4.2 and the wave number at the peak kpeax or corresponding frequency in Fig. 4.3.
In these figures, we have used the approximation (4.70) and taken Hiyy = 3 x 107°Mp
(red solid), 10> Mp (dashed green) and 10-5Mp (dotted blue), rp = 1 (thick lines) and
rp = 0.1 (thin lines) in the top panels and Hy = 3 x 107°Mp, rp = 10 (solid red),
rp = 100 (dashed green) and rp = 1000 (dotted blue) in the bottom panels. Upper limit of
these lines correspond to the breakdown of o > Hi,s/2m. We have found that the maximal
amount of gravitational waves is about Qqw ~ 1070 for rp < 1 and Qaw ~ 1078 for
rp > 1 with a peak frequency ~ 10™% Hz. Note that the decay rate of the curvaton is
proportional to 7’52 from (2.12), so the decay of the curvaton is delayed for large rp, which
implies the smaller ki, and the amount of gravitational waves decreases. We have found
that rp ~ 100 maximizes the amount of gravitational waves in this model. Fig. 4.4 shows
the numerical resultant power spectrum of Qgw (solid thick red). In this figure, we have
taken Hiyy = 3 x 107°Mp, n, = 1.3, rp = 1 (top panel) and rp = 10 (bottom panel). The
thin line corresponds to the contribution from the primordial tensor metric perturbations
and sensitivity curves' of LISA (dashed green), DECIGO/BBO (dotted blue), ultimate-
DECIGO (small dotted magenta) and the pulsar timing observation by SKA (dash dotted
cyan) are also shown. The region above the dash double-dotted orange line is already ruled
out by pulsar timing observations. We have found that the amount of induced gravitational
waves can overcome that of the primordial ones. Note that the shape of the spectrum varies
depending on whether the universe experience the curvaton dominated epoch or not, so we
can distinguish the model with rp < 1 and that with rp > 1.

Axion-like curvaton model

Next we discuss the axion-like curvaton model. Fig. 4.5 and Fig. 4.6 show the peak of Qgw
in terms of n, and kqe. respectively. We have used the approximated formula (4.70) and

! We have used the online sensitivity curve generator. http://www.srl.caltech.edu/~shane/
sensitivity/


http://www.srl.caltech.edu/~shane/sensitivity/
http://www.srl.caltech.edu/~shane/sensitivity/
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Figure 4.2: The peak values of {gw in quadratic curvaton model are shown. The horizontal
axises is the spectral index n,. We have taken Hy,s = 3 x 10~°Mp (solid red), 10~5Mp
(dashed green) and 10~5Mp (dotted blue), rp = 1 (thick lines) and 7p = 0.1 (thin lines)
in the top panel and Hy,; = 3 x 107°Mp, rp = 10 (solid red), rp = 100 (dashed green) and
rp = 1000 (dotted blue) in the bottom panel.
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Figure 4.3: The peak values of {gw in quadratic curvaton model are shown. The horizontal
axises is the wave number at peak kpear or corresponding frequency. We have taken Hij,r =
3 x 107°Mp (solid red), 107> Mp (dashed green) and 10~6Mp (dotted blue), rp = 1 (thick
lines) and rp = 0.1 (thin lines) in the top panel and Hi, = 3 x 107> Mp, rp = 10 (solid
red), rp = 100 (dashed green) and rp = 1000 (dotted blue) in the bottom panel.
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Figure 4.4: The spectrum of Qgw in the quadratic curvaton model is shown as the thick
solid red line. We have taken Hy,; = 3 x 107°Mp, n, = 1.3, rp = 1 (top panel) and
rp = 10 (bottom panel). The thin solid red line represents the contribution from the
primordial tensor metric perturbation. We also show the sensitivity curves of LISA (dashed
green), DECIGO/BBO (dotted blue), ultimate-DECIGO (small dotted magenta) and the
pulsar timing observation by SKA (dash dotted cyan). The dash double-dotted orange line
correspond to the current upper limit from the pulsar timing.
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taken k; = 100 (107) Mpc ™! in the top (bottom) panel and the same value of Hiy,s for each
line as in the quadratic case. The dash dotted cyan lines corresponds to the upper bound
from the PBH overproduction. Note that the large number of PBHs can be formed for k; =
107 Mpc~!, which may explain the observed dark matter [90]. Since we have fixed rp, Hins
and ky as well as k. and P¢ curv(ke) on each line in Fig. 4.5 and Fig. 4.6, we can see that kqec
decreases as n, increases from Egs. (2.12), (2.38), (2.45) and (4.71). Thus, the maximum
of each line corresponds to kqec = kf because P¢ curv(Kdec) = P eurv(ke)(ky/ ko)1 for
kqec > k¢ and ’Pchrv(k‘deC) = ngcurv(k‘c)(/{dec/k‘c)n"fl for kqec < ky. In addition, Fig. 4.6
shows the maximal amount of gravitational waves increases for small . It is because the
decay rate of the curvaton is inversely proportional to x as we can see by fixing rp, Hiur,
ks and n,.

Fig. 4.7 shows the resultant spectrum of gravitational waves. In this figure, we have
taken Hiyr = 3x 107°Mp, n, = 1.5 (1.8), k = 107* (1), rp = 1 and k; = 10’ Mpc ™! in the
top (bottom) panel. Model parameters are derived to be f ~ 2 x 10! GeV (4 x 10'3 GeV)
and my ~ 3 x 1019 GeV (9 x 103 GeV) in the top (bottom) panel. From this result,
we can find that the induced gravitational waves in an axion-like curvaton model can be
detectable by the future observations such as LISA; DECIGO/BBO or SKA. In addition,
the spectrum has a plateau near the peak, which can be a characteristic signature of the
axion-like curvaton model. Note also that an enhancement due to the curvaton domination
can occur in this model if rp > 1 is chosen and the spectrum is raised similar to Fig. 4.4(b).

4.3.2 Contribution from Sikjin

Next, we focus on the contribution from Sg‘jin given by Eq. (4.58). According to [41], the
maximal amount of gravitational waves is estimated as

r P, 2
Qaw ~ 107192 ¢ . 4.73
Gw r4me \ 2 x 1079 (4.73)

Although in [41] the authors have considered a curvaton scenario where the adiabatic cur-
vature perturbation is generated only from the fluctuation of the curvaton and assumed
the almost scale-invariant power spectrum of the curvature perturbations, by performing
the numerical calculation we confirm that this estimation is also valid in the blue-tilted
curvaton scenario. As mentioned in Ref. [41], the above expression indicates that it could
be possible to generate the detectable amplitude of the gravitational waves in the curvaton
scenario by tuning model parameters (e.g., rp and I';/m,) properly. However, we show
that this contribution is negligible once we take into account the upper bound on the Hubble
parameter during inflation. Defining X = min(m,,I's), from (2.12) and (2.13), we get

T, 1 Y X
= (”) () (4.74)
rHMe 360, \ Mp Mo
which indicates that we need oosc = rMp to enhance the amount of gravitational waves.

Substituting (2.20) and (4.74) into (4.73), we obtain

4 Yoo N X Hye \*
Qaw ~ 1072 =) 4.75
GW <4 + 37"D) (a(k)> <mg> <1014 GeV) ’ ( )
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Figure 4.5: The peak values of Qgw in terms of the spectral index n, in axion-like curvaton
model are shown. We have taken ky = 100 (107) Mpc~! for top (bottom) panel, x = 1,
Hiye = 3 x 1075 Mp (solid red), 107° Mp (dashed green) and 10~¢ Mp (dotted blue),
rp = 1 (thick lines) and rp = 0.1 (thin lines). The dash dotted cyan line shows the upper
bound from the PBH overproduction.
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Figure 4.6: The peak values of Qgw in terms of the peak wave number kge. in axion-like
curvaton model are shown. We have taken k¢ = 10'° (107) Mpc ™! for top (bottom) panel,
rp =1, Hyye = 3 x 1075 Mp (solid red), 1075 Mp (dashed green) and 10~% Mp (dotted
blue), x = 1 (thick lines) and x = 10~ (thin lines). The dash dotted cyan line shows the
upper bound from the PBH overproduction.
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The spectrum of Qgw in an axion-like curvaton model is shown as the thick
solid red lines. We have taken Hiyy = 3 x 1075Mp, n, = 1.5 (1.8), k = 1074 (1), rp = 1
and kg = 10'° (107) Mpc~! in the top (bottom) panel. Thin lines shows the contributions
from the primordial gravitational waves. We show the same sensitivity curves as in Fig. 4.4.
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so the amount of gravitational waves cannot be enhanced as long as 0,5 < o (k) even if the
curvaton has blue-tilted spectrum. We check this argument numerically for the quadratic
curvaton model and the axion-like curvaton model which we introduced above.

Note that here we consider the contribution of the adiabatic scalar curvature perturba-
tions and the anisotropic stress due to the kinetic term of the curvaton, separately. Actually,
they have the same origin of the fluctuation of the curvaton and hence when we consider
these two contributions simultaneously there is a contribution of the cross-term of ® and
do in the power spectrum of the gravitational waves. However, we confirm that the contri-
bution of the anisotropic stress is subdominant compared with that of the adiabatic scalar
curvature perturbations and can expect that the contribution of such cross-term is also sub-
dominant. Furthermore, in this paper we evaluate do on flat slicing but ® in the conformal
Newtonian gauge. Thus, there exists the effect of the gauge transformation of §o from flat
slicing to the conformal Newtonian gauge when the both contributions are simultaneously
included. Such an issue to treat the effect of the gauge transformation on second order
tensor perturbations explicitly is left as a future work.
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Chapter 5

Conclusions

In this thesis, we have investigated the cosmological consequences in the curvaton model,
especially focused on the PBH formation and gravitational wave generation. Various obser-
vation like CMB temperature anisotropy prove indicate that the present Universe is filled
with the dark matter and discovery of QSO at high redshift indicates that the existence
of SMBH with mass ~ 10°Mg. We focus on the possibility that the dark matter and the
SMBH are explained by non-evaporating PBHs. In order for an enough number of PBHs
to be formed, we need a large amplitude of the primordial density perturbation on small
scales, that is P ~ 1072 — 1072.. Since the large scale perturbation is strictly constrained
by the CMB observation, the power spectrum is required to have rather complex shape; the
scale-invariant spectrum is realized on scales k < 1 Mpc™! and extremely blue-tilted spec-
trum on k > 1 Mpc™!. It is very difficult to realize such spectrum in the single field inflation
models, so we are motivated to introduce an additional field without an inflaton, a curva-
ton. Fortunately, there are many scalar fields within the framework of some high energy
physics such as supersymmetric model and some of them may take roles of the curvaton.
The required spectrum is easily realized if the large scale scale-invariant perturbations are
generated from an inflaton and small scale blue-tilted ones are generated from a curvaton.
In addition, since the required amplitude of the curvature perturbations on small scales are
large, it is expected that the significant amount of the gravitational waves are generated.
This implies the possibility to detect the imprints of the curvaton scenario which realizes
the PBH formation.

We have considered the two kind of curvaton models; a quadratic curvaton model and
an axion-like curvaton model. A quadratic curvaton model is described by the simple
quadratic potential but it cannot predict an extremely blue-tilted spectrum of curvature
perturbation, so PBH formation cannot be realized in this model. However, a significant
amount of gravitational waves are expected to be generated. An axion-like curvaton model is
based on the SUSY, in which the curvaton is identified as the angular direction contained in
some complex scalar field. In this model, the power spectrum of the curvature perturbations
on small scales can be extremely blue such as n, = 2 — 4. Thus, an enough number of PBHs
are expected to formed in this model. The main results of this thesis are written in the
following.

o7
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PBH formation from curvaton

We have investigated the PBH formation in an axion-like curvaton model. In this model,
an extremely blue-tilted power spectrum of curvature perturbation is realized and there is
certain parameter space in which the enough PBHs are formed. Parameters are required to
be f ~ Hiyt for an enough number of PBHs. The predicted mass spectrum has a peaked
shape and narrow enough to explain the SMBH formation. The peak corresponds to the
horizon mass at the curvaton decay. The reheating temperature is required to be high,
that is Tg 2> 103 GeV for PBH dark matter and T 2> 109 GeV for SMBH and curvaton
energy fraction at decay is required to be rp 2 1. The model parameter is required to be
f~5x101 —10" GeV, A ~ 1010 — 10'" GeV and my ~ 5 x 10° — 10® GeV for PBH dark
matter and f ~ 102 GeV, A ~ 10% — 107 GeV and m, ~ 0.5 — 100 GeV for SMBH. Our
main conclusion is that PBHs can be formed under the relatively natural setup without
finetuning in an axion-like curvaton model. In addition, it is possible that the PBH dark
matter and SMBH can be simultaneously explained if there are multiple axion field during
inflation.

GW generation from curvaton

It is known that the gravitational waves can be induced from the scalar perturbations or
curvature perturbations because the quadratic terms of scalar perturbation become source
terms of gravitational waves in second order perturbation theory. Thus, when we consider
the PBH formation from the primordial density perturbations, gravitational waves are au-
tomatically generated whose amplitude is expected to be large. In this thesis, we have also
calculated the amount of induced gravitational waves in the curvaton models and shown
that those models can be testable by the future space-based gravitational wave detectors
planned such as LISA, DECIGO and BBO or the pulsar timing observation by SKA. We
have also presented the resultant power spectrum of gravitational waves having a charac-
teristic shape, which has a peak at the wave number corresponding to the scale reentering
the horizon at the curvaton decay or at the curvaton domination. In addition, a plateau,
instead of a peak, can be seen in an axion-like curvaton model, implying that we can see an
imprints of this model by the future gravitational wave observations. Furthermore, combin-
ing it with the PBH calculation, this blue-tilted curvaton model can simultaneously realize
the PBH formation, which account for the cold dark matter or seeds for the supermassive
blackholes, and gravitational wave production observable in the future.



Appendix A

Inflation

Inflation is one of the most plausible solution for the horizon problem, monopole prob-
lem and the seeds for the structure formation. In addition, the recent CMB observation
strongly support that the very early universe have experienced the inflationary epoch. In
this appendix, we briefly review the standard slow-roll inflation scenario.

A.1 Background dynamics

A.1.1 Basics on slow-roll inflation

Inflation is the epoch of the accelerated expansion in the very early universe and such a
situation is easily realized once the universe is dominated by the vacuum energy, A. Actually,

the Friedmann equation
N 2
a A
H2::<a> =32 (A1)
P

a(t) = etintt, (A.2)

with constant Hi,¢, which describes the exponentially expanding universe (de Sitter space-
time). One way to realize this situation is the slow-roll inflation model. In this model, one
introduces the scalar field called inflaton ¢ whose Lagrangian is given by

yields the solution

L= 20,606~ V(9). (A.3)

Then, by slightly varying the field ¢ in action

S = / d*v/—=gL, (A.4)
we obtain the background equation of motion
¢+3Ho+V'(¢) =0, (A.5)

where prime denotes the derivative with respect to the inflaton field. On the other hand,
the Friedmann equation describing the expansion of the universe is

! @&+V@0. (4.6)

H?=—
3M3

99
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Figure A.1: This figure illustrates the inflaton potential.

Slow-roll inflation requires that the very flat potential of the inflaton and the inflaton
slowly rolls down its potential, and then, the equation of motion and Friedmann equation
is approximated respectively as

= ~3r - T Ene

which is called slow-roll approximations. In other word, the slow-roll inflation occurs if the
slow-roll parameters € and n defined as

1 14 14
€= M]%(V>, n=MH—, (A.8)
Vv
satisfy e < 1 and |n| < 1.

A.1.2 e-folding number

e-folding number, N, is an important quantity during inflation which is defined in terms of
the scale factor via

a(t
N = 4t), (A.9)
a(te)
where t. is the cosmic time corresponding to the last e-folding number from the end of the
inflation and ¢y is the time at the end of the infation. N is also expressed in the integral

N /< Hydt = - /%qub (A.10)
— — = — —do, .10
t MI% y v’

form as

where we have used the slow-roll approximation.

Next, let us derive the last e-folding number corresponding to the time when the scale
of our observable universe (observable scale) exit the horizon. At the end of the inflation,
the observable scale, L, becomes e times larger than the Hubble horizon during inflation,
L(ts) = eV H,}. Then, after inflation, the inflaton field starts to oscillate coherently until
the inflaton decays into radiation (reheating). Taking into account that the oscillating
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inflaton behaves like a matter, the energy density of universe at the reheating, ¢, is given
by

10 = notep) (22)) (A1)
p(tr) = p :
* N alty)
where p(tr) = 72/30g, T4 and py(ty) = 3HZ M3 and observable scale becomes
_ tRr)
Litg) = N gt Ar)) A12
(tr) = " ot (a(tf) (412
Thus, the entropy within the volume of the observable scale, Sy, is calculated as
tr) 4M?3
S :e3NH.—3<p¢(f >3T ~ NP A.13
N inf P(tR) ( R) HinfTR ( )
where s(T) is the entropy density given by
272
T)=~"—g.T> A.l4
S(1) = "o (A.14)

The observed CMB temperature Ty = 2.725 K implies the entropy within the observable
scale in our present universe to be Sy ~ 10%7(L/4000 Mpc)?3, so, taking into account the
entropy conservation, e-folding number is related to the observable scale as

L 1 TR 1 Hinf
N=56+In(— )+t )y (Tt ) A.15
P6+In <4000 Mpc> tam (1010 GeV> t3 <1013 Gev> (A-15)

This means that our observable scale exit the horizon during inflation when the last e-folding
number is roughly 50 — 60.

A.2 Generating primordial curvature perturbation

A.2.1 Scalar field fluctuation
Massless scalar field

Let us consider the scalar field which can be decomposed into the homogeneous and per-
turbation part;

P(x, 1) = d(n) + 66 (x, 7). (A.16)
Fourier transforming the scalar field fluctuation as
dgk tkx
9(x.1) = [ o™, (A1)

and redefining the field as ¢ = ad¢p, the perturbed action for the scalar field fluctuation is
rewritten as

1 1 a”’
/d4$\/ —9<28u5¢8u5¢) = /d7}d3k2 [go{{cp’k - <k‘2 + a)@ksﬂ—k] ) (A.18)
which is known as the Mukhanov action. Further, we express each Fourier mode as

() = ok ()ax + vi(m)aly, (A.19)
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where vy, is a c-number mode function and ay and aL are respectively the annihilation and
creation operators satisfying ay|0) = <0|a;r( = 0 and the commutation relation;

lax, af, ] = 6P (k = K) and [ay, a] = [al,al,] = 0. (A.20)

Then, from the Mukhanov action, we obtain the equation of motion for each mode function
as

2
vy + <k2 - 772>vk =0, (A.21)

where we have used the relation a’/a = —1/1n. Because this equation reduces to the mode
equation in Minkowski spacetime in the limit 7 — —oo, we impose the following initial

condition ]
6*1’“7

lim v — , A .22
" k(n) /72 2 ( )
and, under this initial condition, we obtain the subhorizon solution as
(n) = S - <1 _ ) for |kn| <1 (A.23)
v = or < 1. .
F vV 2k kn 7

Then we derive the power spectrum of the scalar field fluctuations, Py (k)which is defined
via

(0pndpre) = = Py(k)6®) (k 4+ K') (A.24)

where angular bracket represents the ensemble average which can be replaced with the
vacuum expectation value of the quantum field, (0|0¢kd¢i/|0). On subhorizon scales, (A.19)
and (A.23) yield

Pro(k) = (g;) (A.25)

Massive scalar field

The action for the massive scalar field is given by
4 1 L 9.9
S=[dzv/—g 5@@6‘% —5m o |, (A.26)
and Mukhanov action for the scalar filed fluctuation is rewritten as
1 a//
/dnd3k2 [gp{(gp’_k — <a2m2 + k4 ><,0k<p_k] , (A.27)
a
which leads to the evolution equation for the mode function
" 2,2 2 2
vy + <a m° 4+ k* — 772>vk =0. (A.28)
Under the initial condition (A.22), the solution is calculated as

; [
vy = ! VFL/2Am/2 ﬂ\/any)(lm), (A.29)



A.2. GENERATING PRIMORDIAL CURVATURE PERTURBATION 63

where H, 51) is the Hankel function and

9 m2 3 m?
eI T T s (4.30)

On superhorizon scales, the mode function becomes

Lo 2'T(v) 1 _
_ i(v—=1/2)/7/2 kn)l/2—v A.31
Vg =€ 23/2F(3/2>m( n) ) ( )

and then, the power spectrum is calculated as

Pso(h,n) = (;)(‘;)m/w (A.32)

Axion-like curvaton

An axion-like curvaton model is described by a complex scalar field ® which is decomposed
as ® = pe'? /7/2. A curvaton lives in the angular component and written as o = f6, where
f is the minimum of . The Lagrangian is given by

L =—-0,20"d —m?|®|. (A.33)

Note that the angular direction 6 is not canonically normalized variable, so we should
decompose the complex scalar field by another way. According to the multi-field inflation
model, we decompose the field into the direction parallel and perpendicular to the classical
trajectory. Because the potential depends only on the redial direction, ¢, we choose the
direction perpendicular to ¢, x as another canonically normalized variable. The Lagrangian
is rewritten as

1 1 1
L= —3 ot — 58@(8“)( — 5mg02. (A.34)

The power spectrum of these scalar fields on superhorizon scales are calculated as above,

H\2/ k 2m?2/3H? 2

Well after the horizon exiting, the fluctuation becomes classical and then, the angular
fluctuation is easily calculated in terms of dy,

5X -Hinf
— 1 ~
56 = tan < *(k:)> o~ )’ (A.36)

where ¢, is the value of ¢ at the scale of interest leaves the horizon. Therefore, the
fluctuation of the curvaton is derived as
oo 60 His

== A.
g 91 27Tg0*<k)9i7 ( 37)

where 6; is the initial misalignment angle.
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A.2.2 Curvature perturbation

The gauge-invariant curvature perturbation, ¢, is calculated on the spatially flat hypersur-
face, in which any fluctuation is related to the primordial scalar field fluctuations;

CZ—ZMm (A.38)

then, the power spectrum of curvature perturbation, which is fixed at the horizon exiting
during inflation, is calculated as

H 2 H2 2
ﬂ=<)<-) . (A.30)
2 ¢/ lam=k
Using the slow-roll approximation (A.7), we obtain the well-known formula,
1% H?
K= ——— e ) A .40
Pelk) 2412 Mbe |y STEMEe| s ( )

A.2.3 Spectral index

From the above discussion, the power spectrum of the curvature perturbation looks scale-
invariant because the Hubble parameter during inflation is assumed to be unchanged. But,
actually, the Hubble parameter slightly changes, which causes the scale dependence of the
power spectrum. The scale dependence is characterized by the spectral index, ng, which is

defined via
_ d ln PC (k‘)

1=
s dink
Because dln k = Hdt at the horizon exiting, the spectral index can be expressed as

(A.41)

2H ¢

ng—1=

Planck observation have severely constrained ns to be ng = 0.9603 4+ 0.0073 and some
inflation models are ruled out from this constraint [102].



Appendix B

A brief review on the cosmological
perturbations

In this appendix, we briefly review the cosmological perturbation theory. More detailed
discussion is written in [103].

B.1 The gauge-invariant perturbations

B.1.1 Perturbed quantities

The general first order metric perturbation from a flat FRW metric is expressed as
ds? = a?| — (14 2®)dn? + 2B;dz’dn + [(1 — 29)d;; + 2E;;]dcda’? |, (B.1)

where @ is a 3-scalar called the lapse, B; is a 3-vector called shift, ¥ is a 3-scalar called the
spatial curvature perturbation, and E;; is a spatial 3-tensor called shear which is symmetric
and traceless. Furthermore, B; and F;; are decomposed into the scalar, transverse vector,
and transverse and traceless tensor as

B;=9B+S; with 0'S; =0 (B.2)

and

where D;; = 0;0; — 0;;A/3. The perturbed energy-momentum tensor is described by a
energy density p, a pressure p, a 4-velocity u*, and an anisotropic stress 3*¥. The density
and pressure perturbation are given straightforwardly as

op(n,x) = p(n,x) — p(n) and dp(n,x) = p(n,x) — p(n). (B.4)

The 4-velocity perturbation has only 3 degrees of freedom because it should satisfy the
constraint g,,utu” = —1 and expressed as

u, = (=1 —®,v;), v =(1-&0" + B (B.5)
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up to first order. Then, the perturbed energy momentum tensor is given by

Ty = —(p + 6p) (B.6)
T = (p + p)vi (B.7)
Ty =—(p+p)(v' + B (B.8)
T} = (p+ op)d + 2t (B.9)
Conventionally, we often decompose the velocity perturbations as
v; = Ov + vt with 9wt =0, (B.10)

and define the 3-momentum density, dq via 9;0¢ = (p + p)O;v. Similarly, the shear can be
decomposed as

1 1% 1% T . i (V i (T
Sij = DS + 505" +9;5(") + 57 with o' = o' = 0. (B.11)

i
B.1.2 Gauge transformation and gauge-invariant variables
Let us consider the general coordinate transformation

ot — G (B.12)

where £# are infinitesimal function of spacetime. Under these transformations and taking
into account the invariance of the line element, ds? = g datdx” = g, dr*dz", the scalar
metric perturbations are transformed as

1
b — d— —(aa) (B.13)

a
B+ B+¢—a (B.14)

a/
V¥4 —a (B.15)

a
E—= E+E, (B.16)

where we rewrote £# as

O =a, &€=¢ +0¢ with 9;¢ =0. (B.17)

Similarly, the scalar components of matter perturbations are transformed as

dp —0p—pa (B.18)
dp — 0p—pa (B.19)
dq = 6q+ (p+ D)o (B.20)

From the above transformation rules, we can construct the gauge-invariant variables. First
of all, there are two important variables constructed from metric perturbations;
1 /

p = - —[a(B- B, \IJB:\IH—%(B—E’) (B.21)
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which are called Bardeen potential. In addition, we can construct the gauge-invariant
variables by combinations of matter and metric perturbations. Two well known examples
are the curvature perturbation on uniform density hypersurface and the comoving curvature
perturbation defined respectively as

H

and 2
R=¥ - ——Jgq, B.23
5150 (B.23)

where we have used the conformal Hubble parameter defied as H = a'/a.

B.2 The evolution of perturbations

The evolution equations for perturbed variables are derived from the perturbed Einstein
equations
0G = 8mGIT),. (B.24)

Here we adopt the conformal-Newtonian gauge on which we set B = F = 0. Note that met-
ric perturbations in this gauge, ®, ¥ coincide with the gauge-invariant Bardeen potentials,
®p and ¥p. After a complicated calculation for the perturbed Einstein tensor, we obtain
the evolution equations as

AV — 3H(V + HD) = —47Ga’5TY (B.25)
(V' + H®P) = 4rGa*5T) (B.26)

1 )

(0" + H(2V + D) + 2H +HD)D + FA@ = )]g;
1 7 i
= 50'0;(® = W) = 4nGa’iT}.

Fourier transforming the perturbations and extracting only the scalar component, these
equations are rewritten as

3H(V' + HD) + K>V = —47Ga?p (B.28)

U+ HD = —4nGa’iq (B.29)

U+ HERU + D) + 2H + H?)® = 4nGa? <5p — §k252> (B.30)
U — & = 81Ga?iy, (B.31)

which implies the absence of the anisotropic stress, > = 0, means ¥ = ¢ and we assume
it hereafter. Combining these equations with energy-momentum conservation given by

5p + 3H(5p + 0p) = k*5q + 3(p + )P’ (B.32)
8¢ +3Hdq = —p— (p+ p)®, (B.33)
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and assuming the radiation dominated universe, p = p/3, we obtain the evolution equation

for ¢ as
" 2 !/ k2
T+ -+ D =0. (B.34)
n 3
The solution of this differential equation is given by the spherical Bessel functions of order
1, which is explicitly expressed as

sin(kn/v/3) — (kn) cos(kn/ \/§)> 7 (B.35)

(kn/V/3)%

where ®,, is the primordial value of ®. The behavior of this solution can be easily under-
stood as following. Before the horizon entry, kn < 1, ® remains the primordial value and
after the horizon entry, ® begins damping oscillation. Because ® remains unchanged on su-
perhorizon scales, the density perturbation, comoving curvature perturbation and curvature
perturbation on uniform density slicing can be related as

@:3%(

5+ 3w dp

(AN

for kn < 1. (B.36)



Appendix C

The Press-Schechter theory

In order to count the number of the non-linear objects like PBHs with some given masses,
one often invokes the Press-Schechter theory [104]. It is believed that the collapse occurs in
the region at which the density contrast exceeds some threshold value, d., which is estimated
as 6., = 1.69 in the spherical collapse model. In the Press-Schechter theory, the fraction of the
volume of the whole universe with the smoothed density field on some scale R satisfying the
condition §(R) > J. can be regarded as rough estimate for the mass fraction of the universe
which collapses into nonlinear objects with mass, M (R), in a volume corresponding to the
scale R. Then, let us estimate the mass function, i.e. the comoving number density of
nonlinear object with a given mass, in the Press-Schechter theory.

For the Gaussian density perturbation, the probability distribution function for 6(k) is
given by

1 62
p(9)dd = Wexp < — M)dd (C.1)

where ¢? is the variance of the density perturbation. Similarly, the density perturbation
smoothed over some mass scale §(M) is also given by the Gaussian distribution;

62(M)>d5(M) (C.2)

PN = oy ( - i

where 02(M) is the variance of §(M). In the Press-Schechter formalism, the non-linear
object whose mass is larger than M is formed in those regions where the smoothed density
perturbation, (M), is larger than some critical density d., The probability of forming such
objects is given by

_ [~ _ LT g
posc (M) = [ poasn) = o [ e, (©3)

where o(M) = \/o?(M). Expressing the comoving number density of those nonlinear
objects whose masses are between M and dM as n(M)dM, all masses contained in these
objects is written as n(M)MdM, which is calculated as

do(M)
dM

dp>s.
do(M)

’I’L(M)MdM = zﬁcom’p>(5c (M) — DP>6. (M + dM)| = 2pcom

‘dM. (C.4)
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Then, substituting (C.3) into it, we obtain

n(M) = \/Zp]f;;“ U(i&) exp ( — 2025(2M)> (C.5)

which is known as the Press-Schechter mass function.
Then, we apply it to the PBH mass function. Because the comoving energy density is
redshifted obeying peom o ™! with @ oc 7! in radiation dominated universe, we get

dlno(M)
dln M

1/2
pcom(Tf) = pcom(T*) <J\J{ZH> , (CG)

where T and T, are PBH formation temperature with mass Mpn and M, respectively. So,
we obtain the PBH mass function as
dnpgu | 1 peom(Tx) { My 2| dn o2(Mgp)
dMgu V187 M2, \ Msu dIn Mgy

B(Mpn)
2 (M) (C.7)




Appendix D

Second order gravity

In this appendix, we derive the second order Einstein equation as an evolution equation
for the stochastic gravitational waves. We consider the perturbed metric in conformal-
Newtonian gauge given by

ds®> = a?(n)| — (1 + 2®)dn® + {(1 — 205, + ;hij}dxidxj], (D.1)

where ® and ¥ are scalar metric perturbations and h;; is a tensor metric perturbation.
Conventionally, we rewrite them as following,

1
goo = —a*(1+2®), go; =0, gij = a* [(1 —2W)8;; + 2hij] ) (D.2)

The inverse metric tensor is obtained through g**¢"* = 6%, which is written as

. - |
g% = —a73(1 - 20 4+ 49?), g% =0, gV =a? [(1 + 20 4 402)§% — 2h”] (D.3)

up to second order perturbation. Note that we assume that the tensor mode metric pertur-
bation h;; is second order quantity. The Christoffel symbol is defined as

5 -3 (223 22).

and up to second order, we get
Iy =H+ ¢ — 200’ (D.5)
Ty, = 0;® — 200, (D.6)

1
IY = Hoij — QH® + 2HVY + V)65 + (AHP? + 200 + 4HDV)b;; + 5 Hthij (D.7)
b =0'® +200'd (D.8)
b = Hob — Woh — 205! (D.9)

;‘k = 8]\115,2 — ak\I/(S; + 8Z\If5jk + 2\11(—61'\1/5]2 — 8k\116§ + Gz\lléjk) — Z&’hjk. (D.l())
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The Riemann tensor is defined as
A A
Rg;w = 03, — 8'/Fgu + FS\YMFBV - ?\CVFBM’
and the Ricci tensor is defined by contracting the Riemann tensor:

R, = 8al“ij —9,0%, + 18,19, —T%1°

oo pv ovt pa

and up to second order we obtain

Roo = —3H' + 0°0;® + 30" + 3HV' + 3HD' — 6HDPD' — 9" B0
— 3DV 4 2000, — VO + 6HIY + 6TV + 3(T')?
Roi = 20,V + 2HO;® — AHPO;® — 2V 0P + 40’9,V + 409, ¥’
R = (M + 2H%)5;; + [ — HO' — 5HY' — 210
—2(H' + HA)V — 21>V — V" + 0%, 065
+ [A(H + 2H?)®® + AHOD + L0HOY + 2HP' U + '’ + 20"

+ 4(H + 2H?) DT + 9, VO™ D + (V)2 + 0, WOMT + 200, 0" T] 4y
(nd) _ 1 2 1 1, 1
Ry = (- + H)haj + SHhi; = £0:0"hij + Jhi

+i%@aﬁb4—2¢8¢%®-—é%@@ﬁﬂ—-&ﬁ%%@>%3&ﬂﬁ%@>%2W8ﬁgw,

(D.11)

(D.12)

(D.13)

(D.14)

(D.15)

(D.16)

where the superscripts (d) and (nd) denote the diagonal and non-diagonal respectively. The

Ricci scalar is defined by contracting the Ricci tensor given by

6
R=Rl= E(H’+”H2)

1
+ | =280 — 60" — 6HP' — 18HY — 12(H + H?)U + 4AT
a

+ 24(H' + H?)D? + 20, D" + ADAD + 24HDD' + 6"V’ + 36HDT’

120, WOFD — AUAD + 1200 — 1200” — 36HV' U + 65, V0"V + 16WAT |

(D.17)
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Then, Einstein tensors up to second order are calculated as

1
QY = —%’HQ +— [67—[(1) + 6HT — 2AT

(D.18)
— 121202 — 12HDV' — 30, 00'T — STAV + 12HTT — 3(@’)2]
Gh=— ( —2HI'D — 20" — AHDI'D + 4HVI'D — 2V 9'D + 4V 9" W + 8\1/8“1/’)
a
(D.19)
i1
G == [ 2 4+ HE 4 2HD + (AH + 2HD)D + AD + ATV 4+ 20" — AT
a
— (4H2 D2 + 8H)D? — SHDD' — 5, DD — 20AD — 4DV — 20/ T/ (D.20)
— SHOY — 20, VOV — AVAT + (V)% 4+ SHUT 4 400" + 2\IJA<I>}
(nd)i _ 1 i i Lo 1o 1o i
(D.21)

+209'9;® — 2¥9'0;® — 0'V;® — §'D; ¥ + 30"V, ¥ + 4\1181'83»\1/} .

Now, let us derive the evolution equation for the tensor mode up to second order. Assuming
that the first order anisotropic stress is zero, which implies ® = ®, and taking into account
the second order energy momentum tensor,

T! = (p+p)v'v; with v; = ———————0;(® + H® D.22
;= (p+pv'v; with v 477Ga2(/3+]5)8( +HD), ( )

the Einstein equation G§ndi = 87rGTj(nd)i yields
h; + 2Hhi; — Ahg; = 4TSy, (D.23)

where ﬁém is the projection tensor which projects any tensor into the transverse traceless
one and §;; is defined as

Sij = 499;0;® + 20;,00;® — H20;(’ + HD)9; (' + HD). (D.24)
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