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Abstract

The stability problem of the electroweak vacuum has been theoretically discussed and widely
investigated for quite a long time. However, the recent measurements of the Higgs boson mass
my, and the top quark mass m; strongly suggest that the current Higgs vacuum is not stable
and would eventually decay into a true Planck-scale vacuum. From the standard analysis of
the instanton method with the best fit values of parameters of the Standard Model, the lifetime
of the electroweak vacuum exceeds that of the Universe. Therefore, it was thought that the
metastability of the Higgs vacuum does not have any serious impact on the observed Universe.
However, the situation drastically changes when the quantum influence of the gravity can not
be ignored. In particular, whether cosmological inflation of the early Universe or evaporations
of the black holes are compatible with the stability problem of the Higgs vacuum has recently
attracted significant interest in the high-energy community.

In this thesis, I summarize my past research in which I have done so far mainly on the Higgs
vacuum stability in gravitational background or cosmological situations. The central issue for
this research theme is how gravitationally induced Higgs fluctuation affects the stability of the
electroweak vacuum. By using some techniques of quantum field theory in curved spacetime
which is consistent with the semiclassical approach of quantum gravity, we derive gravitationally
induced vacuum fluctuation and standard effective potential in curved spacetime. However, we
clearly show that the induced vacuum fluctuation modifies the standard effective potential [1,2]
and the spacetime itself as the gravitational backreaction [3]. Based on the formulation, we
investigate the electroweak vacuum stability in various background spacetimes or cosmological
situations as during inflation corresponding to the de-Sitter spacetime [1,2], after inflation like
the preheating or reheating stage [4] and around evaporating black holes [5].
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Chapter 1

Introduction

Recent discovery of the Higgs boson at the large hadron collider (LHC) has been recognized
as a major breakthrough in particle physics [6,7] and established the Standard Model (SM).
However, there are still many unanswered questions or deepest puzzles. Even in the context of
SM, we have been plagued with many problems: What is the origin of the electroweak symmetry
breaking 7 Why the observed Higgs mass is unnaturally small against the Plank scale 7 Whether
does the Higgs field participates in cosmic inflation and why does the SM Higgs vacuum seem
to be metastable ? These problems are important clues to discover new physics beyond the SM
and understand cosmological history of our Universe.

The stability problem of the Higgs vacuum has been theoretically discussed for quite a long
time. However, the recent measurements of the observed Higgs boson mass my, [8-11] and the
top quark mass m; [12] strongly suggest that the SM Higgs potential without no additional new
physics develops an instability below the Planck scale. Thus, our living electroweak vacuum is
not stable and would eventually collapse. For the present best fit values of the SM parameters,
the decay ratio of the Higgs vacuum using the analysis of the instanton methods in quantum
field theory (QFT) is exceedingly small compared with the age of observed Universe [13-15].
Fortunately, the metastability of the electroweak vacuum does not seem to require additional
new physics beyond the SM.

However, the situation drastically changes when quantum gravitational effects can not be
ignored. The strong gravitational background generates the large vacuum fluctuation of the
Higgs field which triggers a collapse of the electroweak false vacuum [16-21]. Most subtle
situation is the inflationary Universe where the large fluctuation of the Higgs field can be
generated during inflation. In the case where the Higgs field can be effectively regarded as
massless scalar fields like inflaton itself, the Higgs vacuum fluctuation enlarges up to the Hubble
scale. Thus, if the large inflationary Higgs fluctuation overcomes the barrier of the effective
Higgs potential, it triggers off a catastrophic vacuum collapse of the Universe. Furthermore,
even at the end of the inflation, the large vacuum fluctuation of the Higgs field can be generated
via parametric or tachyonic resonance during the preheating stage, and poses a threat to the
Higgs vacuum stability. The thermal fluctuation at the reheating stage can also trigger a false
vacuum decay, but the effects can be somewhat relaxed by the thermal corrections to the Higgs
potential. The evaporating black holes which emit thermal Hawking radiation also raise a
serious problem about the Higgs vacuum stability.
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These issues are the subject of this thesis. Several aspects about the Higgs vacuum stability
in gravitational background or cosmological situations have already been discussed in literature,
but here we focus on and clearly demonstrate how the vacuum fluctuation of the Higgs field
affects the electroweak vacuum stability. The gravitational effects of the Higgs fluctuation
on the electroweak vacuum are twofold. On one side, the Higgs fluctuation on gravitational
background can stabilize or destabilize the effective potential as the backreaction. On the other
side, the local and inhomogeneous Higgs field originated from the fluctuation can generate true
vacuum bubbles or domains and triggers off a false vacuum decay. Whether the electroweak
false vacuum survives or not in various gravitational backgrounds and cosmological situations
can be determined by these effects although it has some essential difficulties to analyze the
Higgs fluctuation in gravitational background.

In standard QFT, the vacuum field fluctuation is formally described by the two-point cor-
relation function, which has troublesome ultraviolet (UV) divergences. Thus, a regularization
or renormalization must be required. In ordinary Minkowski spacetime, these UV divergences
can be eliminated by standard renormalization methods. However, in curved spacetime where
gravity curves the spacetime, it is much trouble to perform the renormalization and estimate
the vacuum fluctuation due to ambiguity of vacuum states and gravitational particle creations.
In this thesis we adopt some techniques of QFT in curved spacetime [22-30] corresponding to
the semiclassical approach of quantum gravity (QG). Here we derive the effective potential in
curved spacetime with the gravitational backreaction and clearly demonstrate how the Higgs
vacuum fluctuation affects the stability of the electroweak vacuum. Based on this semiclassi-
cal analysis, we investigate the electroweak vacuum stability in various background spacetimes
or cosmological situations as during inflation corresponding to the de-Sitter spacetime, after
inflation like the preheating and reheating stage and around evaporating black holes.

1.1 Summary of the Research

This research project focus on the Higgs vacuum stability in various gravitational backgrounds
or cosmological situations. The central issues for this project are how the Higgs vacuum fluctu-
ation affects the stability of the electroweak vacuum and to analyze the gravitational vacuum
fluctuation of the Higgs field in curved spacetime. By using some techniques of QFT in curved
spacetime corresponding to the semiclassical approach of quantum gravity (QG), we derive the
standard effective potential in curved spacetime. However, we clearly show that gravitational
vacuum fluctuation modifies the standard effective potential [1,2] and the spacetime itself as
the gravitational backreaction [3]. Based on the above considerations and discussions, we inves-
tigate the electroweak vacuum stability during inflation [1,2], after inflation in particular the
preheating stage [4] and around evaporating black holes [5].

1.2 Organization of the Thesis

This thesis is constructed as follows:
In Chapter 2 we review a formulation of the SM and consider some famous puzzles beyond
the SM. We will discuss the naturalness problems of the cosmological constant or the Higgs
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boson mass, and formulation of the Coleman-Weinberg effective potential. These originate from
quantum zero-point vacuum energy and we review the Casimir effect as the famous example of
its existence. Next we will discuss the renormalization group (RG) running of the Higgs self-
coupling which provides rich information about the high-energy scale physics. Especially, for the
best fit values of the SM parameters, the running Higgs self-coupling becomes negative at the
high-energy scale and raise a vacuum stability problem. Here we will provide a comprehensive
review of the electroweak vacuum stability.

In Chapter 3 we will review some techniques of QFT in curved spacetime and semiclassical
gravity. These are entitled semiclassical approach to the quantum gravity (QG) where the
matter fields only are quantized but the gravity field does not. Those provide quantitative
depictions of some quantum gravitational phenomena. Here we consider the renormalization
of the quantum fluctuation in curved spacetime and derive the standard effective potential in
curved spacetime. However, we clearly show that the gravitationally induced vacuum fluctuation
modifies the standard effective potential and the spacetime itself as the backreaction.

In Chapter 4 we will investigate the gravitationally induced vacuum fluctuation of scalar field
in de-Sitter and Schwarzschild spacetime by using adiabatic regularization or point-splitting
regularization. The induced vacuum fluctuation of scalar field in de-Sitter spacetime enlarges
in proportion to the Hubble scale. On the other hand, the gravitationally induced vacuum
fluctuation in Schwarzschild spacetime glows up to the Hawking temperature. However, in the
Schwarzschild spacetime there are three well-defined vacua like the Boulware vacuum, Unruh
vacuum and Hartle-Hawking vacuum, and therefore careful consideration must be required.

In Chapter 5 we will briefly discuss false vacuum decay in curved background. The quantum
effects of the gravitationally induced vacuum fluctuation are twofold. First, the induced vacuum
fluctuation of scalar field stabilizes or destabilizes the effective potential as the backreaction
effect. Second, the inhomogeneous fluctuation of the scalar field can generate true vacuum
bubbles or domains and triggers off a collapse of the false vacuum. Whether the false vacuum
state in curved background become stable or not can be determined by these two effects. In
this chapter we discuss quantitatively the gravitational phase transition.

In Chapter 6 we will thoroughly investigate electroweak vacuum stability in gravitational
background. First, we will derive the effective Higgs potential modified by the gravitationally
induced vacuum fluctuation and explain how one in flat spacetime change in curved spacetime.
Next, we will introduce the stochastic formalism using the induced vacuum fluctuation to discuss
a false vacuum decay in curved spacetime. Based on the above formulation, we investigate
the electroweak vacuum stability during inflation corresponding to de-Sitter spacetime, after
inflation like the preheating or reheating stage and around evaporating black holes.

Chapter 7 is devoted to the conclusion of this thesis.



Chapter 2

The Standard Model and Beyond

The ATLAS and CMS experiments at the large hadron collider (LHC) in CERN [6,7] discovered
the famous Higgs boson that is the last missing particle of the Standard Model (SM). This
discovery has been recognized as a greatest accompaniments of particle physics in the past few
decades and completely established the SM. In this chapter, we review a formulation of the SM
and its problems suggesting a new physics. Especially, we will discuss the stability problem of
the electroweak vacuum in more detail.

2.1 The Standard Model

The SM is formally based on the quantum field theory (QFT) and incorporates three fundamen-
tal forces, the electromagnetic, the weak and the strong forces involving different types of gauge
bosons. The SM with the Higgs boson is a complete theory at the low energy scale and has been
done remarkable experimental confirmations. In this section we will review the formulation of
SM and discuss the Brout-Englert-Higgs (BEH) mechanism in quite some detail.

2.1.1 The Standard Model Lagrangian

The SM is formulated as the gauge theory under the gauge group Gsm = SU (3), x SU (2), x
U (1)y. The fundamental forces of the SM can be propagated by gauge bosons: one B boson
in U (1), three W bosons in SU (2), and eight gluons in SU (3),. However, the electroweak
symmetry SU (2), x U (1), is spontaneously broken to U (1),, by the vacuum expectation
value (VEV) of the Higgs field [31]. The Higgs field is only a scalar field in the SM and assumed
(1,2,41/2) under SU (3), x SU (2), x U (1)y. The Lagrangian of the SM is given as follows:

ESM = Egauge + ﬁmatter + £Higgs; (21)
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where A\* is the Gell-Mann matrix A* and ¢ is the Pauli matrix. The gauge fields for gauge
symmetries U (1), SU (2), and SU (3) are denoted as B,,, W, and G, with couplings ¢, g and
gs- On the other hand @, U or D express quarks, and L or E are leptons with the generation
matrix indices i and j. The two SU (2) doublets can be constructed as AB = ATio?B. These
field strengths X, are defined by

X, = 0,X0 — 0,X; —igx [ X, X (2.4)

2.1.2 The Brout-Englert-Higgs Mechanism

The BEH mechanism is one of the most elegant idea in the theoretical particle physics [32-37].
The electroweak symmetry SU (2), x U (1), is spontaneously broken to U (1),, by the Higgs
VEV and the Standard Model particles acquire their masses. The masses of the SM particles
like W /Z bosons, charged leptons, quarks and the Higgs boson itself are completely determined
by the strength of the Higgs interactions and its VEV. The Higgs Lagrangian of the SM is given
as follows,

ﬁHiggs = £kinetic + ‘Cpotential + ‘CYukaWEM (25)

where Liinetic, Lpotential a1d Lyykawa are kinetic, potential and Yukawa part of the Higgs La-
grangian. The Higgs kinetic part is written as

1 f 1
‘Ckinetic = (DMH)TDMH = <8HH — ZQQWNH — §ZgyBMH) (0“[—[ — Z‘QQW“H — ElgyBuH) .

(2.6)
The Higgs potential is assumed as a wine-bottle or mexican-hat type form
A 2 A —u2\*
i = WHH+Z (HH) =2 (HH- — L 2.
'Cpotetal 2 +2( ) 2 A +2/\ ( 7)

where the Higgs mass is negative to be u? < 0. The origin of the Higgs potential is unstable,
and therefore, the Higgs field classically rolls down to the stable vacuum state and gets the the
vacuum expectation value (VEV),

_MQ

(O[H|[0) = vpw = N (2.8)
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The Higgs VEV spontaneously breaks the electroweak symmetry SU (2); x U (1), to the elec-
tromagnetic symmetry U (1) ;,,. The Higgs field can be decomposed as a four-component scalar

field,
() () )

where h is the SM Higgs boson discovered at the LHC and G is the Nambu-Goldstone bosons.
The spontaneous electroweak symmetry braking via the Higgs VEV makes the three W bosons
massive observed as the Wy bosons and the Z boson as follows:

1 .
Iy = —5—— (9W3 — ¢'B,) = cos bW, —sin Oy By, (2.10)
g°tyg
_ 1 A3 o 3
AM = W (g WM + gBM) = Sin HWWM -+ cos ewBu, (211)
1
Wi =— W, FiW,), (2.12)

V2

where 0y is the Weinberg angle. The Higgs VEV generates the masses of the SM particles like
W /Z bosons, charged leptons, quarks and the Higgs boson itself,
12 2 2
m2 = 2k, M2 = %v%w, =Lty (2.13)
The Higgs VEV completely determines the electroweak scale and vgw has been given by the

measurement of the mass of the W= bosons.

V2 V2

- 2~ 5.2
8my, 205w

Gr

(2.14)

where the Fermi constant G was experimentally known with a very good accuracy and there-
fore, the value of Higgs VEV could be estimated as vgw ~ 246 GeV. However, the self-coupling
A can be only predicted by the measurement of the Higgs boson mass. The mass of the fermions
my = ysugw/2 are generated after spontaneous symmetry breaking. The couplings y; are called
Yukawa couplings and determines the observed values of fermion masses.

2.2 Beyond the Standard Model

The SM is almost complete and satisfying theory at the low energy scale. Even if we extrapolate
the SM up to the Planck scale adopted to be Mp; ~ 10! GeV, it remains theoretically consis-
tent and no new physics must be required. However, there are many long standing questions
and puzzles in particle physics and cosmology. Phenomenologically, there are various experi-
mental evidences which the SM can not explain correctly: dark matter, dark energy, horizon
or flatness problem, baryon asymmetry and non-zero neutrino mass. Theoretically, there are
more troublesome problems, such as the naturalness or fine-tuning problem of the Higgs boson
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or the cosmological constant, the consistent formulation of quantum gravity (QG), the origin
of the electroweak symmetry breaking and the stability problem of the electroweak vacuum.
These notorious problems are important clues to understand new physics beyond the SM and
the cosmological history of our Universe.

Let us list these problems beyond the SM as follows:

e Dark matter: Non-baryonic dark matter in the Universe
e Dark energy: Accelerated expansion of the Universe
e Baryon asymmetry in the Universe

e Horizon problem: Homogeneity of the Universe although there are many causally discon-
nected patches

e Flatness problem: Energy density of the Universe so close to the critical density

e Energy balance of the Universe: Why are the contributions of the dark energy, dark matter
and baryonic matter comparable in size today ?

e Quantum Gravity: What is the consistent theory of QG 7
e Non-zero neutrino masses from neutrino flavor oscillations
e Strong CP violation: Why is fgcp extremely small ?

e What is the origin of the Higgs sector of the SM 7

e Naturalness problem: why are the Higgs boson mass or the cosmological constant so small
compared with the Planck scale ?

e Vacuum stability: Is the Higgs (electroweak) vacuum stable or not ?

Despite remarkable experimental confirmations, the SM can not explain many problems. There-
fore we are convinced that there would exist new physics beyond the SM. Below let us explain
phenological or theoretical problems in quite some detail.

The gravity around our solar system can be correctly described by the Einstein’s general
relativity with the SM, but it fail at the larger scales. As is well known, the matter of the
SM is not enough to explain the rotation of the galaxies. The unknown matter is called dark
matter and we do not know what it is at all. Moreover, various cosmological observations like
the distant type-la supernovae show that the expansion of the Universe is accelerating. This
fact can be explained by postulating that the current Universe is dominated by a mysterious
vacuum energy called the dark energy. The cosmological observations of the cosmic microwave
background (CMB) by the WMAP (Wilkinson Microwave Anisotropy Probe) satellite and the
recent Planck satellite have clarified that almost content of the present Universe is formed by
the mysterious dark matter and dark energy.

Furthermore there exist old cosmological problems like horizon or flatness problem. These
puzzles can be explained by the inflation which is the hypothetical exponential expansion of the
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Figure 2.1: The SM phase diagram in terms of the Higgs boson mass M}, and the top quark
mass M, shows the instability, metastability, and stability region of the electroweak vacuum.
The grey areas expresses 1, 2 and 30 uncertainties for M} and M;. The uncertainties of M) and
M, still allow for the absolute stability region and there is a need for more precise measurements
of these masses to decide the state of the electroweak vacuum stability. This figure is cited from
Ref. [14].

early Universe. Most of the framework of the inflation requires some new scalar particles beyond
the SM. On the other hand, there exits another unsolved problem, the baryon asymmetry of the
observed Universe. The contents of the SM can not explain a huge amount of baryons against
anti-baryons. The desired mechanism is named baryogenesis which requires new particles or new
interactions beyond the SM. Most of these cosmological problems like dark matter, dark energy,
inflation and even baryogenesis are closely related to the gravity and therefore a modification
of the gravity can solve some of these problems. However it would be highly improbable that
the modified gravity solves all these problems.

These facts require some new physics beyond the SM. However, there is another motivation
to extend the SM from the theoretical point of view. One of the most notorious issues is about
quantum gravity (QG). The SM does not include the gravity and the Einstein’s general relativity
is not satisfactory from the viewpoint of the QFT. In principle, we should quantize the gravity
to discuss quantum phenomena beyond the Planck scale. However, QG has essentially non-
renormalizable and non-unitary properties, and therefore we do not have any consistent theory
for QG although various attractive theories have been investigated.

The most troublesome issues within the SM is so-called naturalness problem. The Higgs field
is not protected from quantum radiative corrections and closely related with the high-energy
scale physics such as GUT, QG and string theory. Certainly the quantum radiative corrections
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to the Higgs mass gy have quadratic divergences and require unnatural fine-tuning,

C (A2, ), (2.15)

(4m)?

where « is the coupling of the SM particles and Ayy is the ultraviolet cut-off scale. If we
assume that the SM is valid up to the Planck scale Mp; ~ 10¥ GeV, we encounter incredible
fine-tuning cancellation between the bare Higgs mass p?% and the quantum corrections Ap?.
This is called the fine-tuning problem or naturalness problem. The leading candidate to solve
the issue is e.g. supersymmetry, extra-dimensions and compositeness. However, these proposals
has been suffered from the observed Higgs boson mass m$™ = 125 GeV and the current experi-
mental constraints on the new physics. The fine-tuning problem of the the Higgs mass and the
cosmological constant has remained one of the most serious puzzles of the particle physics.

On the other hand, the stability of the Higgs potential is one of the most important problem
beyond the SM. For the present best fit values of the Higgs mass m;, [8-11] and the top quark
mass m; [12] the SM Higgs potential develops an instability below the Planck scale. This
instability suggests that our living electroweak vacuum is a false vacuum and would eventually
collapse. The life-time of the Higgs vacuum via the standard analysis of QFT is exceedingly small
compared with the age of the Universe under these conditions [13-15]. However there are several
experimental and theoretical uncertainties, and furthermore it has recently pointed out that the
above situation drastically changes when the gravitational effects can not be ignored [16-21].
The stability of the electroweak vacuum has a grate impact on the entire history of the Universe
and provide some hints of the new physics beyond the SM. These issues are the central subjects
of this thesis.

Apgy ~

2.3 The Quantum Zero-point Vacuum Energy

The SM which is the self-consistent framework for elementary particle physics is formally based
on the QFT. Formally, the QFT [38] is constructed as an enormously large collection of the
quantum harmonic oscillators. Thus, the vacuum energy receives divergent zero-point energy
with various quantum fields,

Ezero = % Z;wk — 00, (216)

spin

where wp, = Vk? + m? and m is the masses of quantum fields. Theoretically, the quantum zero-
point corrections can be renormalized by bare parameters and one fixes the physical values so
that they agree with the observations. Therefore, the QFT makes no prediction for the physical
values of the vacuum energy [39] although the fine-tuning between the bare parameters and
the quantum corrections would be still serious and leads to the naturalness problems of the
cosmological constant and the Higgs boson mass.

On the other hand difference of the divergent zero-point energy AFE,.., has already been
recognized to provide the observable effects. Famously, the Casimir effect [40] can be described
by using electromagnetic zero-point energy between two parallel conducting plates and has been
experimentally detected [41]. The difference of divergent energy with the boundary conditions
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becomes finite Casimir energy [42] and these phenomena have indeed provided an important
hint of this problem.

Now, let us consider a massless scalar field between two parallel plates to impose the Dirichlet
boundary condition,

p(z=0)=0¢(z=a)=0. (2.17)

where the boundary condition discretizes the modes k = nm/a and the zero-point energy on

this condition can be given by
nm\ 2
Ve (ER) (2.18)
a

1 I [ &%k
Erero = 5;“% = 5;:0/ (271')2

Next, let us adopt so-called zeta function regularization method and use following mathematical
formula,

> dt 2 d/2
/ —t % =T (—a) 27, /ddketk = (E> , (2.19)
0 t

t

where d is the complex dimension of the spacetime and the left expression is called the proper
time integral. Using these formula, we can get the following expression,

1 / dk /°° dt e ik >
Eiero = 3 t /26 t<k *nr/a) ) 220)
2; 2m)?Jo t-T'(=1/2) (

1 1 /°° dt 22,2
- - 4 /2—d/26—tn w2 /a
AN/T (47) 2 nzzo o t

Proceeding the calculation we obtain

1 1 T\ 1+ d+ 1) <
Ezero - — <_) 'l — d+1 2.21
4T (47)"* \a ( 2 ) " (221)

) () e

Now we take analytic continuation to remove the divergences and get the Riemann zeta function,

r (g) C(z)m 2 =T (1 5 Z) C(1— 2) (=92 (2.22)

The quantum zero-point energy on the Dirichlet boundary condition can be written as

) 1 1 d
Ecasimic = (lilig {_2d+2ﬂ-d/2+1 ad-f-lr (1 + 5) <(2 + d)}

7T2

1440 - o (2.23)
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where the zero-point divergences are systematically removed by the analytic continuation of the
zeta function ¢ (z). The finite and negative zero-point energy is so-called Casimir energy and
observable as the attractive force between two parallel plates at small distances,

2
o a-ECELSiInir . T
FCasimir - T 5 —

da 480 - at (2:24)

where Fasimir 18 @ famous Casimir force per unit area. In the electromagnetic fields between
two parallel conductive plates, the Casimir force can be written as Fgagimi = —m2/(240 - a*) [40]
where we count the two polarization states of the photon. The Casimir effect has been confirmed
in many experiments [43-45] and strongly depend on the size, geometry and topology of the
given boundaries. On the other hand, theoretically, whether the observations of the Casimir
force prove the reality of the zero-point energy or not has been still under debate [46] because the
Casimir force can alternatively be computed without invoking the zero-point electromagnetic
energy as the standard perturbative methods of QED [46] like the Lamb shift and the van der
Waals interactions [47-49]. The question of the existence of the zero-point energy is outside the
scope of this thesis, but the existence is crucial for constructing the Coleman-Weinberg effective
potential. In next section we consider the fine-tuning problems of the cosmological constant or
the Higgs mass and the formulation of the Coleman-Weinberg effective potential.

2.3.1 The Naturalness of the Cosmological Constant

The quantum vacuum energy density is given by the following momentum integral

Erero 1 [ &Pk
Pzero = = _/ k2 +m2. (225)

Volume 2 (27r)3

Taking the momentum cut-off Ayy, the divergences of the quantum zero-point energy density
are regularized as

1 [V Bk
Prero = = / V k2 +m? (2.26)

2 (2m)°
Ay mPAEL, mt m?

- 1 2.7
672 © 1672  6dn2 B (A%V> L (2.27)

which has quartic or quadratic divergences. If the cut-off Ayy physically corresponds to the
Planck scale Mp;, these divergence terms imply that the bare cosmological constant vacuum term
px = N/87Gy defined by the cosmological constant A and the Newton’s constant Gy must be
fine-tuned to the current vacuum energy density. Thus, there is an huge discrepancy between
the theoretical prediction and the observed dark energy obtained from current cosmological
data [50-54]. This is known as the (old) cosmological constant problem, which is recognized as
one of the most profound puzzles in theoretical physics [55-64].

Let us adopt the dimensional regularization and the quantum energy density is regularized,

m* m* 1 3
wero = —— |In | — | — — — log4 — =1, 2.28
P 647?2[11(/12) e 8 Tty 2 (228)
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where p is the subtraction scale of dimensional regularization, € is the regularization parameter
and 7 is the Euler’s constant. The divergence terms of € are absorbed by p,. Next, let us split
the bare term py to be py = pa (1) + dpa and the counterterm dp, of the cosmological constant
in MS scheme can be written as

m? 1
opr = —— [ = +logdn — 2.29
Pa an)? <6+ og 4w 7), (2.29)

where the counterterm dp, depends on the regularization or renormalization scheme. By absorb-
ing the divergence terms into the counterterm dp,, we obtain a finite renormalized expression,

1 A3k
Pvacaum = PA T = / \% k2 + m? (230)

2/) (@r)
i) 0om T T (Y L gy = (2.31)
m* m* 3
= In———-]. 2.32
)+ s (7 5 (232)

The divergences of the zero-point energy density can be formally removed by the normal ordering
of the operators or absorbed by the renormalization of the cosmological constant. However, we
encounter incredible fine-tuning of the cosmological constant. In the framework of the SM, we
can write down the vacuum energy density as follows:

nym; mi 3
Pvacuum = PA + PEW + PQCD + Z 6472 (hl F - 5) @ (A%V) +e, (233)

where ppw ~ 10® GeV* and pgop ~ 1072 GeV* express classical vacuum energies originating
from electroweak symmetry breaking or chiral symmetry breaking, respectively. The logarithm
terms express quantum corrections of the SM particles where n; and m; are the number of
degrees of freedom and the mass of the SM particles i, respectively. The current physical value
of the energy density observed as the dark energy, pgax =~ 2.5 x 107%7 GeV* is unacceptably
smaller than the theoretical predictions of those energy densities. Despite enormous efforts,
there are no satisfactory scenario to solve this fine-tuning issue and derive the dark energy
Pdark =~ 2.5 x 10747 GeV* which is far from the electroweak, GUT and Planck scale.

2.3.2 The Coleman-Weinberg Effective Potential

Let us consider the Coleman-Weinberg (CW) effective potential [65] which is constructed by
the zero-point energy. Let us consider the scalar potential,

2
V(¢) = pa + %cf + gcb“- (2.34)

where A is self-interaction coupling of the scalar field ¢. In this set-up the quantum zero-point
energy is written as

Vi) = 5 [ o VI AE) (2.35)
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where M (¢) = V" (qb)l/ > = /m? + 3)\¢? and the CW effective potential is formally constructed
as follows:

Vet (9) = V() + Viero (9)

= pa () + (“) Ai“)qsua + 2¢2+%¢4
it [m (Mﬂ )1 s
= pa (1) + 52 (“) Ai“) 64752) [m <@) - g} . (2:36)

where dpy, dm, 0\ are the counterterms of the couplings. The variances of the zero-point energy
via the scalar field vales ¢ modify the classical potential V' (¢) and the couplings, and sometimes
the ground state to be minima of net energy density changes against what we would expect from
the classical potential.

The famous example of the CW mechanism is a model of the massless scalar QED which is

described by

1 1 1
Lusq = =7 (Fuw)’ + 5(Duo)” — 100", (2.37)
4 2 4!
where the scalar field ¢ is complex, the electromagnetic field tensor is F,, = 0,4, — 0, A,,
and the covariant derivative containing the electric charge e is D, = 9, — eA,. The one-loop
effective potential of the massless scalar is given by
A 5\? 3et »* 25
Ve = —¢* flIns — = 2.38
7 (0) =g +(11527T2+647T2>¢ (n,ﬂ 6>’ (2.38)

where p corresponds to the renormalization scale and we can simply absorb the factor of —25/6
into the definition of u. By setting the scale to the VEV as u = vy and neglecting the term A2,
we obtain a well-known effective potential as follows

3et » 1
V. =  llms — 2. 2.39
Although the classical potential V' (¢) has no mass term, the spontaneous symmetry breaking

can occur due to the quantum radiative correction. Therefore the quantum radiative correction
has physical and phenomenological meanings.

2.3.3 The Naturalness of the Standard Model Higgs Boson

Besides the problem of the cosmological constant there is a same problem in the Higgs sector of
the SM. The electroweak hierarchy or naturalness problem [66-68] has been discussed for past
decades and motivated some TeV scale new physics e.g. supersymmetry, extra-dimensions and
compositeness. Let us briefly review the Higgs naturalness problem.
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The Higgs mass of the SM receives quadratic quantum corrections from loop diagrams. The
contribution at one-loop diagram can be estimated by

(4m)®

where a is O (1) coupling and Ayy is the UV cut-off scale. The Higgs mass term has any
symmetry and therefore we encounter incredible fine-tuning cancellation between the bare Higgs
mass p3; and the quantum corrections from the cut-off scale Ayy. One of possibility to solve
the unnaturalness is that the cut-off scale Ayy is near O (10%) GeV, and the standard QFT
breaks down above the scale.

One of the most elegant solution is the supersymmetry (SUSY) being a fundamental symme-
try between fermions and bosons. The SUSY provides two scalar boson for a respective fermion
and cancels the quadratic divergences via the super-partners. However, it must be broken softly
by some breaking scale Mgysy because we have no super-partners at the low-energy scale. Thus,
the SUSY contributions to the Higgs mass can be estimated as

:uf)hysical = M?{ + (A%V + - ) ) (240)

A2
Uv 4.

o
_ —Iv
Mgw

(4m)”

where we expect that the SUSY breaking scale Mgysy must be near the electroweak scale Mgw
to relax the hierarchy. But, the above expectation has been suffered from the observed Higgs
boson mass and the current bound for SUSY particles at the LHC. Furthermore, the case of the
cosmological constant already breaks the above expectation. The naturalness of the the Higgs
mass or the cosmological constant has remained one of the most serious problem and there are
no entirely satisfactory solutions to these problems.

#?)hysical = M?{ + MszUSY log T (241)

2.4 Phenomenology of the Higgs Vacuum Stability

In this section we turn to the more realistic problem of the Higgs sector. The renormalization
group (RG) running of the Higgs self-coupling provides rich information about the high-energy
physics and gave allowed regions of the Higgs mass before its discovery. The observed Higgs
boson with m; ~ 125GeV has no Landau pole problem or triviality and therefore it seems
to require a drastic modifications of the SM up to the Planck scale. However, the vacuum
stability of the Higgs potential has remained a real problem. For the present best fit values of
the Higgs mass m;, and the top quark mass m,, our electroweak vacuum has been living in the
edge between the stability and the instability. Thus, the metastability of the Higgs vacuum has
recently attracted significant interest in the high-energy community. In this section we review
a phenomenology of the running Higgs self-coupling and provide a comprehensive review of the
the vacuum stability of the Higgs.

2.4.1 The RG running of the Higgs self-coupling

The renormalization group (RG) is the standard tool in QFT and the RG running of the coupling
provides a detailed depiction about the high-energy physics. The one-loop RG equations in the
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SM are given by

a1 3., 3 2
i ()\ <—9g2 —3¢7 + 12y§) + 24)\% + Zg4 +3 (92 + g'2> - 6yt4> : (2.42)
dyt 1 9 3 9 2 17 12 2

_ 9 D Mo 2.4
dg 1 ( 19 3> dg 1 (41 ,3> dgs 1 ( 5)

_ 198 49 28, e wa 2.44
it~ (n? \" 6”7 it~ (an)P \ 67 it~ (anP\ Y (2.44)

where ¢ = In(u/puo) is the running parameter. For simplicity we consider the one-loop RG
equation of the Higgs self-coupling A and neglect other coupling contributions as

d\ 3N

A R 2.45
dt — 2mw?’ (2.45)
which lead to the simple solution
A (o)
Ap) = ) (2.46)
1 — 3550 1n (/o)
where the denominator goes to zero in the limit © — App,
272 4722
Arp ~ — | ~ — . 2.47
o= (53 ) = oo (557 240

The Landau pole is the coupling constant (interaction strength) becomes infinite and therefore
we cannot rely on the perturbative theory to work. Since App approximately given by Eq. (2.47)
gives the maximum scale where our perturbation theory is valid, we need to reside allowed bound
of the Higgs Landau pole or triviality. If we require that our theory is perturbative all the way
up to the Planck scale Mp; ~ 10! GeV, the maximum allowed Higgs mass becomes 180 GeV,
which is consistent with the observed Higgs mass m; ~ 125 GeV.

Let us go back to the full renormalization group (RG) equation of Eq. (2.44) and consider
the stability bound of the Higgs mass where we worry about whether the RG running of the
Higgs self coupling A can lead to the vacuum instability or not. In the small coupling regime
where the Higgs self-coupling A is around zero, we can simplify the one-loop RG equation of A
as follows:

d\ 1 3, 3 2
= 6yt + gt + 2 (P +¢7) +O(N 2.48
dlog 1 167r2( e T 19 +8(9 +of) oW (2.48)
3 3 2 >
~ —1200 + 290+ = (g2 + g log 2.4
A=A+ i (14 g () oW il

where 3, = v/2m,/v. The negative contributions of the running Higgs self-coupling A (i) only
come from the top quark mass m;. The negative Higgs self-coupling as A (u) < 0 imply that
our electroweak vacuum is not stable and finally decay to the more stable true vacuum. The
instability scale A; where the Higgs self-coupling becomes zero as A (A;) = 0 can be given by
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Figure 2.2: RG running of the Standard Model couplings from the electroweak scale to the
Planck scale. The 3¢ uncertainties of M, M, and a3 (myz) are shown by the colored bounds.
The above plot is cited from by Ref. [14].

Eq. (2.49). If the Higgs mass is m;, ~ 60 GeV, our electroweak vacuum is unstable unless the
new physics appear around TeV scale and stabilize the Higgs potential. On the other hand,
if the Higgs mass is greater than about my ~ 130 GeV there is no vacuum stability up to the
Planck scale. The range of the Higgs mass 130 GeV < my, < 180 GeV is called as the nightmare
scenario where we have no Landau pole and vacuum stability problem in the SM Higgs. From
this point of view, the observed Higgs boson with m;, =~ 125 GeV does not seem to require a
drastic modifications of the Higgs sector in the Standard Model. Certainly, there is no Landau
pole problem or triviality in observed Higgs boson. However, the vacuum stability of the Higgs
potential has been found to remain a real problem.

2.4.2 The Metastability of the Electroweak Vacuum

The RG running of the Higgs self-coupling affects the stability of the electroweak vacuum. The
exact stability condition of the Higgs mass my, can be obtained by the analysis of the three-loop
RG equations and given by [14, 15]

_az(mg) —0.1184
0.0014

mp, > 129.6 GeV + 2.0 (m; — 173.34 GeV) GeV + 0.3 GeV, (2.50)

where the error bars originate from both experimental and theory uncertainties. By combining
in various theoretical uncertainties and experimental errors, we can get the bound

myp, > 129.6 GeV £ 1.5 GeV. (2.51)
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Figure 2.3: Decay probability and lifetime of the electroweak vacuum as the function of My, M,
and ag (mz). The above plot is cited from Ref. [14].

This result show that the vacuum stability of the SM is excluded at 2.80. However, there are
large uncertainty originating from m; in Eq. (2.50) and therefore, the measurement of the top
quark mass m; has a great impact on whether the electroweak vacuum is stable or not.

Since the Higgs mass mj;, has been measured and the experimental error is already small at
the LHC, the stability condition of the Higgs potential would be better to write the condition
of my. The vacuum stability condition of the top quark mass m, can be given by

my > 171.53 GeV £ 0.42 GeV, (2.52)

where we combined in theoretical and experimental uncertainties on mj, and as. The in-
stability scale A; can be defined by the maximum value of the effective Higgs potential as
A1 = (max Vg(¢))/4. The instability scale A; is numerically given by

(mz) —0.1184
0.0014

A
logy ﬁ = 0.5+ 0.7 (my — 125.15 GeV) — 1.0 (m; — 173.34 GeV) + 0.6
e
(2.53)
The current values of the Higgs boson mass m;, = 125.09 £ 0.21 (stat) & 0.11 (syst) GeV [8-11]
and the top quark mass m; = 172.4440.13 (stat)+0.47 (syst) GeV [12] suggest that the effective
Higgs potential develops an instability at the high scale A; = 109 ~ 10* GeV. Therefore, if
there are no new physics to stabilize the Higgs potential, the current electroweak vacuum is not
stable and finally cause a catastrophic decay through quantum tunneling. The decay rate of the
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electroweak vacuum per unit time and unit volume is estimated by instanton methods [69-71],

S2 |det' [-0% + V" (¢)] |/
dp/(dV - dt) = yo dei [[—(92 ——ii-_V” ((;f))]] exp(—Sk), (2.54)

where Sg is the action of the Euclidean tunneling bounce solution and the prefactor can be
replaced with width of the barrier A;. Simplifying the effective Higgs potential to be Vog (¢) =
—| et (0) | /4 the bounce action becomes Sg ~ —872/(3|Xegt (A1) |). Therefore we can get the
approximate decay rate to be dp/(dV - dt) ~ A} exp[—2600/(| g (A1) |/0.01)]. The volume-
factor can be estimated by the age of the Universe 75 &~ (e'°/Mp)?. Fortunately, the decay
probability is extremely small p < 1 with the age of our Universe (see Fig. 2.3) and therefore,

the electroweak vacuum lives in the metastability region [13,14,72,73].

2.4.3 The Cosmological Stability of the Electroweak Vacuum

However, the recent investigations [1, 2,4, 16,17, 74-83] show that the electroweak vacuum
metastability is incompatible with large-field inflation models. It is well-known that the vacuum
field fluctuation <5¢2> rapidly glows up to Hubble scale. Therefore, if the large inflationary fluc-
tuation <(5¢2> of the Higgs field overcomes the barrier of the Higgs effective potential Vg (),
it can triggers off a vacuum transition to the negative Planck-scale true vacuum. Furthermore,
even after the inflation, the large Higgs fluctuation can be generated via parametric resonance
or tachyonic resonance, and that is potentially serious [4,84-88]. Besides that, the decay of
the false Higgs vacuum can be enhanced in Schwarzschild background [5, 1821, 89-92], and
therefore, the existence of the evaporating black holes might not favor the metastability of the
Higgs vacuum. Therefore, whether cosmological inflation of the early Universe or evaporations
of the black holes are compatible with the stability problem of the Higgs vacuum has recently
attracted significant interest, and the gravitationally induced vacuum fluctuation of the Higgs
is crucial factors on this problem.



Chapter 3

Quantum Field Theory in Curved
Spacetime

The modern gravitational physics is mainly based on the classical Einstein’s theory. How-
ever, sometimes in the early Universe and the black hole physics, we face the necessity to
properly handle the quantum phenomena involving the gravity. In principle, the quantum grav-
itational phenomena should be discussed in the framework of quantum gravity (QG) theory
where gravity fields are also quantized together with matter fields. But owing essentially to
the non-renormalizable and non-unitary properties, we have not yet got any consistent the-
ory although there exist many attractive approaches for QG . Furthermore, some gravitational
quantum phenomena being much smaller than the Planck scale can be successfully described
by the semiclassical approach where matter fields only are quantized but gravity does not. The
semiclassical approach of QG can be formally classified into several steps as follows:

e QFT in curved spacetime: the background spacetime is classic but the matter fields are
quantized where we ignore the backreaction of the matter fields on the spacetime. The
formulation and technique of QFT in curved spacetime are well-known and this approach
is considered as the first approximation to QG.

e Semiclassical gravity: the spacetime is still teated as the classical background, but include
the gravitational backreaction. The generalized Einsteins equations in the semiclassical
gravity are written as

1
R, — §ng +Ag =87Gy (1), (3.1)

where the vacuum expectation values (7},,) of the energy momentum tensor 7),,. The
semiclassical equations provide the quantum backreaction of the matter fields on the back-
ground spacetime. The theory of the semiclassical gravity which includes the gravitational
high-order derivative terms as R2, R, R or R, """ is completely renormalizable.

In this section, we consider the semiclassical approach and review some techniques or methods
of the QFT in curved spacetime and the semiclassical gravity.

23
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3.1 The Einstein-Hilbert Action

First of all, let us briefly introduce the gravitational action in the semiclassical gravity. The
Einstein-Hilbert action is the well-know and simplest action to describe the gravity. However,
more complicated action involving higher order derivatives is possible and required to the renor-
malization of the QFT in curved spacetime. The total gravitational action can be given by

1
167TGN

Stotal = /d4l’\/—_g (R + 2A) + SHG + Smatteru (32)
where Gy is the Newton’s gravitational constant and A is the bare cosmological constant.

The first action is the standard Einstein-Hilbert action with the cosmological constant A,
Sue is high-order derivative gravitational action and Spaiter is the matter action. The high-
order gravitational action Syg, being required to construct a renormalizable theory in curved
spacetime, can be written by

She = — / d*z/=g (a1 R* + asC* + a3E + a40OR), (3.3)

where a1, as, az, as express the high-order derivative gravitational couplings, C? = R,,,,, R'"° —
2R, R*™ + (1/3) R* is the square of the Weyl tensor and E = R,,,, R"*** — 4R, R*" + R? is
known as the Gauss-Bonnet term. The gravitational actions via the principle of least action
yields general Finstein’s equations,

(1) (2) 3) _
me/ + PAGuv + a1HW +CL2HW, +a3H,u,1/ = THW (34)

where G, = R, — %ng, is the Einstein tensor and H,S,I,), H,(ﬁ,) or H, ELEL) are tensors including
the high-order derivative terms R?, R, R" or R, ,, R"*°. T, is the energy momentum tensor
formally defined by

2 6Srnatter

T = ——— . .
T Vg ogm 3

3.2 The Cosmological Dynamics of the Universe

The cosmological dynamics of the Universe is described in the assumption called cosmological
principle that the Universe is spatially isotropic and and homogeneous and does not have any
special point and direction. That is consistent with the cosmological observations and the
observed Universe is almost isotropic and homogeneous at the large scale.

The geometry of the spatially isotropic and homogeneous spacetime where g, is the metric
can be written by Friedmann-Lemaitre-Robertson-Walker (FLRW) metric:

dr?

2 _ vo__ 342 2
ds —gwjdl'udi[f =dt* —a (t) 1——[(7”2

+ 7% (d6? + sin®0dp?) | | (3.6)
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where a (t) = a = 1 + z is the scale factor which relates with cosmic time ¢ and redshift z. The
coordinate (r, 0, ) expresses comving coordinate system and K is the curvature parameter. The
positive, zero, and negative values of K correspond to closed, flat, and hyperbolic Universe.

The Einstein’s equations describing the cosmological dynamics of the Universe are formally
given by

1
R,uu - §Rguu + Ag;u/ = 87TGNT;AW (37)

where R, is the Riemann tensor and R is the Ricci scalar. For the homogeneous and isotropic
Universe we take the perfect fluid approximation of the energy momentum tensor,

T = (p+ p) uptty, + Pgpu, (3.8)

where p is the energy density, p is the pressure and u,, is the four velocity of fluid. By introducing
a parameter w depending on the kind of matter, we get a relation p = wp. For the matter, we
have w = 0 and for the radiation we have w = 1.

The Einstein’s equations reduce to two dynamical equations, determining the time evolution
of the Universe as follows:

L\ 2
a stGy K A
- =H*(t) = -=+= -
() () ="75"r—5+3. (3.9)
a 47TGN A
- = 3p) + = 3.10
p, 5 (pH3p)+ 3, (3.10)

which are called the Friedmann equations representing the time evolution of scale factor or the
entropy conservation of the Universe, and H (t) is the Hubble parameter. Using Eq. (3.9) with
K =0 and A = 0 the total energy density p.o in the present Universe can be given by

_ 3H,
N 87TGN7

Pco (311)

which is called critical energy density and Hy is the Hubble constant. The inverse quantity H '
is so-called the Hubble time which is roughly the age of the Universe.

By using the Friedmann equations of Eq. (3.9) and Eq. (3.10), we get the time evolution of
the energy density p(t) as

p=-3 (g) p(1+w), (3.12)
which leads to
p(t) oc a3+ (3.13)

where we assume that w is constant. The energy density p(t) of the matter and radiation
becomes p,, (t) o< a3 and p, (t) oc a=* respectively. This fact is intuitively clear. The matter
density depends on the volume, but the radiation being a relativistic matter has an additional
energy dependence on scale. By introducing present values of the matter, radiation, curvature
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and cosmological constant p,.0, pro, pao and pro, we can write the evolution of energy density
p (t) as follows

Pm = meaiga Pr = pr0a74: PA = PAO, PK = pK0a72' (314)

Let us introduce so-called density parameter as

Prm Pr A K
Qn=—, Q.=—, Qp=—, Qp=—, 3.15
Peo po’ N 3Hy " Hy (3.15)
and rewrite the Friedmann equations of Eq. (3.9) via these density parameter as
HO\? Qo Qo Qko
= Qrg — ——. 3.16
( Hy > a3 * at + 3o a? ( )

In the present Universe with the Hubble constant H, we can simplify Eq. (3.16) as follows
1 :Qm0+QrO+QAO_QKO7 (317)

where the matter component (2, is strongly dominate compared with the radiation component
Q0. From the latest Planck satellite data the observed Universe is spatially flat and the cur-
vature component (i is nearly zero. The total density of the matter obtained from various
sources such as the CMB, gravitational lensing and structure formation of galaxy clusters is
about 30% including the baryonic matter and the dark matter, and the missing total energy
being about 70% comes from the unknown energy component which is called the dark energy.

The cosmological constant A allowed by the general coordinate invariance in general rel-
ativity provides another contribution on the cosmological dynamics of the Universe. For the
cosmological constant component which has a negative pressure we have w = —1 and the en-
ergy density becomes constant to be py (f) = const. The cosmological constant A can be also
considered as the vacuum energy density term pyacuum, given by the vacuum expectation vales of
the energy momentum tensor (7),,) = g, Pvacuum- The vacuum energy comes from the minima
of various scalar potential and the quantum corrections. From the viewpoint of QFT, we can
not distinguish the cosmological constant A and pyacuum Whose relations are written as

_ A (3.18)
PA = 87TGN = Pvacuum- .

However, as discussed in the previous section quantum corrections originate from the zero-
point energy and therefore has notoriously and badly divergences

+1 [ &k
Pvacuum X —5—

5 P VEZ +m?, (3.19)

where the quantum corrections become proportional to Afy, if we introduce cut off the inte-
gration at some scale Ayy. But the cut-off scale Afy, which could be physically inspired by
some new physics beyond the standard model still is unacceptably and extremely larger than
the scale of the dark energy.
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The cosmological constant term p, is still unknown, but it can determine the cosmological
dynamics of the Universe which is summarized by

47TGN
3

a= (p(1+3w)—2par)al(t). (3.20)
From this equation we know that the matter with w = 0 and the radiation w = 1 decelerate the
expansion of the Universe whereas the cosmological constant term p, exponentially accelerates
its expansion. The value of py can have both signs because the quantum zero-point energy
has opposite signs for bosons and fermions. For the positive case the Universe exponentially
expands and approaches de Sitter Universe but for the negative case it becomes Anti-de Sitter
Universe and finally collapses. The current cosmological data seem consistent with the positive
cosmological constant and suggest the Universe with the fine-tuning cosmological constant.

3.3 Review of the Primordial Inflation

The current Universe is found to be expanding from the supernova observation [93]. The
cosmological observations show us the time evolution of the Universe and the existence of
the extremely high density plasma. In this high temperature and density era, the Universe
was opaque filled with very active particles and radiation. Due to the cosmic expansion, the
high temperature and density plasma is finally cooled until neutral atoms are formed, and
the Universe becomes transparent. The radiation from this period became observable and is
now observed as the cosmic microwave background (CMB). The CMB is precisely measured by
COBE [94], WMAP [95], and Planck [96] satellite mission.

However, the observed CMB is very homogeneous and isotropic, and therefore, the pure
interpretation of this observation leads to the horizon problem. Another issue is about the
critical density of the Universe. In general, small perturbations from the critical density increase
in time and become a large effect. Thus, it is suggested that the past critical density has
to be fine-tuned in order to be compatible with the observed values. This is known as the
flatness problem. Finally, many theories predict the formation of exotic particles like magnetic
monopoles in the early Universe, but such exotic particles have not been observed. These
cosmological problems are elegantly solved by assuming that the early Universe experienced a
period of exponential expansion known as inflation.

Inflation which provides elegant explanations for the horizon, flatness and monopoles prob-
lems, and also generate seeds of primordial density perturbations finally initiating the formation
of galaxies and large-scale structure is the most reasonable scenarios for the early Universe. In
this section, we review a scenario of the standard inflation.
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3.3.1 Slow-roll Inflation

From the Klein-Gordon and Friedmann equation we can obtain

b+ 3Hp+ V' (¢) =0, (3.21)
SMAH? = %g{s? +V (9), (3.22)
i 1 :

In order to generate the accelerated expansion we consider V' (¢) > ¢?* and impose the following
conditions to continue sufficiently long

6| < 3|, V' (0)]. (3.24)
For the above conditions we can simplify the Klein-Gordon equation
3Hp~ V' (). (3.25)

Inserting this equation into V (¢) > ¢* we can obtain the following slow-roll parameters

€ Mé‘(%f«l, In| = ‘Mgl(“//”((j)))' <1 (3.26)

These two slow-roll parameters e and 7 provides a useful tool to investigate the inflaton potential.
For €, |n| ~ 1 the slow-roll conditions brake down and the cosmic inflation finally ends.

Let us consider the primordial density perturbations generated during inflation and their
relations with slow-roll parameters. Due to the quasi de Sitter expansion of the spacetime,
quantum vacuum fluctuations inside the horizon are stretched toward the super-horizon scale
and becomes finally classic. The primordial curvature and tensor perturbations are generated
thorough this process. The scalar and tensor power spectrum are given by

H, \’1 2 H?
P, ~ —, P~—=—". 3.27
(27rMpl) 2¢ YT on? Mle ( )

From these scalar and tensor power spectrum the tensor-to-scalar ratio r closed related with
the scale of the inflation is defined as
Iy

r= 2 ~ 16e, (3.28)

and scalar and tensor spectral index are defined as

dIn P (k) dIn P, (k)

— L =ng,—1>~2n— — - =n; ~ —2e. 2
T N n — Ge, pp ny € (3.29)

The measurements of n, and r determines the inflaton potential. The CMB observations already

restricts the scalar spectral index and the tensor-to-scalar ratio [96]; ny = 0.9603 £ 0.0073 and
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r < 0.11. The observed n, suggests the nearly scale invariant spectrum and provides the strong
evidence of the inflation model. Note that not all models of inflation predict the spectrum
of perturbations originating from the inflaton field. The simple model is so called curvaton
scenario [97-99] where the primordial perturbations are given by another (curvaton) field.

The e-folding number at the observable scale k is defined as,

Ny, = In Zed. (3.30)
Qg

The precise value of N which corresponds to the observable perturbations is determined by the
inflation scale, the reheating process and the post-inflationary dynamics. The e-folding number
Ny on scale k corresponding to observable perturbations has been shown as [100-102],

k 101Gev VMY 1 vy
N, =62 —1In —1In +In—*t_ — —p—end 3.31
‘ aoHo v/t Va3 ol 330

where agH, indicate current horizon scale, Vj, is the inflaton potential on scale k, V,.q is the
inflaton potential at the end of inflation of the order 10'% GeV, p., is the energy density of the
reheating which should satisfy the following relation,

2

m
Preh = %g* (Treh) Trih‘ (332)

Since pren < Vena =~ 1016 GeV, the reheating temperature is constrained as Ty, < 1016 GeV.

~

The relationship between Ny and the reheating temperature T, can be expressed as

k1. T
+ 21 n

N, =562 —1 __reh
’“ N oH, 371108 Gev

(3.33)

In the standard inflation models, it is necessary to achieve at least 60 e-folds for the horizon
and flatness problems. Solving the horizon and flatness problems requires the total e-folding
number to be,

tend @end H @ d 1
Nigt = In Zend — Hdt = / Hip~ [7 90 L 54 (3.34)
Astart t 13 ¢ Pend Mpl \/2_6

which described the total duration of the inflation.

3.3.2 Reheating after Inflation

Let us discuss the reheating process after inflation. After the end of inflation, the inflaton
field oscillates near the minimum of its potential and produces a huge amount of elementary
particles, which interact with each other and eventually form a thermal plasma. The reheating
process is generally classified into several stages. In the first stage, the classical, coherently-
oscillating inflaton field may give rise to the production of massive bosons due to parametric
resonance. In most cases, this first stage occurs extremely rapidly. This nonthermal period is
called preheating [103], and is different from the subsequent stages of reheating and thermaliza-
tion. Parametric resonance in the preheating stage may sometimes produce topological defects
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or lead to nonthermal phase transitions [104]. During the reheating stage, most of the infla-
ton energy is transferred to the thermal energy of elementary particles. The reheating process
finishes approximately when H & I'i,;. Thus, the reheating temperature can be expressed as

90 1/4
Treh = (ﬁ) V Mp1Ft0t7 (335)

where g, is the number of relativistic degrees of freedom.

3.4 Particle Creation in Curved Spacetime

Generally, we can determine a unique vacuum state in flat spacetime. But in curved spacetime
the vacuum state is not fixed uniquely. The concept of particles in curved spacetime becomes
ambiguous and the physical interpretation becomes much more difficult. To clarify these mat-
ters, we consider the Klein-Gordon equation for the scalar field ¢ which is written as follows

D¢ (t,z) + (m*> +£R) ¢ (t,x) = 0, (3.36)

where O = ¢V ,V, = 1//—¢0, (\/—g0") express the generally covariant d’Alembertian oper-
ator and ¢ is the non-minimal curvature coupling constant. There are two popular choices for &
which are minimal coupling (£ = 0) and conformal coupling (£ = 1/6). The conformal coupling
case in the massless limit leads to the conformally invariant scalar field theory.

Let us treat the scalar field ¢ as the field operator acting on the vacuum states and the field
operator ¢ can be written by a sum of annihilation and creation operators

o(t,2) = > {aen (t.2) + aloi (t.2) }, (3.37)

where the creation and annihilation operators of ¢;, satisfy the commutation relations
[ak,ak/] = [CLL,CLL] - 0, [ak,a;] = 6kk’7 (338)

where the vacuum state |0) is defined as ay |0) = 0. For convenience, we introduce the scalar
product which builds a complete set of orthonormal mode functions ¢;. in the curved spacetime

(b ) = i / 05/~ G5 (67 (ue) — (0ul) n] (3.39)

where d¥* = n*dX is defined by the timelike unit vector n* and the volume element dX. These
orthonormal mode conditions can be simplified as

(P, Prr) = O (3.40)

In the flat spacetime, we can take a unique choice of {¢;} being a complete set of positive norm
solutions and defines a unique Minkowski vacuum state due to the Lorentz symmetry. However,
the situation drastically changes in curved spacetime. There is no unique choice of {¢;} and
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no unique vacuum state. Thus, the notion of the particles becomes ambiguous and the physical
interpretation becomes more trouble.

Let us consider a specific spacetime which is asymptotically flat in the past and in the future,
but the intermediate region is non-flat. We assume that {¢} is positive frequency solutions
in the past in-region and {¢} is positive frequency solutions in the future out-region. In the
asymptotical spacetime, the orthonormal mode conditions can be given by

(Pns D) = (P pwr) = O (3.41)
(¢27 ¢Z’) = (9027 (IOZ’) = _5kk'7 (342)
(1, 01) = (r, 5s) = 0. (3.43)
Let us expand the past in-modes in terms of the future out-modes
o (t,x) = Z {oujpj (t,2) + By} (£, x) }. (3.44)

J

By inserting this expansion into the orthonormal mode conditions, we can obtain the following
relation. Let us expand the past in-modes in terms of the future out-modes

Z {akj&]:’j - Bkjﬁ;’j} = (5kk’> (3-45)
J

Z {owjourj — BrjBust = 0. (3.46)
J
The scalar field operator ¢ can be expanded by the mode function of {¢x} and {p,} as follows

$(ta) =3 {ak¢k (t,2) + aldr (¢, :c)} (3.47)

k

= {bwk (t, ) + bl (¢, w)}, (3.48)

where a; and aL are annihilation and creation operators for the in-region whereas b, and b/,TC
express annihilation and creation operators for the out-region. Note that the in-vacuum state
|0),,, corresponding to the no particle initial-state is defined by ay, [0),, = 0 and the out-vacuum
state |0),,, is defined by b |0), ., = 0. The annihilation and creation operators of the in-state
are related with the out-state operator by the Bogolubov transformation

=3 {a;jbj - 5;;5}}, (3.49)
J
=Y {akjak v %az}, (3.50)
k
where ay; and Bi; are called the Bogolubov coefficients. Let us consider a specific situation

where there are no particles before the gravitational field is turned on. Adopting the Heisenberg
picture in this system, the in-vacuum |0), is invariant for all time. However, the number density
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operator n; depends on the time and becomes n; = b} b; in the out-region. Therefore, the created
number of particles in the gravitational background can be given by

(nj) = (0] blb; |0}, Zm, (3.51)

where non-zero Bogolubov coefficients 3;; lead to the gravitational particle creation.

3.5 Effective Potential in Curved Spacetime

In this section, we review the effective potential in curved spacetime using the adiabatic ex-
pansion method and discuss how quantum vacuum fluctuation construct the effective potential
in the curved spacetime. The effective potential in curved spacetime has some different points
from the Minkowski spacetime and those facts originate from the renormalization of the curved
spacetime and the gravitational particle creation.

3.5.1 Quantum Vacuum Fluctuation

For convenience, we introduce the action of the scalar field in curved spacetime,

Sfe) =~ [ d'ay=g ( “"wwww)) (3.52)

where we assume the simple form for the scalar potential V' (¢) as

V(¢) == (m*+ER) ¢ + 2&. (3.53)

1
2
The Klein-Gordon equation for the scalar field ¢ can be given by

06 (t,2) + V' (6 (t,2)) =0, (3.54)

For convenience, we decompose the scalar field operator ¢ into the classic field and the quantum
field as follows

6 (t, 1) = ¢ (t,2) + 06 (t,2), (3.55)

where (0|d¢ (t,2)|0) = 0. By dividing the bare parameters into the renormalized parameters
and the counterterms as m? = m? (u) + 0m?, £ = & (p) + 6€ and A = X () + 0\, we can obtain
the Klein-Gordon equations in the one-loop approximation as

06 + (m? (1) + 6m?) ¢ + (& () + 0¢) R (3.56)
+3(A (1) +6X) (60%) ¢+ (A (1) + 0X) ¢ = 0,
(O +m? (1) + & (1) R+ 3 (p) ¢*) 6¢ = 0. (3.57)
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The quantum scalar field d¢ is decomposed into each k modes as,

5¢@Jﬂ:i/d%%ﬁmék@x)+ab¢mﬁxw, (3.58)
where the creation and annihilation operators of d¢, satisfy the commutation relations
[y, aw] = [a},al,] =0, [a,al,] =6k —F), (3.59)

where the in-vacuum state |0) is defined as ay |0) = 0 and depends on the boundary conditions
of the mode functions d¢,. The different boundary conditions of d¢; are related with different
initial state of the vacuum. The scalar product in curved spacetime to build a complete set of
orthonormal mode functions can be given by

(00,00 = i [ d2/=551667 (Bu50n) — (0,067 00 (3.60)
b
The above orthonormal mode conditions can be simplified as

(6, 56n) = 6 (k — K') . (3.61)

The two-point correlation function <5¢2> of the scalar field being consistent with the quantum
vacuum fluctuation can be given by

(0] 66* [0) = / kloen (1), (3.62)

which has quadratic and logarithmic divergences and requires a regularization, e.g. cut-off
regularization or dimensional regularization, and we must cancel them using the counterterms
of the various couplings.

For simplicity, we consider the Friedmann-Lemaitre-Robertson-Walker (FLRW) spacetime

ds® = —d* + a® (1) {dr® + r* (d6° + sin® 0dp*) } (3.63)

where a (t) is the scale factor and we introduce the conformal time 7 defined by dn = dt/a. The
vacuum fluctuation <5¢2> of the scalar field can be given by

1 o
(0] 6¢* 0) = %2—007)/0 dkk0xx|, (3.64)

where C () = a® (n) and d¢y, (n, x) is given by
ik-x

(2m)*/C ()

0¢y (0, ) = oxx (1), (3.65)

The Klein-Gordon equation for the rescaled field dxy (1) can be given by

Sxp + Q5 (n) ox, =0, (3.66)
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where
Qp (n) =k +C(n) (m*+3X° + (E—1/6) R) . (3.67)
The orthonormal condition of Eq. (3.61) for the rescaled field dxy (1) is given by
OXEOXf, — OXOXG = 1. (3.68)

The Klein-Gordon equation of Eq. (3.66) is consistent with the differential equation of the
harmonic oscillator with the time-dependent mass. Therefore, we can rewrite the mode function
dxx (n) by using the two complex function oy (1) and S5 (n),

oxk () = m {ar (n) oy, (n) + Br (n) dor ()} (3.69)

where dp,, (n) are defined as

oy, (n) = exp {—i /n Q, (m) dm} : (3.70)

The orthonormal condition condition of Eq. (3.68) can be given by

o (M) * = Bk ()] = 1. (3.71)
From Eq. (3.66) and Eq. (3.69), we can obtain the relations for ay (1) and S () as the following
18 L

oy, Budwr? (n), B = ==Laudp; (n) . (3.72)

- 2Q, 2 O

The initial conditions for oy (n9) and S (1) are consistent with the choice of the in-vacuum
state. From Eq. (3.64) and Eq. (3.69) the vacuum fluctuation (6¢*) of the scalar field can be
given by

1 [o.¢]
2 20—1 2 * 2 * %2
For convenience, let us introduce n; and z; as the following
e = |Bl®, 2 = awBider. (3.74)

The quantity n, = |3 (7)|> can be interpreted as the number density created in curved space-
time. Therefore, the number density N (1) of created particles and the corresponding energy
density p (n) can be given by

N () = /OO dkk?|Bil*,  p (1)

S h dkk*Q 2
272a3 (n) J, / el

~2mat (n) Jo

From Eq. (3.74), nj and z; satisfy the following differential equations as

Q 94 1 .
7ﬁ=imW,%=d(m+§—%m% (3.75)



CHAPTER 3. QUANTUM FIELD THEORY IN CURVED SPACETIME 35

In order to solve Eq. (3.75), we must take adequately the initial conditions of n; and z. For
simplicity, we choose the following condition

ng (o) = 2x (M) = 0, (3.76)

which corresponds to the conformal vacuum at the time 7y owing to ax (n9) = 1, Bk (o) = 0.
To obtain the vacuum fluctuation <5gb2> of the scalar field, we must solve adequately Eq. (3.75)
with the above condition and insert ny and z; into Eq. (3.73). By using ny and z;, we can gain
the following expression of the vacuum fluctuation,

1 o0
6¢%) = ——— [ dEE*Q ' {1+ 2n; + 2R
(09°) 47T20(77)/o v {1+ 2n; + 2Rez;}
1 oo
= (6¢*)" —/ Akl {20, + 2 .

(69%) 200 ), n{2ny, + 2Rez,}, (3.77)

where <5¢2>(0) has UV (quadratic and logarithmic) divergences to be

1 o

56*)” = —/ dkE;! 3.78
< i > Ar2C (n) Jo : ( )

I /oo dkk? .
CAn2C(n) Jo /RT+C () (m2 + 3A¢% + (€ — 1/6) R)

whose expressions are close similar to the standard Minkowski spacetime. Therefore, we can

?

regularize the divergence of <5¢2>(0) by using the cut-off regularization or the dimensional reg-
ularization and offset them via the counterterms of the couplings. By using the dimensional

regularization, we can obtain the following regularized expression of <(5q§2>(0) as
2\(0) _ M?(9) M?(¢)) 1
(09°)" = = In 2 o logdr — v — 11, (3.79)
where:
M2 (¢) = m? (1) + 3X (1) ¢* + (€ (1) — 1/6) R, (3.80)

where p is the renormalization parameter and v is the Euler-Mascheroni constant. The coun-
terterms dm?, 6¢ and 6\ must cancel these divergences as follows

3\ 2 1
Sm? — (/ﬂ;rz (1) (g +10g47r+7> T (3.81)
3\ 1\ /1
5€ = 165:? (g (1) — 6) (E +10g47r—|—7> o (3.82)
9A 1
oN = 165:2) (E+log47r+’y) + oo (3.83)

By using the regularized expression of Eq. (3.79) and these counterterms, we can construct the
one-loop effective evolution equation of the scalar field ¢ as follows:

OWest (¢)

¢5+3H¢+a—¢ =0, (3.84)
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where Vg (¢) is the standard one-loop effective potential in curved spacetime as follows

Verr (9) = %m%Z + %éRdf + 2& + ]\ZS) [m <M;§¢)> - g} , (3.85)
where:
M? (¢) = m? (1) + 3X (1) ¢* + (€ (1) — 1/6) R. (3.86)

3.5.2 Gravitationally Induced Vacuum Fluctuation

The renormalized expression of Eq. (3.79) contracts the standard effective potential in curved
spacetime. However, the effective potential of Eq. (3.105) is formally modified by gravitational
backreaction. The backreaction effect originates from gravitationally induced vacuum fluctua-
tion corresponding to the gravitational particle creation in curved spacetime.

In this subsection, we consider the gravitationally induced vacuum fluctuation in FLRW
spacetime. In order to obtain the vacuum fluctuation of <5¢2> in curved spacetime we must
solve numerically and analytically Eq. (3.75) with the adequate vacuum condition. For conve-
nience, let us adopt the adiabatic (WKB) expansion method which is valid in large mass, large
momentum mode or slowly-varying background as

/00| < 1. (3.87)
By using the adiabatic (WKB) expansion method, ny and z;, are approximately given by

Ny = ngf) + n,(f) +e (3.88)
Rez, = Rez,(f) + Rezgl) +e (3.89)

where superscripts (i) express the adiabatic order. The second-order adiabatic expressions can
be written as

@ 1Q7F

17, 1973
n —_ —
P16 Q)

Rez\?) = 22k -0k (3.90)

The forth-order adiabatic expressions can be written as

W QR Q% 5L 45,
ThOT T 300 T 6408 T 3200 25600

Q" 11", 115007, T 45
3200 * 3200 6407 3200 * 3208

(3.91)

Rez\ = (3.92)

By using the adiabatic (WKB) expansion method, we can get the following expression of the
vacuum fluctuation <(5¢2>,

(00%) = 47r2é(77) /OO ARk + (56°) + (567)Y + - (3.93)
0
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where <5¢2>(2n) express the gravitationally induced vacuum fluctuation

(2n) 1 o _ 2n 2n
(62 = yTSIO] /0 Ak {2n,§ ) 4 2Rez! ’}. (3.94)
From Eq. (3.90) and (3.94), the second-order induced vacuum fluctuation can be given by
1 > 94 3
5¢2)* = —/ kR Q" ok SRR 3.95
(967 16m2C () Jo Pl 29 (3.95)
The gravitationally induced vacuum fluctuation <(5q§2>(2) of Eq. (3.95) can be written as
Lo (NN W?) 5 AR
5%\ :—/ dkk*Q - 3.96
007 1672C () J, b QF 2 Q¢ [’ (3.96)
where:
M?* = C (1) M* (¢) .- (3.97)

The high-order adiabatic expressions of <5¢2>(2n) could be finite and therefore, there is no need
to regularize the integral of the high-order adiabatic expressions. The corresponding integrals
can converge to the finite values as follows:

o _ M322T (3/2)T (o — 3/2)

5 o) : (3.98)

F(a) = /0 h dkk? (k* + M?)

where the above expression is valid for a > 3/2. By using the formula of Eq. (3.98), the
gravitationally induced vacuum fluctuation <5gb2>(2) of Eq. (3.95) can be written as follows

1 - - 5 5 o - 7
5 2 (2) — MM// M/2 F e o _MQM//F _
(06°) 1672C (n) ( + M%) 2 2 2
1 M//
_ - 3.99
48m2C (n) M ( )
Let us construct the second-order expression of the proper time t as follows
o (2) 1 a’ a M’ 1 M
= A B
(09°) 4872 {a3 a?> M * a> M
_ i @ oM M
4872 | a  a? aM M
1 g+a_2+§g (€ —1/6) R+ 6)po
4872 ) a a2 2am?+ (£ —1/6) R+ 3\g?
. A 2 . .y
1 (€= R+6300) (€= 1/6) B+6) (06 + ) 100
4(m24 (€ —1/6) R+3X¢2)° 2 m?+(£—1/6) R+ 3\p? '
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For simplicity, we consider the conformal coupling case £ = 1/6. In this case, the second-order
expression of the induced vacuum fluctuation can be written as

a @ 2am?+3\? 4

(547 1 fa &  3a 6)\po 1 6 GO 2+ 16X¢0 + 60
4872 m? + 3A¢? 2 m?+ 3\p?

. . 2 . .
1 R 3H 6Ap9p 1 6P n 16App + 6> (3.101)
S 48m2) 6 2 m243XAg2 4 \ m2+ 3\g2 2 m2+ 3\ [ ‘

If we can neglect the time-derivative terms to be gb o~ qb ~ (), the gravitationally induced vacuum
fluctuation of Eq. (3.101) can be simplified as

0@ _ R
(09°) = SRt (3.102)

In massive conformal coupling case (£ = 1/6 and m = H), the gravitationally induced vacuum
fluctuation in FLRW spacetime can be given by

o\ (2n) R
(965 = 28872

+O(RY) +---. (3.103)

From here we discuss how the gravitationally induced vacuum fluctuation modify the stan-
dard effective potential in curved spacetime. For convenience, let us rewrite the vacuum fluctu-
ation of Eq. (3.77) in curved spacetime as follows:

1 > _

1

o 1 0o
“ameG) Sy —/ AR {2m 4 2R 3.104
4ﬂ20<n>/o e T amom ¢ {2n + 2Rez}, (3.104)

where the first expression describes quantum vacuum fluctuation and constructs the effective
potential of Eq. (3.105) as previously discussed, whereas the second describes gravitationally
induced vacuum fluctuation which expresses the particle creation. Therefore, we must recon-
struct the effective potential by including the gravitational vacuum fluctuation and the modified
expression of the effective potential can be given by [1,2]

1 1 A
Vir (6) = g (1) 6%+ 3 () Fig? + W g
3A (1) 2 2 M? (¢) M? (¢) 3
+ 2 <6¢ >gravity¢ + 6471'2 In MQ - 5 ) (3105)
where <5gb2>gmity is the gravitationally induced vacuum fluctuation written as
1 oo

2 — 20y-1

<6¢ >gravity = 20 () /0 dkk=Q, " {2ny, + 2Rez }. (3.106)
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The expression of Eq. (3.105) does include the effective mass from the gravitational vacuum
fluctuation and was first discussed in Ref. [105]. Next let us discuss some issues of the renor-
malization scale . Generally speaking, we take the renormalization scale p so as to suppress the
high order log-corrections about log (M2 (¢)/u?). In the Minkowski spacetime to be R = 0, we
usually take the renormalization scale to be p ~ ¢. The renormalization scale y corresponds to
the phenomenological energy scale described as the effective mass of the scalar field. Although
log-corrections in Eq. (3.105) does not include the gravitational vacuum fluctuation terms, the
high-order expressions would have these terms and therefore the renormalization scale can be
taken as pu? ~ ¢ + <5¢2>gravity + R. Through the above consideration, we can obtain the exact
effective potential in curved spacetime including the gravitational backreaction.

3.6 Semiclassical Gravity and Gravitational Backreac-
tion

The semiclassical gravity is a consistent framework to describe quantum gravitational phenom-
ena where only matter fields are quantized, while the metric is still treated as a classic. The
semiclassical gravity provides a satisfactory description below the Planck scale [22], and there
are many successful examples. Despite the non-renormalizable properties of QG, this approach
is completely renormalizable and crucial for understanding the backreaction effect of quantum
fluctuations onto the spacetime and the evaporation of the back holes [106]. The semiclassical
gravity is formally described by the general Einstein’s equations

G + paguy + a1 H ) +as HE) +as HY) = (T,,,) (3.107)

87TGN

In this section we consider the semiclassical gravity and the gravitational backreaction.

3.6.1 Renormalized Vacuum Energy Density and Gravitational Back-
reaction in Curved Spacetime

Let us consider the renormalization of the energy momentum tensor in curved spacetime. The
standard energy momentum tensor 7, can be given as follows [107]

1
T = (1 —=28) 0,900,9 + (25 - 5) 90" 90,6 — 260V 0, ¢
(3.108)

1
+ 2€QMV¢D¢ - gG,uVQbQ + §m2.guu¢27

whose diagonal and non-vanishing components are Ty, and T7; = Ty = T33. We introduce the
trace of the energy momentum tensor 7%¢ which satisfy the relation 7;; = 1/3 (Too — C (n) T3).
The vacuum expectation values (7},,) of the energy momentum tensor for the rescaled mode
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function dy,, (n) are given as follows [107]

1 2 7 12 2 2
(To) = s [ 602l + oo -
1 * * ) 3 .
+ (f — 6) (3D <5Xk:5X1c + dxE0X k:> - §D25Xi)}’
T = L dkE* | Cm2|6xs]* + 6 LY (lovil® = 2D (8xuox? + oyioy’
1 1 3
—atbul - 0ol - (6= ¢ ) (30 + 30°) )|
(3.110)

where D (n) = C’" (n) /C (n) and the corresponding vacuum energy density and vacuum pressure
can be given by puacuum = (Too) /C (1) and pyacuum = (T3) /C (n). For comparison let us rewrite
the vacuum expectation value <6¢2> of the scalar field which is given by

(00%) = %2;0(77)/0 K210k | dk, (3.111)

From here let us adopt the adiabatic (WKB) approximation for the mode function dy,, (7). The
WKB approximation of the mode function dy, () can be given by

1
oxy, (n) = exp (—i/Wk (n) d77>, (3.112)
V2Wi () C (n)
where Wy, (n) is given by
1w 3 (W)
W2 —_ Q2 -k e k ) 11
A AT (3.113)

We can obtain the WKB solution by solving iteratively Eq. (3.113) and the zero-order WKB
solution W} (n) is given by

(W9)* = 2. (3.114)

The first-order WKB solution W} () is given by

(W) =0t —5 +§( (3.115)
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The high-order WKB solution Wy, () can be given by

S(E—1/6) o m2C ., . 5miCD?
Wy v wy + 20— opy  p2y -V (pr g pry 4 2R
et = (2D"+ D?) 8w,§( + D?) + o
2
+ = < (D" +4D'D+3D" +6D'D* + D)
Wi
42
- 3807 (280D + 19D + 122D 4 47D*)
W,
3.116)
221mbC? 1105m*C4D* (€ —1/6) (
D'D? + D% — _ <D/// D'D D/2)
256w} ( * ) 2048w; ! 8w; SDT S 3
20
+(€—1/6) % (30D”D +18D™ + 57D'D* + 9D4)
k
75m*C? (€ —1/6) )
—(e—1/6) 22 (2p'D? + D! ——( D™ + 36D’ D? D4>
(€ —1/6) 1980 ( + DY) 7 36D + 36 +9D*) +

For convenience, let us reconsider the vacuum expectation value <5¢2> of the scalar field in the
conformally coupled case by using the WKB solution of Eq. (3.116). For conformally couple
case (£ = 1/6) the WKB solution is given by

m2C 5miC%D?
Wy = wi — DD+ 2
ET TR D+ D7)+ =+
1m2C" 5 m*(C")?
— W — = S S 3.117
TR W 32 W (3:117)
where wy, = y/k? + C (n) m?. Thus, we can obtain the following expression
11 1m?C" 5 m*(C)
1 1m e 5 mi(C) (3.118)

Wi wp 8 wb 32wl

From Eq. (3.118) the vacuum expectation value <6¢2> of the scalar field can be given by

00 1.2 mZC// o0 1.2 5m4(0/)2 0 .2
0 k 0 k 0 k

1

9% = T

. (3.119)

where the first term diverges but the second or third term become finite,

1 > dkk? m2C" [ k> s5mA(C)? [ k2
§¢*) = + / —dk+—/ —dk + - -
(96 4m2C(m) Jo  /k2+C (n)m?2 8 Jo 32 0 Wi
1 >0 dkk? 1 1/C\* "
- Am2C () Jo JKR2+C(pym?  9672C (n) |2\ C C

m? m? 1 R
= In{—)—-—1n4 —1 12
167T2ln(u2) -~ lndm+o }+288772+ : (3.120)
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where we adopt the dimensional regularization and the second term is consistent with Eq. (3.102).
Let us return the vacuum expectation values (7),,) of the energy momentum tensor and the
expression of the WKB solution can be given by [107]

1 C?>m*D? C?*m*
Too) = —— [ dkk?|2 — oD"D — D? +4D'D? + D*
Too) = 5 / {”’“L 1607 6wl ( - +D)
7C3mS 105C*m3D*
D'D?4+ DY) - —— " 7
* 6407 ( + D7) 1024w]!
1 3D?  3Cm2D? (Cm?
- — 6D"D — 3D + 6D'D? .
- (5 6)( o 27 + 3o ( + ) (3.121)
C?*m?

105C3m® D!
(120D'D? + 105D") + —m>

64w’ 64wy

1 ? 1 " 2 4 Cm? M2 4
+e-= 3(72DD 36D — 27D*) + —— (54D'D* 4+ 27D%) | |,
6) \ l6w 8wy

1 Cm?  C*m 5C3m® D?
T8) = —5~5— | dkk’ D'+ D) — —————
(L) 812C2 (n) / [ Wi * 8wy ( +D%) - 32w]
02m4 " " 2 172 4
- (D" +4D"D + 3D” + 6D'D* + D*)
32w
O 9807 D + 2102 + 1260 D* + 490%) — 22 (e 4 py
128w? 256wy
1155C5m!0 D* 1 3D"  Cm? 3
e 7 —Z — — 3D + ZD?
* 2048w}3 * (5 6) ( Wi w} < T3 )

9C?*m* D? N Cm?
4w,§ 4w,§

(3D’” +6D"D + gDQ + 3D’D2)

C?m?*
— (120D"D + 90D" + 390D'D? + 105D4)
32uw]
C3m6 945C*m
1680D'D? + 1365D* ——_(18D" — 27D’ D?
128 9 ( + ) 128 11 ) ( > ( ( )
sz " 2 2 4 C 2 4
+— 2 = (432D"D + 324D" + 648D'D* 4 27D*) — (270D D? 4+ 135D*)
wk:

(3.122)

where we consider the forth-order WKB approximation. As previously discussed in the vac-
uum expectation value <5¢2> of the scalar field, the high-order WKB terms are finite and the
divergence of the energy momentum tensor come from the lowest-order terms,

B 1 9 3 9 1 Om?
<T00>low—order - 8m2C (77) /dkk |:2w D (5 > <wk + CL);Z’

1 1\?
T (g — 6) (72D"D — 36D" — 27D4)],

(3.123)
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1 Om? 1 3D"  Cm? 3
T = —— [ dkk? —&—= D' D?
D gy [ (1=1) (22 09
2
— 18D" —27D'D?) |.
~zg (¢-5) 00—
The divergent momentum integrals can be simplified as follows

10,m) / Bk 1 / Bk 1
,n) = — = .
(2m)° wpt (27)° (k2 + a2m?)"?

We regulate these integrals of the spatial dimensions 3 — 2¢ to be

o 7 )
{

(3.124)

By using the dimensional regularization the divergent terms of (Tj) can be given by

40 3 ,u2
(T00) 100 —order = ) [ + 5~ v+ Indr + In E}

3m?2 D> N1 1 12
~ 392 (f——) { +§—’y+ln47r+lnﬁ] (3.125)

2

1 ? " 2 4 1 K
2567TQC<§_6> (72D"D — 36D" — 27D*) c v+ hdr+ln o

The high-order WKB terms of (Tyg) are finite and describe the gravitationally induced vacuum
fluctuation on curved spacetime

m?D? 1 3 3 .2 3
T . — _ _DIID__D/ __D4
< 00>h1gh—order 38472 288072 (2 4 8 )
) (3.126)
tobom (6 2) (807D —ap® —3DY) + ¢——=) (18D'D*+9D")
25672C' 6 64m 20 6 '

Thus, the vacuum expectation values (7),,) of the energy momentum tensor in curved spacetime
are given by the following divergent low-order contributions and the finite high-order contribu-
tions,

<Tl“’> = <TMV>low—order + <TMV>high_order' (3127)
The unphysical divergences of (7)) can be removed by the cancellation of the bare coupling

constants of the general Einstein’s equations

87TG GIW + PAG v + alH/%,)‘i‘ang(ﬁ,)—i—a:gH!(j) = <Tl“/> . (3128)

Now, we divide the low-order WKB terms of (7),,) into the divergent terms and the finite terms
as follows

(Tw) = (Tuv) iy + (L) mive T (T vigh—order - (3.129)
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The bare gravitational coupling constants Gy, pa, a; can be divided into the finite parts and
the counter parts to be

pa = pa (1) + 0pa, (3.131)
a; = ay () + 0ay. (3.132)

The divergences of (T},,) are absorbed by the counter terms of the gravitational couplings dGy,
dpa, 0ay as follows

1
(Too) g, = WGOO + dpagoo + (5a1Hé(1)) + 5a2Hé§) + dazHoo
N

3.133)
1 3 —72D"D + 36D" + 27D* (
(——D2)+5pA(C)+5a1( il i )+

T 8n0Gy \ 4 8C

Thus, the gravitational counter terms must satisfy the following conditions Gy, dpa, daq,

m* 1
= - — In4 134
OpA = g1 L 7 +1n ﬂ}, (3.134)
1 m? 1 1
5750~ 80 (f — 6) {E — v+ 1n47r} : (3.135)
1 1\’ 1
= — S - — Indr| . 1
day 3977 (f 6) L v+ 1In 7T:| (3.136)

We can get the effective Einstein’s equations as follows

_— 1 2 3)
7Gx (1) G+ pa (1) G + a1 (1) H;(w) + as (1) H}(w) +az (u) H;(ux) = (T )on (3.137)

where we write the renormalized energy momentum tensor of (7),,) . as follows

<Tl“/>ren = <TMV>ﬁnite + <T/“’>gravity . (3138)

The finite contributions of the energy momentum tensor (Ty)g, ;. can be given by

m*C m? 3 3m?2D? 1 m? 1
< 00>ﬁn1te 6472 (Il uQ 2) + 3272 (5 6) (n #2 2>

g £ — 1y’ (72D"D — 36D — 27D*) ( In m
256m2C' " 6 v

(3.139)
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The renormalized vacuum energy density can be given as follows:

Pvacuum — <T00>ren /C
m* m? 3 3m?2D? 1 m? 1
= In— ——- )+ E—=)(In——=
6472 p? 2 32m2C 6 w22

1 1\? m?
(g - —) (72D"D — 36D — 27D*) <1n —>

* 256m202 6 U2

m2D? 1 3 3 5 3 (3.140)

D//D _ DI _ _D4
+ 38472C  288072(? ( 4 8 )
1 1 2

—~ (¢e-2\(sp'D—4D"? - 3D4)
+ 25672C"2 (5 6> (8
SRS £— Ly (18D'D* +9D*)

64722 6 ’

In matter dominated Universe to be a (1) = n?/9, the renormalized vacuum energy density can
be written as

4 2 2 1 1 1 2 2
Pvacuum — m lnm__§ 3m 6__ lnﬂ__ - i 5__ H4 lnﬁ
6472 w2 w2 6472 6 12

m?H?  H* 2
— ) B & S B
* 9672 N 76872 6472 (§ ) + <§ )

On the other hand, in de Sitter Universe as a () = —1/Hn, the renormalized vacuum energy
density can be obtained by

_ m* | m? 3 3m ¢ | m? 1
pvacuum _647T2 n Mz 2 n Mz 2

m?H?  H* 1\’
- 2 (e—2) H.
* 9672 96072 * 272 (6 6)

(3.141)

(3.142)




Chapter 4

Gravitationally Induced Vacuum
Fluctuation

The vacuum fluctuation of the scalar field in curved spacetime can be divided into quantum
vacuum fluctuation and gravitationally induced vacuum fluctuation. The former has UV diver-
gences and construct the standard effective potential. The latter corresponds to the particle
creation effect on curved spacetime. The gravitationally induced vacuum fluctuation of the
scalar field ¢ in curved spacetime can be formally written as follows:

1

<6¢2>gravity = 120 ) /0 dkk*Q ' {2ng + 2Rez }, (4.1)

where ny and z; are defined by the Bogolubov coefficients as previously discussed. In this section
we discuss the gravitationally induced vacuum fluctuation on various spacetimes.

4.1 Gravitationally Induced Vacuum Fluctuation in FLRW
Spacetime

The Friedmann-Lemaitre-Robertson-Walker (FLRW) metric describes the spacetime geometry
of a homogeneous and isotropic Universe, and is given by

. a’(t) 2 2 2 in2
g = diag <—1,m,a (t)r,a” (t) r*sin 9>, (4.2)

where a = a (t) is the scale factor and K is the spatial curvature parameter. For the spatially
flat spacetime, we can simply take K = 0 and the Ricci scalar is given by

a\® [a a’

bl 2l =6 = 4.3
(o) + ()]~ (5) =
where 7 is the conformal time and defined by dn = dt/a. In radiation dominated Universe, the

scale factor becomes a (t) = t'/2 and the Ricci scalar is expressed to be R = 0. On the other
hand, the scale factor becomes a (t) = t*/® in matter dominated Universe and the Ricci scalar

46
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is expressed to be R = 3H?. Finally, in de Sitter Universe, the scale factor becomes a (t) = et
and the Ricci scalar is expressed to be R = 12H?2.

For simplicity we consider the massive conformal coupling case ({ = 1/6 and m 2 H) and
the gravitationally induced vacuum fluctuation can be summarize as follows:

R
<5¢2>gravity - 2887’('2 + O (Rz) + O (RS) +-- (44)
0, (the radiation Universe)
~ ¢ H%/967%,  (the matter Universe) (4.5)

H?/2472.  (the de Sitter Universe)

Note that the massless scalar field cannot satisfy the adiabatic (WKB) condition of Eq. (3.87),

0y 2H
—~—<1 4.6
@ = < (4.6)

where we assume m = const for simplicity. Thus, the adiabatic (WKB) approximation can not
be adopted in the massless case. In the non-adiabatic case, the gravitationally induced vacuum
fluctuation can generally enlarged to be
2 2
<5¢ >gravity Z O (H ) ' (47)
The above situation occurs during inflation for the massless scalar field or during preheating
stage of the parametric resonance.

4.1.1 The scalar field background

In the general cosmological situation, the scalar fields dynamically change and do not stagnate
for all times. The dynamical variation of some scalar fields provides the varying effective mass
and leads to the real particle productions or the induced vacuum fluctuation. Even in the slowly
varying scalar field background, the induced vacuum fluctuations are non-negligible. Now, we
consider the induced vacuum fluctuation in the slowly varying scalar field background following
the literature [108].

For convenience, we rewrite Eq. (4.1) in order to estimate the induced vacuum field fluctu-
ation on the varying field background

1

<5§b2>gravity = 4720 (7]) /0 dk]g2Q]:1 {27’Lk =+ 2Rezk} (48)

where n; and z; are determined by the differential equations,

Q Q 1
ny, = Q_ZRezk’ 2z, = Q—z (nk + 5) — 28 2y, (4.9)
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Let us assume the vacuum satisfying the initial conditions: ny (n9) = 2 (70) = 0. In this
situation, we can get the following equations,

/no dm /O d772 Qs :7711 gk <<772>> ><coS{2/172 dnsQ (n3) } (; + ng (0 )) (4.10)
Rez (1) = / i, L (m) cos{z/m dna Y (12) } (%Jr/ an, e (773)> (411)

Qe () Qe (n3)

For simplicity, we assume the following condition as

T (m)
d
/m " ()

which corresponds to the small time-difference of M? (n) as follows

<1 (4.12)

|M? (n) — M? (10)| < 2M* (n) (4.13)

In this assumption, we can approximate these equations of Eq. (4.10) and Eq. (4.11),

ng(n) ~ 0, Rez(n) ~ %/W dm g: ((:7711)) (308{2/77 dnoQ (m2) }- (4.14)

Furthermore, we can approximate Eq. (4.14) as the following

Rezy, (1) ~ %/n dnlM (?Zli) (]\7]411)(770 cos{2 /7: dnoQ (112) }

/ AN () 31 () cos {20 () (n — ) (4.15)

70

208 (m)
From Eq. (4.8), we get the induced vacuum fluctuation of the scalar field,

1 © 3
<5¢2>gravity = 27.(.2—61(77) /0 dkk2Qk ! {nk + Rezk}

1

- gﬂz—cwfooo dkk* 2, /n:dnlf\Z(nl)M’ (m) cos{2% () (n —m)}.  (4.16)

By performing the partial integration, we have the following expression,

2 M? 72 72 ~ 200-3
(90%) geavity = 87T2—C(7(77>7) (M (110) = M* (n)) /O dkk™SY,
+ —47_2(1; o et [ ) 1 o cos{29 ) 0= )}
* 4?32—0(7(77)7)/0 dkSy” n: dm (M? (m1) — M? (o)) sin{2Q () (n —m)},  (4.17)
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which equivalent to the result using the perturbation technique [105]. By performing the inte-
gration, we can get the following expression

M?(n))

< ¢ >grav1ty 871-2a2 (
/ VM () M’ (1) No (2 (n — my))
/ dm 77

87r2a2 (n)

M ()

87r2a2 (n)

™) M2 (m) — M? (770)) F (2M (n — 771))

where Ny () is the Bessel function, F' (x) are combination of Bessel and Struve functions defined
in Ref. [105] and M (n) is described by the varying background field as M () ~ 3\a (n) ¢* ().
When the expansion of the Universe is slow and the background scalar field ¢ (1) evolve quickly
on the cosmological timescale, the induced vacuum fluctuation enlarges in proportion to M (7).
The above expression corresponds to the first-order adiabatic approximation of Eq. (3.93) where
the odd-order adiabatic number density is exactly zero as n,(fnﬂ) = 0. As previously discussed,

the second-order approximation of Eq. (3.99) is given by

, 1 M"(n)
(06°) gravity = JR22 (n) M (n)

(4.18)

where M2 (n) = a (n) (m? 4+ 3A\¢? + (€ — 1/6) R). Thus, we obtain the following expression of
the second-order adiabatic induced fluctuation,

1 {g a® 3a  (£—1/6) R+ 6)\p¢
a

a2 2am?+ (£ —1/6) R+ 3\p?

2 —
<5¢ >gravity _487T2

. ((§—1/6)R+6A¢q5)2 L (€= 1/6) R+ 6) <¢<}5+¢2>}
— = - (4.19)
4(m2+ (£ —1/6) R+3)¢%)" 2 m?+ ({—1/6) R+ 3)\¢?

For the large background scalar field ¢ (t) where we can safely neglect the mass terms or the
non-minimal curvature terms, the second-order expression of the induced vacuum fluctuation
can be given by

) 1 3H) ¢
<5¢ >gravity 48 2{6R+ ng + ¢} (420)

If the curvature effects of the spacetime are negligible and the background scalar field evolves
quickly as ¢ (1) ~ e M@ or ¢ (1) ~ sin (M (¢)t), the induced vacuum fluctuation on the varying
scalar field background can be approximated from Eq. (4.19) and Eq. (4.20) as

M (9)
< ¢ >grav1ty 45752 :

(4.21)

If the scalar field has the large effective mass Mg (¢) and the background scalar field develops
rapidly on the cosmological timescale, the induced vacuum fluctuation of the scalar field glow
in proportional to Mg (¢).
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4.1.2 The multiple scalar field background

On the other hand, if there are other coherent or classical scalar fields S which couples the scalar
field with the coupling Ay, the effective mass of the scalar field is generated as mis = ApsS%.
The above situation is cosmological realistic during or after inflation. In this case, the scalar
field acquires the effective mass as M2 (n) = a® (n) (m? + 3A¢* + A\psS% + (£ — 1/6) R) and the
second-order adiabatic vacuum fluctuation can be written as

1 {g &> | 3a (£ 1/6) R+ 6\pd + 224558
a

6%y = —— — 4+ o=
(90 >gra‘”ty 4872 a2 2am?+ (£ —1/6) R+ 3\p? + A\ysS?

1 ((g —1/6) R+ 6)\po + 2>\¢SSS>2
4(m2 + (€ — 1/6) R+ 3002 + M\ysS?)°
L (€= 1/6) B+ 6) (¢¢5+¢2) +2us (SS+ 5*2) }

+z (4.22)

2 m2+(€—1/6)R+3)\¢2+)\¢552

For the large background scalar field S (¢), the second-order adiabatic vacuum fluctuation can
be given by

) 1 J1. 3HS 8
(06 pravity ~ e\ gl T o (4.23)

The evolution of the background scalar field S (¢) is determined by the effective potential Vig (S).
Thus, the induced vacuum fluctuation on the varying background scalar field can be given by

M (5)

2 ~
<5¢ >gravity - 487T2 ) (424)

where Mg (S) is the effective mass of S and defined by V/; (S) = MZ% (S). The gravitationally
induced vacuum fluctuation of the scalar field can become as large as the scalar curvature and
the masses of some scalar fields in FLRW Spacetime.

4.2 Gravitationally Induced Vacuum Fluctuation in De-
Sitter Spacetime

In the non-anabatic case, e.g small mass or rapid varying background, we must usually solve
Eq. (3.75) with the suitable in-vacuum. However, it is hard task to calculate the induced vacuum
fluctuation in this method. When we assume unspecified initial conditions or vacuum, we use
the following expression of zj [108],

) = [ an g0 (o) + 5 ) s {21 [ ana )}

+ 2k (n0) exp {—21’ /77 dna 2 (772)} (4.25)

10
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where we must solve Eq. (3.75) and inset into Eq. (4.1), and therefore, there is usually no other
way except numerical calculations to obtain the induced vacuum fluctuation. However, if we
obtain the exact mode function dx (1) from the Klein-Gordon equation given by Eq. (3.66), we
can obtain the induced vacuum fluctuation <5¢2> using the adiabatic regularization or the
point-splitting regularization method.

gravity

4.2.1 Adiabatic Regularization Method

In this section, we review the adiabatic regularization [22,109-115] which is the extremely
powerful method to get the gravitationally induced vacuum fluctuation even in the non-adiabatic
regime. The adiabatic regularization is not the mathematical method to regularize divergent
integrals as dimensional regularization or cut-off regularization. As previously discussed, the
divergences of <6¢2> originate from the lowest-order adiabatic (WKB) mode, and therefore, we
can remove these divergences by subtracting the lowest-order adiabatic (WKB) expression of
Eq. (3.78) from <5¢2>. Thus, we get the gravitationally induced vacuum fluctuation <(5¢2>
as the following

gravity

(0) 1 > _
(007) graity = (067) = (967)"" = m/o dkR*Q; " {20y + 2Rez}
| 0 o
= 50T 276X |” — / 20! 4.2
rere [/0 w2l = | Ay } (4.26)

where we must get the exact mode function dxy (1) with appropriate in-vacuum. This method is
well-known and equivalent to the point-splitting regularization method to regularize divergences
via the point separation in the two-point function.

Let us consider the gravitationally induced vacuum fluctuation for the massless minimally
coupling scalar field (m = 0 and £ = 0) in de Sitter spacetime (for the detail discussions see e.g.
Ref. [114,115]). In this case, the rescaled mode function dyy (1) can be exactly given by

S () = ﬁ (b (1) + Budigi, ()} (4.27)
where
_ e—ik’n L
ok () = (1 + ikn) : (4.28)

In the massless minimally coupled case, the vacuum expectation value <(5¢2> of the scalar
field has not only UV divergences but also infrared (IR) divergences. For simplicity let us assume
that the Universe changes from the radiation-dominated Universe to the de Sitter Universe in
order to avoid the IR divergences

_ 2— n_nO? (77 < 770)
a(n) = {% (1> m) (4.29)
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where 19 = —1/H and we choose the following mode function as the in-vacuum state
Sxk = e */\/2k. (4.30)

during the radiation-dominated Universe (n < 19). By requiring the matching conditions dxx (1)
and 0}, (n) at the time n = 7y, we can obtain the corresponding coefficients of the mode function
to be

(4.31)

By using ay, and Sy of Eq. (4.31) we can obtain the suitable mode function of dxy (17). For small
k modes in de Sitter Universe (n > 1), we can approximate the mode function as the following

s 1 2 H2p?\? 2
|6 xk| = or [<3H?7+2+ G +O( 3z )+

which does not have IR divergences because k2|dxi|* ~ O (k). For large k modes, we can get
the following expression

(4.32)

1 H?

HS
i ﬁCOS(Qk(l/H%—n)) +0 (ﬁ) + -

1

0xk|* ===

1
21{:+

(4.33)

Now we we must require the cut-off of k£ mode satisfying the adiabatic (WKB) condition Q2 > 0
to be k > v/2/|n| = v2aH. From Eq. (4.26) we can get the gravitationally induced vacuum
fluctuation as follows

TR e :
56— lim ——— / 2k%|6x 2Clk—/ dkk* Q!
< >grav1ty A=oo 472(C) (77) 0 | k| V2/In| *

1 A A k2
= lim ———— / 2020k | dk — / —dk
A=oo 42C (1) | Jo 9] Va/lnl /K2 — 2/

1 A A 1
zlim—/ 22|65 2dk—/ (k:+—+---)dk:. 4.34
A—oo 472C (77) 0 ‘ k| V2/nl k?”]2 ( )

For large k modes, we can use Eq. (4.33) and subtract the UV divergences as

A 1 A 1
/ (k: + —2> dk — / (k + —2) dk| = 0. (4.35)
Va/ln| kn Va/lnl kn

Thus, we get the following expression of the gravitationally induced vacuum fluctuation,

li !
Aioo 4720 (n)

1

V2/In| 2p72 oo 2
Y N 2|0kl 2k + 2 / _ 2 cos(2k(1/H
< ¢ >grav1ty 271'20 (n)/o ‘ Xk’ + 42 . 2 COS( ( / +77))

+0 (IZ—;) +o ~>kdk:. (4.36)
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At the late cosmic-time (n ~ 0 is consistent with N = Ht > 1), we have the following
approximation

272 V2/Inl
(6¢%) ~ 1 / k20| dk,
0

gravity ~— o272
1 H g2 v2/hlg
~ — kdk + — —dk 4.37
9In? J, * 472 /H ko (4.37)

where we approximate the mode function dxi (1) from Eq. (4.32) and Eq. (4.33),

L (2o w2 <k<H
o4 (0 <k < H)

oxil” = § AT (4.38)
L (14 2) (H <k < V2/nl)
Therefore, we can finally obtain the well-know de-Sitter vacuum fluctuation as follows
H? H? (1
2 ~Y [ f—
<5¢ >gravity - 1872 + 472 (2 10g2 + Ht)
H3
~ —t 4.39
s (1.39)

which grows as cosmic-time proceeds.

Next, we consider the massless minimally coupled scalar field (( = 0 and m < H) in de
Sitter spacetime. This is cosmologically important situation in order to understand the origin
of the primordial perturbations or the self-backreaction of the inflaton field in the inflationary

Universe (see, e.g. Ref. [116,117]). In this case, the rescaled mode function dxy (7) can be given
by

T
5 (1) = |30 {awHE (k) + S G}, (1.40)
where:
9 m2 3 m?

where H"? (kn) are the Hankel functions.

As previously discussed, let us assume the transition from the radiation-dominated Universe
to the de Sitter Universe and require the matching conditions at n = 7y to determine the
Bogoliubov coefficients

1 [7mkno . H 1 (1) ik/H
o = % 5 ((—z + Qk) H} (kno) — H” (kno) |e , (4.42)

1 |7k . H ' i
o= (i Y 2 o) Y o)) (4.43)
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Thus, the gravitationally induced vacuum fluctuation form Eq. (4.26) can be written as follows

A A
/ 2k |6 xi | dk — / dkE2Q;
0 V2/n|

2 2 22 V2/Inl
1 / k2|0 x| *dk + 77 / k20| dE. (4.44)
0 H

1
2
<6¢ >gravity AILOO m

272

The divergence parts of <(5¢2> exactly cancel as previously discussed

A A
/ 2k |6\ k| dk — / dkE*Q "

v2/In] v2/n|

gravity

(4.45)

li -
Ao 472C ()

where we take the adiabatic (WKB) mode cut-off as k > /2 —m2/H?2/ |n| ~ v/2/|n|. It is diffi-
cult task in the massive case than the massless case to obtain exactly the gravitationally induced
vacuum fluctuation from Eq. (4.42) and Eq. (4.43). However, by using the asymptotic behavior
of the Hankel functions, we can easily get the gravitationally induced vacuum fluctuation via
the adiabatic regularization method (for the detail discussions, see Ref. [114,115]).

By using the following formula of the Hankel functions we can get

v
H{ (k) = H," (ko) = - HIY) (ki) (4.46)
and the Bessel function of the first kind is defined by J, = (H,El) + HIEQ)) /2. Thus we obtain the

following expression

7k
2H

H vH
Jy—1 (kno) + ( o T T) Jy (kno)

ok — Bk| = (4.47)

For small k£ modes, the Bessel function and the Hankel function asymptotically behave as follows

T, (kno) =~ Vl . (kno) (4.48)

P (i) =~ ()~ L0 (M) (1.49)

Thus, we can obtain the following expression of the mode function dxy ()

b 0P = = (H o)™ (0< k< H) (4.50)

Ok

For large k£ modes, we can approximate the Bogoliubov coefficients as o ~ 1 and £ ~ 0 and
get the following mode function

v (1) = \/;71/21{ (k) (451)
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Thus, we obtain the following expression

|6xk]* ~ % (%”‘)2 (H <k<V2/ |n|) : (4.52)

From Eq. (4.50) and Eq. (4.52), the induced vacuum fluctuation can be given by

Hin)™ (1, o 2l 2,
0y o~ H )"~ / kdk + —~— / k22 dk; 4.53
< ¢ >grav1ty 97'('2 0 + A2 . 23—2v i ( )
H2 _2m2t 3H2 _2m2t
~ 1€ sH? 4 I (1 —e 3H2> . (4.54)

In de Sitter spacetime, the gravitationally induced vacuum fluctuation <5¢2> ity via the adi-

gravit;
abatic regularization can be summarized as follows [1]

o (m=0, £=0)
(007) ity = 3 e 7 + (1 — e 37),  (m < H, £ < 1/6) (4.55)
S (m > H, €21/6)

The induced vacuum fluctuation described by Eq. (4.39) and Eq. (4.55) are equivalent to the
gravitational particle creation in curved spacetime, and therefore, generated fluctuation remains
on the cosmological timescale. However, if the created particles can decay into other particles,
the created vacuum fluctuation would disappear on the particle decay timescale.

4.2.2 Point-splitting Regularization Method

The point-splitting regularization is the method of regularizing divergences as the point separa-
tion in the two-point function, and has been studied in detail in Ref. [118,119]. In this section,
we review the gravitationally induced vacuum fluctuation using the point-splitting regulariza-
tion, and compare the results in the previous section. The regularized vacuum expectation value
can be expressed as [119]

R 1 1
N 16n22 2 _ -
(06°), g O+ =62 T Ton2 {m * (E 6) R]

() en () e () o).

where we take Bunch-Davies vacuum state, € is the regularization parameter which corresponds
with the point separation, p is the renormalization scale, v is Euler’s constant and ¢ (z) =
I(z)/ T'(2) is the digamma function. By proceeding the renormalization method, we obtain
the following expression

1 12m?
2 _ 2
<5¢ >gravity o 167-(-2{ —m”In ( NQ )

el (e (o) e (o) e o)y

(4.56)

(4.57)
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where the additive constant (% + 1/) is chosen so that <5¢2>gravity = 0 at the radiation-

dominated Universe R = 0. In the massive scalar field, we can set simply the renormalization
scale to be pu? = 12m? and get

<5¢2>gmity = 1617r2 [mQ + (5 — é) R] [111 (12];2> + 1 (g + 1/) + 1 (; — y)] (4.58)

In the minimal coupling case £ = 0 and we take massless limit m — 0

R? 3H*
2
<5¢ >gravity - 38471-2m2 = (459)

8m2m?’

which is consistent with Eq. (4.54).
Next let us discuss the extremely massive case m > H and the digamma function ¢ (z) for
z > 1 can be approximated to be [118]

11 127 L
2422 960z*

Re v (g - ZZ) =logz + (4.60)

We obtain the following formula,

H? H?
In (ﬁ) —H/J(;—H/) +w(g—u) %ln(W> +¢(g+¢%) +¢<g—@%) (4.61)
o UH LrHY (4.62)

Thus, the gravitationally induced vacuum fluctuation of the extremely massive scalar field for
m > H is given as follows:

2 SR - S wHE 27 H ~ O (H?
OO swee = 12 ™ 676 ) B (o ~ g0+ ) 2O W) (469)

which is consistent with Eq. (4.5). Thus, the point-splitting regularization is equivalent to the
previous adiabatic regularization.

4.3 Gravitationally Induced Vacuum Fluctuation in
Schwarzschild Spacetime

The metric of the Schwarzschild spacetime is written by

2MBH d’f‘2 .
ds* = — (1 — at? + ——— 2 (d6? 20dp? 4.64
s ( . ) +1_2MBH/T+7‘( + sin® 0dyp?) (4.64)

which covers the exterior region of the spacetime r > 2Mpy where Mgy is the black-hole mass. In
the metric of the Schwarzschild spacetime, there is a singularity at the horizon r = 2Mpy, which
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it r=20 it

Figure 4.1: The Penrose-Carter diagram of the maximally extended Schwarzschild manifold.
Regions I or II are asymptotically flat, Region III is the black hole, and Region IV is the white
hole. H™ corresponds to the future black hole horizon, H~ is the past black hole horizon, J+*
corresponds to the future null infinity and J~ is the past null infinity [5].

can be removed by transforming to Kruskal coordinates. By taking the Kruskal coordinates, we
obtain the following metric

o _ 2MEy o 2 (102 1 2 742
ds®* = —=e sdUdV + r? (d6? + sin® 6d¢?) (4.65)

r

where these coordinates U and V are formally given by

U= —Mgye "M 4 —¢ — 4 — 9MpyIn [ —— — 1), (4.66)
2Mpn

V = Mpye"/ Moy =t 4+ 2Mpyln | —— —1). (4.67)
2 M

The Schwarzschild coordinates cover only a part of the spacetime, whereas the Kruskal coor-
dinates cover the extended spacetime and becomes regular at the horizon r» = 2Mpy. These
features of the Schwarzschild geometry are summarized in Penrose-Carter diagrams as Fig. 4.1.
Generally, there are no unique vacua in curved spacetime, and we must take appropriate vac-
uum states. In Schwarzschild spacetime, there are three well defined vacua, namely: Boulware
vacuum (vacuum polarization around a static star) [120,121], Unruh vacuum (black hole evap-
oration) [122] and Hartle-Hawking vacuum (black hole in thermal equilibrium) [123] which
correspond to the vacuum definitions on the respective coordinate systems.
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Let us consider the massless scalar field ¢ (¢, x) and then the corresponding Klein-Gordon
equation can be given as

[~ 09" \/=50,] 6 (£, ) = 0, (4.68)

where we drop the curvature term £ Rp? because the Ricci scalar becomes R = 0 in Schwarzschild
spacetime. Note that the Kretschmann scalar K constructed of two Riemann tensors is non-zero
to be K = RupeqR% = 48M? /1% and therefore the curvature effects are not zero.

The scalar field ¢ (¢,7,6, p) in Schwarzschild spacetime can be decomposed into

¢ (t T, 67 90 / dw Z Z (awlmuwlm + a’wlm gﬁn + bWZmufullL:n + bwlm Z:ﬁ:i) (469)
=0 m=—1

where these mode functions v = and u®% defines the vacuum state that ag, [0) = by [0) = 0

wlm wlm
which Corresponds to the initial and final conditions. In Schwarzschild spacetime, these mode

functions u =~ and u®’ for the massless scalar field are given by

ulty, = (rw) 2RI (r;w) Vi (0,0) €7, (4.70)
ugst, = (4mw) PR (r;w) Vi (0, ) e, (4.71)

These radial functions R{" (r;w) and R (r;w) have the well-known asymptotic forms,

RI™ (s ) By (w)r~te=® (r — 2Mgy)
rw)x~ . .
l T—le—zwr* _i_A;n( )7,. lezwr (7’ s OO)

Rout( ) Tfleiwr*_{_Aout( ) flefiwr* (T_>2MBH)
N By (w)r~te™™ (r — o0)

where A" (w), A?"* (w) and B (w) are the reflection and transmission coefficients [24]. The
Boulware vacuum |0p) is defined by taking ingoing and outgoing modes to be positive frequency
with respect to the Killing vector 9, of the Schwarzschild metric [120] and corresponds to the
interpretation of the scattering theory. This state closely reproduces the Minkowski vacuum
state at infinity due to the fact (0g|§¢? |0g) — 1/72 in the limit r — oco. However, the Boulware
vacuum is singular on the event horizons r = 2Mpy and hence not valid near the black-hole
horizon. Thus, the Boulware vacuum is considered to be the appropriate state which describes
the gravitationally induced vacuum fluctuation around a static star, not black hole.

The two-point correlation function <6¢2> for the scalar field in the Boulware vacuum |0p)
can be given by [124,125]:

[e.9]

(0p|6¢? (2)]05) = 1617T2/000d—” X [Z (20 + 1) UR”‘ (riw)|” + | RE™ (r: )}2”, (4.72)

w
=0
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where the sum of these radial functions R/" (r;w) and R¢"* (r;w) have the asymptotic forms,

o0 >0 U1 [By(w)l
(21 + 1) ‘R;n (T;oJ)lQ ~ 4M]§H (T — 2]\4BH)
— 4w? (r — o0)

l

s _dw? (’I“ — 2MBH)
21+ 1) | R (r;w)|* ~ { L 2Men/r . 4.73
;( ) | 1 ( )| { 32 (21+21)|Bl(w)\2 (7’ - oo) ( )

T

As previously discussed, the two-point correlation function <(5¢2> of Eq. (4.72) has clearly
UV divergences and requires the regularization. There exist several regularization methods to
remove the divergences of the integral, but here we adopt the point-splitting regularization. Let
us consider 6¢? (x) — 6¢ () §¢ (') temporarily and afterwards take the coincident limit 2’ — .
Using the point-splitting regularization we get the gravitationally induced vacuum fluctuation

(06 (1)) iy = 1im ({656 ()56 (27)) — (656 ()56 (1)) ) (4.74)

where (06 (x)0¢ (2)) 4;, express the divergence part and is namely the DeWitt-Schwinger counter-
term, which is generally given by [126]

1 m*+(E—1/6)R 1 o m? 1 oicgif
Y + = ln - + af )
8wl 872 2 2 1672 9672 o
(4.75)

(00 ()06 () iy =

where o is the biscalar associated with the short geodesic and ~ express the Euler-Mascheroni
constant. Note that the UV divergences do not contribute to the gravitational particle produc-
tion and therefore the renormalized two-point correlation function exactly express the gravita-
tionally induced vacuum fluctuation. In Schwarzschild metric for the massless scalar field, we
can simplify the DeWitt-Schwinger counter-term of (¢ (x)d¢ (2')) 4, and get

1

8120

(09 ()09 (') g, = (4.76)

For simplicity when we take the time separation to be x = (¢,r,0,¢) and 2’ = (t +€,7,0, ) the
gravitationally induced vacuum fluctuation <(5¢2> in the Boulware vacuum |0g) is given by

) L 1 o) 671'0.)6 o0 in ‘ 9 ou ) 2 1
(06" (2)) raviey = 11—%[16%2/0 {Z 20+ 1) |R™ (r;w)|” | RY™ (r;w)| ]dw ~ ST (6)].

“ U
(4.77)
By taking the second-order geodesic expansion we get the following expression [126]
1 —2M, M3, (1 —2M
o (6) _ BH/T‘EQ _ ""'BH ( BH/T) ¢4+ 0 (65) : (4.78)

2 2474

where €2 satisfy the following relation

€= —/ wedw. (4.79)
0
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Using Eq. (4.77), Eq. (4.78) and Eq. (4.79), we obtain the gravitationally induced vacuum
fluctuation of the Boulware vacuum |0p) as follows [125]

1 & d > . . 4 2
<OB|5¢2 (x)|OB>gravity - W/o - [Z (2 +1) DR;” (T;W”Q + ‘Rlou (r;w)ﬂ 11— QJC\ZBH/T]

w
1=0
Mgy
487214 (1 — 2Mpu /1)

For the Boulware vacuum |0g), the asymptotic expression of the gravitationally induced vacuum
fluctuation <5¢2> . can be given by
gravity

<OB|6¢2 (I)'OB> — 0 (T’ — QMBH) ,

gravity
(0|6 (x)|05) — 1/r* (r — o),

gravity
which is singular on the event horizons r = 2Mgy and ill-defined near the black-hole horizon.
In vacuum expectation values (7),,) of the energy momentum tensor has been given by Ref.

[125,127-132] and shown similar properties to <(5¢2>graivty. The renormalized energy momentum

tensor (T},) i1y i Boulware vacuum |Op) has the following asymptotic forms
-1 0 0 O
) 1 01/30 0
(OB|T3108), oy — S0 I (2P | 0 0 1/3 0 (r — 2Mgy)
0 0 0 1/3
<OB]T:\OB>gravity — 1/r®  (r — o0),

which produces a negative energy divergence at the horizon r = 2Mpgy. Therefore, the usual
interpretation of the above result is that the Boulware vacuum |Og) is considered to be the
appropriate vacuum state around a static star and not a black hole.

Next, let us discuss the Unruh vacuum |0y) which considered to be appropriate vacua which
describe evaporating black hole formed by gravitational collapse [125]. The Unruh vacuum
|0y) is formally defined by taking ingoing modes to be positive frequency with respect to 0,
but outgoing modes to be positive frequency with respect to Kruskal coordinate 0y [122]. The
Unruh vacuum corresponds to the state where the black hole radiates at the Hawking tem-
perature Ty = 1/87 Mgy in empty space, and therefore, the gravitationally induced vacuum
fluctuation <5¢2>gravity approaches thermal Hawking fluctuation near the black-hole horizon:
(Oy| 66* |0y) — O (TZ) in the limit r — 2Mpy.

The two-point correlation function <5gb2> for the Unruh vacuum |0y) is given by [124,125],

<0U]6qb2 (x)|OU> = 1617r2/000 d%} [i 20+ 1) “R;” (r;w)|2 + coth (%) ‘Rf“t (r;w)ﬂ] ,
(4.80)
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where k = (4Mpg)~! is the surface gravity of the black hole and the factor of coth (%) origi-
nating from the thermal features of the outgoing modes. The gravitationally induced vacuum
fluctuation for the Unruh vacuum |Oy) can be written as

1 [ dw | :
(Oyd¢” (a:)|0U>gravity = W/o Uw [ (20+1) [‘R}” (r; w)‘Q + coth (%) |Rl°“t (r; w)|2]
1=0
4o? Mzy

— — . 4.81
1— QMBH/T] 4871'27"4 (1 - 2MBH/T'> ( 8 )

For the Unruh vacuum, we obtain asymptotic expression of the gravitationally induced
vacuum fluctuation to be

1 1 * dww 35 (21 + 1)| By (W)
. — = 2M,
gravity — 1927T2M}%H 327T2M]%H /0 w (eQﬂ—w/,@ . 1) (T — BH) )

— 1/r* (r — o).

<OU‘(5¢2 (l’)‘OU>
(0ulde” (x)|0y)

gravity

The Hartle-Hawking Vacuum |Ogy) is formally defined by taking ingoing modes to be positive
frequency with respect to dy, and outgoing modes to be positive frequency with respect to the
Kruskal coordinate 0y [123]. In the Hartle-Hawking vacuum |Opy), we obtain the two-point
correlation functions,

(Opul86* () Opazs) = 1617T2/0°od—°" [coth (£2) S @+ [|R ()| + | Ry (r;mf]] .

w K
=0

(4.82)

For the Hartle-Hawking vacuum |Ogy) we get the asymptotic expression of the gravitationally

induced vacuum fluctuation <5¢2> .
gravity

1
L
gavity 19272 M2,

—>TI?I/12 (r — 00),

(Oun]06” (2)|Ogm)
(Oun]06” (2)|Osm)

(’I“ — QMBH) s

gravity

where the gravitationally induced vacuum fluctuation <(5¢2> approaches the thermal fluctuation
(Ogn| 66% |Ow) — T2 /12 at infinity 7 — co. Therefore, the Hartle-Hawking vacuum corresponds
to a black hole in thermal equilibrium at Ty = 1/87 Mpy.

The analytic approximations of <5¢2>gravity and (7))
the various vacua (Boulware, Unruh vacuum and Hartle-Hawking) and the various fields of spin
0, 1/2 and 1 have been investigated by Ref. [125,127-142]. The gravitationally induced vacuum
contributions of the various fields are proportional to the inverse of the black-hole mass Mgy
near the black-hole horizon and approximately become thermal with the Hawking temperature
Tx. This fact originates from that <5¢2>gravity and (7}, are generated by the quantum
gravitational effects around the black hole.

gravity 111 Schwarzschild spacetime for

> gravity



Chapter 5

Gravitationally Induced Vacuum Phase
Transition

The gravitational effects of the induced vacuum fluctuation of the various fields on the vacuum
stability are twofold. On one side, the gravitationally induced vacuum fluctuation can destabilize
the effective potential as the backreaction. On the other side, the inhomogeneous vacuum field
fluctuation can generate true vacuum bubbles or domains and triggers off a collapse of the false
vacuum. The decay of the false vacuum in various gravitational backgrounds or cosmological
situations has these two scenarios. In this chapter we discuss the gravitationally induced vacuum
phase transition in more detail.

5.1 Gravitational Phase Transition

In this section we consider the gravitational second order phase transition where gravitationally
induced vacuum fluctuation destabilizes the effective potential.

For simplicity we restrict our attention to the scalar field theory and then let us consider a
simple effective potential V' (¢) where the scalar field ¢ couples the extra scalar field ¢ with the
interaction coupling ¢ as follows:

A
V(9) = gmie + 36t~ L7 (5.1)

where the self-interaction coupling A is positive. The gravitationally induced vacuum fluctua-
tions are classic and modify the above scalar potential as the following

1 A
V(6) = 5 (4 2 (06%) iy = 9 (007 gy ) & + 59" (5.2
A
~ =g <6S02>gravity ¢2 + Z¢4’

For large vacuum fluctuation of <(5902> ravity the origin of the effective potential V' (¢) does not
stable and therefore the scalar field classically rolls down to the new vacuum state. Dynamical
behavior of the scalar field in cosmological spacetime is determined by Klein-Gordon equations

06 (6) + V' (6 (£)) = 0. (5.3)

62
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We rewrite the Klein-Gordon equation as the following

& (1) +3H (1) + V' (6 (1)) = 0. (5.4)

If we can approximate the effective potential as V' (¢) = —g <(5g02>gravity ¢, the dynamics of the
scalar field ¢ (t) can be described as follows

¢ (1) o exp {% (=3 + \Jor? + 49 (3¢%) ... ) } (5.5)

5.2 Gravitational False Vacuum Decay

In this section we consider the gravitational first order phase transition. To investigate the decay
of the false vacuum in gravitational background there are different approaches to calculate the
probability. The quantum tunneling method in gravitational background is formally calculated
by the Coleman-de Luccia (CdL) formalism [143] which corresponds to true vacuum bubble
nucleation in false vacuum. The decay rate of the vacuum in gravitational background is given
by

I' = Aexp(—B), (5.6)

where A is a prefactor and B is given by the difference between the action of the bounce solution
and the action of the false vacuum as follows:

B = 55(9) — Se(¢n) (5.7)
which is determined by the Euclidean action:
4 1 o Ml%l
Seld, gl = | dxv/—g 5 VudVio + Vi(e) — - - (5.8)

To discuss instanton mediated vacuum transitions in gravitational background we consider the
Euclidean analogue of cosmological spacetime:

ds* = dx* + a*(x)d3, 5.9
3

where x? = t* + 12, a(x) is the Euclidean scale factor and dQ3 is the metric of a 3-sphere. The
equations of motion in this case are given by

. 3 -
b+ =d—V'(¢) =0 (5.10)
2 12
-2 a 0
=1l4+—|=-V . 5.11
By solving these equations the decay exponent B can be taken as
242 Mp o .
= — 27r2/ dxa®(x)V(o(x 5.12
o, 2 [ et Cviero) (5.12)
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For simplicity let us consider de-Sitter spacetime. The trivial solution of the Euclidean equations
of motion assumes that the scalar field stays on the top of the potential. That is known as the
Hawking-Moss instanton [144],

_ a _ \/gMpl sin V(QbmaX)l/Q
O(X) = Pmax, (><)—V(¢m)1/2 ( NG x), (5.13)

For this solution the decay exponent B is given by

oo 11
b= M”(va) V(qsmax))' 514

In the limit |V (dmax) — V(dr)| < |V (¢8)| the decay exponent B can approximately become

872V (Prax)?

3H* ’
which represents the probability that thermal fluctuation pushes the scalar field ¢ on the Hubble
volume from the false vacuum to the top of the potential at the Gibbons-Hawking temperature
Teu = H/2m. On the other hand there are other bounce solutions known as Coleman-de Luccia
(CdL) instanton. The CdL instanton can be interpreted as that thermal fluctuation pushes ¢
partially and the pushed ¢ goes out to true vacuum via quantum tunneling. The Hawking-Moss
instanton and the CdL instanton has applicable ranges respectively. If the effective potential
barrier is sufficiently small compared with the Hubble scale, the CdL instanton does not nec-
essarily exist [145] and the gravitational vacuum transition is described by the Hawking-Moss
instanton. Note that the Hawking-Moss transition should be interpreted as an entire Hubble-
volume tunneling [145,146], and therefore the transition occurs on only a Hubble patch, and
not the entire Universe.

There is an another established method as a more intuitive formalism of dealing with the
gravitational vacuum transition which is so-called stochastic formalism [147]. This formalism
quantitatively captures the vacuum transitions induced by the thermal de-Sitter fluctuation. In
de-Sitter spacetime the quantum fluctuation can be given by

H
0p ~Tgy = —. 5.16
¢ GH = 5~ ( )
where Ty is the Gibbons-Hawking temperature. The stochastic approach treats the thermal
de-Sitter fluctuation as a random noise term of the stochastic equation and can be summarized

as the Langevin equation and the Fokker-Planck equation

9r(9) _ 9 {M Ean)}

ot 0¢ | 3H 8t 06

B ~ (5.15)

P(¢) + (5.17)
where P (¢) is the probability distribution function. At the late time static solution for the
probability distribution function P (¢) completely corresponds to the transition probability of
the Hawking-Moss instanton as

(5.18)

812V (¢)*
)

P (¢) ~ exp (—
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However, the Fokker-Planck approach becomes more useful than the Hawking-Moss instanton
because it takes the bounce solution from the top of the potential. For instance the Hawking-
Moss instanton does not capture multiple transitions across the barrier. More generally if we
can recognize the de-Sitter quantum fluctuation as the Gaussian noise, the probability density
function P (¢) can be given by

1 o
P (o) = —_— |, 5.19
R W e

For instance if we consider de-Sitter spacetime and the chaotic potential V(¢) = m2¢?/2, the
gravitationally induced vacuum fluctuation and probability density function P (¢) are given by

3H* m  [Arx 422>
2 = — - > p—
<5¢ >gravity - S7m2m2 P (Qb) - H?2 3 CXp (_ 3HA ) (520)

which corresponds to the the Fokker-Planck equation with the chaotic potential V(¢) = m?¢?*/2.
If we get the gravitationally induced vacuum fluctuation <5gb2> by using some regularization

gravity
methods in curved spacetime, we can calculate the probability of the vacuum decay transition.

From now we assume that the probability distribution function of the gravitationally induced
vacuum fluctuation <5¢2>gravity is Gaussian [17]:

1 o8
P(6) — See) [ A— 5.21
(¢) \/ 2 <(5¢2>gravity - < 2 <5¢2>gravity> ( )

By using Eq. (5.21), the probability that the false vacuum survives can be given as

¢max

P (¢ < ) = / P (6)do, (5.22)

¢max

¢max

V209" raviey

where ¢y is defined as the maximal value of the potential V (¢). On the other hand, the
probability that the inhomogeneous scalar field falls into true vacuum can be expressed as

\/2(60%)
P <¢ > (bmax) =1—erf d)max ~ < >graV1 . €xp <_2<¢> : (524)

2 <(5(b2 > a ﬂ-(’bmax 5¢2 > gravity

gravity

(5.23)

=erf

Then, the constraint from the gravitational vacuum decay can be represented by

V- P(¢> bmax) < 1, (5.25)
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where we take V to be the volume of the domains in which the gravitationally induced vacuum
fluctuation <5¢2>gravity governs. By substituting Eq. (5.24) into Eq. (5.25), we can simplify the
above constraint of gravitational vacuum decay,

2
< 5¢ Z gravity <

max

(log V)", (5.26)

N[ —

The most uncertain thing in the stochastic formalism is how to determine the volume factor V.
In inflationary Universe, the volume factor of ¥ can be given by

V o 3Vhor (5.27)

where Ny, is the e-folding number which can be Ny, >~ Noyp ~ 60. By substituting Eq. (5.27)
into Eq. (5.26) we obtain following relation of the vacuum stability

<6¢2 >gravity < 1
2 6]\/’hor ‘

max

(5.28)

However, the gravitationally induced vacuum decay around evaporating black holes can be more
trouble. The induced vacuum fluctuation in Unruh vacuum |Oy) approximately approach the
Hawking temperature Ty near the horizon. But at the infinity the vacuum fluctuation attenuates
rapidly and becomes zero. Therefore, the gravitationally induced vacuum fluctuation <5¢2>gravity
around the evaporating black hole can be summarized as follows:

(06 pravity = {(()D(TH) (y _:;i;WBH) - (5.29)

Thus it is obvious that we can not take the entire volume of the Universe as V because the
induced vacuum fluctuation approaches zero far from the black hole and the large vacuum
fluctuation exists only near the black-hole horizon. Therefore, the volume factor V' can be given
by V = Nggu - O (1) where Ngpy is the number of the evaporating or evaporated black holes
during the cosmological history of the Universe. By using Eq. (5.26), we obtain the number
constraint of the evaporating black holes as follows:

2
<6¢ Zgravity <

max

(log Nisn) ™', (5.30)

N —

In next chapter we discuss the electroweak vacuum stability in gravitational background using
the stability conditions of Eq. (5.28) and Eq. (5.30)



Chapter 6

Electroweak Vacuum Stability in
Curved Spacetime

In this chapter we discuss electroweak vacuum stability in curved spacetime. First, we derive
the SM effective Higgs potential in curved spacetime and than explain how the gravitationally
induced vacuum fluctuation of the SM particles modify the effective Higgs potential. Next,
we discuss false vacuum decay on the gravitational background using the stochastic formalism
based on the Higgs vacuum fluctuation. We investigate the electroweak vacuum stability in
various spacetimes or cosmological situations as during inflation corresponding to the de-Sitter
spacetime, after inflation in particular the preheating stage and around evaporating black holes.

6.1 Effective Higgs Potential in Curved Spacetime

Let us consider the SM Higgs effective potential in curved spacetime. The one-loop effective
Higgs potential Vog (¢) where ¢ is the Higgs field can be given as follows [78§]

A
Vet (@) = palp) + %mi(ﬂ)& + %§¢(M)R¢2 i aﬁﬂ) 4

1 4 Mz‘Q (¢) el
+ | E I M; (9) {log —,U2 Cil, (6.1)
i=W,Zt,G,.H

where we take 't Hooft-Landau gauge and MS scheme, and M? (¢) is given by

M? (¢) = ki¢* + K, + O;R. (6.2)

(2

The coefficients n;, x;, x; and 6; are given by Table I of Ref. [78]. The mass terms of W/Z
bosons, top quark, Nambu-Goldstone bosons, and Higgs boson are given by
1

1 1
myy = 192¢27 my = 1 (9> + ¢%] ¢*, m} = 5%29252,

mg =mj + M@, my = mj + 3As0°,

67
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where g, ¢', y; are the SU(2)r, U(1)y, top Yukawa couplings and ), is the Higgs self-coupling.
The S-function for the non-minimal coupling £ (1) in the Standard Model without gravity loops
is given by

1 3,2 9
= —1 A 2_Zg -4, :
fe= s (€= 1/0) (0343 = 50 = 30°) (63
The RG running of the non-minimal coupling £ (1) can be obtained by integrating S
1 1
€0 =5+ (&w—5) Fla), (64

where F'(p) is the function depending on the renormalization scale p. If we have the nearly
minimal coupling épw < O (1072) at the electroweak scale, the running non-minimal coupling
¢ (1) becomes negative at some scale [78]. On the other hand, we can take the initial condition
of the running non-minimal coupling £ (u) at the Planck scale [17]. If the curvature R is larger
than the instability scale to be R > Ay and then & (R) < 0, the effective Higgs potential in
curved spacetime is unstable: V/; (¢) < 0 and the homogeneous Higgs field ¢ on the entire
Universe rolls down to the negative-energy Planck-scale true vacuum.

However, we must include the backreaction from the gravitationally induced vacuum fluctu-
ation of the Higgs field in the effective Higgs potential. The modified effective Higgs potential
including the gravitational Higgs vacuum fluctuation can be given by [1,2]:

Ve (6) = oal10) + 53 ()6* + 6w Re? + W N g5y e
+ Z 62;2 M (9) {log MLQ(QS) — Ci], (6.5)

i=W,Z,t,G,H

where the induced Higgs fluctuation stabilize or destabilize the effective Higgs potential in
curved spacetime. However, the vacuum fluctuation of the W/Z bosons and the top quark can
raise the effective Higgs potential, and therefore, the effective Higgs potential Vg (¢) including
the vacuum fluctuation of the various SM fields can be written as follows:

Vi (0) = pali0) + Sm ()6 + 2ol o + 22 g ) <6¢2>gmvity¢2

+ gzélu <6W2>gravity ¢2 + [ (M) _gg/2 (#)] <6ZQ>gYaVity <6 >grav1ty 2
; M2 (¢
+ ) 6Z7T2 i () {log MQ( - C} (6.6)

i=W,Zt,G,H

where the renormalization scale 1 can be taken as pu? ~ ¢ + <5¢2>gmvity + R to suppress the
high order log-corrections as previously discussed. Through the above consideration, we obtain
the exact effective Higgs potential including gravitational backreactions in curved spacetime.
If we assume that gravitational fluctuations of the Higgs, W/Z bosons and top quark are
approximately equivalent to thermal fluctuations with the Gibbons-Hawking temperature Ty,

<5¢2>gravity ~ <5w2>gravity ~ <522>gravity ~ <5t2>gravity ~ 0 (TéH) ’ (67)
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the effective Higgs potential in curved spacetime reproduces the thermal result. Thus, roughly
speaking, the vacuum stability of the Higgs in the de-Sitter and Schwarzschild spacetime be-
comes consistent with the thermal case. However, the gravitationally induced vacuum fluctu-
ation of the SM fields can not be always approximated as the thermal fluctuation with the
Gibbons-Hawking temperature Tgy as previously discussed.

6.2 Electroweak Vacuum Stability during Inflation

In this section, we investigate the electroweak vacuum stability during inflation. The stability
of the false Higgs vacuum is determined by the behavior of the homogeneous Higgs field and
the inhomogeneous Higgs field from gravitationally induced vacuum fluctuation.

The Higgs field phenomenologically acquires various effective masses during inflation, e.g.
the inflaton-Higgs coupling A\ss provides an extra contribution to the Higgs mass m%; = A\;55?
where S is the inflaton field. Let us restrict our attention to the simple case that the Higgs field
only couples to the gravity via the non-minimal Higgs-gravity coupling &(u) and we disregard
other inflationary effective mass terms. For convenience, we consider the effective mass m2; =
E(u)R = 126(u)H2, and use the results of Eq. (4.55), the gravitationally induced vacuum
fluctuation is written as

T (€ < 0(107Y)
~ J 32m%¢(n)
< ¢ >ren {2417:; (5(#) Z O (10—1))

where Hj,s is the Hubble parameter during inflation. From here we infer the sign of Vg (¢) by
using the relations £(u)R < [A(p) (5¢ >grav1ty | where we assume p ~ (12H2; + (6¢° >grav1ty V2
Ap ' If we consider {(p)R = £(p)12H2;, A(p) (0¢° >gravity ~ ANu)H2:/32m%E(p) and A(p) =~

—0.01, we obtain the constraint on the non—minimal coupling to be &(p) < O(1073) where
Hine > /32726 (1) A;. In this case, the global Higgs field ¢ goes out to the negative Planck-
energy vacuum state, and therefore, the excursion of the Higgs field ¢ to the Planck-scale true
vacuum can terminate inflation and cause an immediate collapse of the Universe.

On the other hand, the gravitational Higgs fluctuation <5¢2>graivty can directly cause vacuum

transitions of the Universe [1,2,4,16,17,74-83]. If local Higgs fields overcome the barrier of the
potential, the local Higgs fields classically roll down into the Planck-energy true vacuum and
catastrophic Anti-de Sitter (AdS) domains are formed. Note that not all AdS domains formed
during inflation threaten the existence of the Universe [17,82], which highly depends on the
evolution of the AdS domains at the end of inflation (see Ref. [17] for the details). The AdS
domains can either shrink or expand eating other regions of the electroweak vacuum. Although
the high-scale inflation can generate more expanding AdS domains than shrinking domains
during inflation, such domains never overcome the inflationary expansion of the Universe, i.e.,

(6.8)

!'In the case (12HZ; + <6¢2>gravity)l/2 < Ay, the quartic term A(u)¢*/4 becomes positive unless ¢ > Aj.

Therefore, the homogeneous Higgs field ¢ cannot classically go out to the Planck-scale vacuum state. However,
it is possible to produce AdS domains or bubbles via the gravitational Higgs fluctuation shown in (5.28).
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one AdS domain cannot terminate the inflation of the Universe 2. However, after inflation, some
AdS domains expand and consume the entire Universe. Thus, the existence of AdS domains
is problematic and so we focus on the conditions not to be generated during or after inflation.
From Eq. (5.28) the stability condition of the Higgs vacuum during inflation is given by

<6¢2>gravity < 1
2 6‘Z\[hor .

max

(6.9)

where the gravitationally induced Higgs fluctuation is given by Eq. (6.8) and ¢y is the max-
imum value of the effective Higgs potential. The effective Higgs potential with the relatively
large effective mass meqg can be approximately given by

2
b ().

where ¢.x is estimated to be

Prmax = \/ —mZg/ . (6.11)

In the numerical analysis, then we can approximate the maximal field value to be ¢pax =~ 10-meg.
By using Eq. (6.9) and Eq. (6.11) we can obtain the constraint of the non-minimal coupling
E(n) S O(1072) where Hiye > /3272 (1) A;. Thus, the Anti-de Sitter (AdS) domain or bubble
formations from the high-scale inflation can be avoided if the relatively large non-minimal Higgs-
gravity coupling is introduced. Here, we summarize the conclusions obtained in this section as
follows [1]:

e For&(p) < O(107%) and Hiye > +/32m2¢ () Az, the Higgs effective potential is destabilized
by the gravitational Higgs fluctuation during inflation where () <5 gb2>gravity overcome the
stabilization mass term £(u)R. In this case, the effective potential becomes negative as

" (0) S0, the excursion of the Higgs field to the Planck-energy vacuum terminates the
inflation and cause a collapse of the Universe.

e For O(107%) < &(n) S O(1072) and Hiyr > /3272 () A7, The curvature mass &(u)R =
&(u)12H2; can stabilize the Higgs effective potential during inflation. Thus, the global
dynamics of the Higgs field can be suppressed. However, the gravitational Higgs fluctu-
ation generates some Anti-de Sitter (AdS) domains or bubbles, which finally cause the
vacuum transition of the Universe.

e For {(p) 2 O(1072) or Hyyr < /3226 (u) Ay, the Higgs effective potential stabilizes and
the Anti-de Sitter (AdS) domains or bubbles are not formed during inflation.

2 The expansion of AdS domains or bubbles never takes over the expansion of the inflationary dS space [17],
and therefore, it is impossible that one AdS domain terminates the inflation of the Universe. However, if the
non-inflating domains or the AdS domains dominates all the space of the Universe [148], the inflating space
would crack, and the inflation of all the space of the Universe finally comes to an end.
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The relatively large non-minimal Higgs-gravity coupling as &(u) = O (1072) can stabilize
the effective Higgs potential and suppress the formations of the AdS domains or bubbles during
inflation. Other than that, we can simply avoid this situation by assuming the inflaton-Higgs
coupling Ass [75] or other scalar field interaction couplings. So far we only consider gravitational
backreaction of the Higgs fluctuation during inflation. However, as previously discussed in
Eq. (6.42) gravitationally induced vacuum fluctuations of W/Z bosons and the top quark enlarge
up to the Hubble scale H;,s and contribute to the Higgs potential as the positive masses

1
meg = E(I2He + A1) (007) iy + 597 (1) (GW)

+ % [9°(1) + 9 ()] (OZ7) iy 97 (1) (O iy (6.12)

If the gravitationally induced vacuum fluctuations of W/Z bosons and the top quark are larger
than the Higgs one, the effective Higgs potential can be stabilized

<5¢2>gravity 5 <5VV2 >gravity ) <5Z2 >gravity ) <5t2 >gravity = Stabilized (6 13)

Since these gravitational fluctuations of W/Z bosons and the top quark depend on their mass
as well as Higgs field, they can be suppressed by their non-minimal coupling. Thus we obtain
the constraints of their non-minimal coupling as follows:

() 2 Ewn), €2(p), & () = Stabilized (6.14)

6.3 Electroweak Vacuum Stability after Inflation

In this section we discuss the electroweak vacuum stability after inflation. For simplicity let us
consider the non-minimal Higgs-gravity coupling case. After inflation, the effective mass £(u)R
via the non-minimal coupling drops rapidly and sometimes become negative. Thus, the effect of
the stabilization via &(u) R disappears and the Higgs effective potential becomes rather unstable
due to A(p) <6¢2>gravity and &£(p)R. Furthermore, the non-minimal Higgs-gravity coupling can
generate the large Higgs fluctuation via so-called tachyonic resonance. Thus, the Higgs potential
is destabilized, or some Anti-de Sitter (AdS) domains or bubbles are formed during subsequent
preheating stage [4,84-88].

At the end of the inflation, the inflaton field S begins coherently oscillating near the minimum
of the inflaton potential Vi (S) and produces extremely a huge amount of massive bosons via the
parametric or tachyonic resonance. This temporal non-thermal stage is called preheating [103],
and is essentially different from the subsequent stages of the reheating and the thermalization.
For simplicity, we approximate the inflaton potential as the quadratic form

1
Vine (S) = §m2352. (6.15)
In this case, the inflaton field S classically oscillates as

M
S () = Bsin (mst), @ — gm—; (6.16)
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where the reduced Planck mass is My = 2.4 x 10" GeV. If the inflaton field S dominates the
energy density and the pressure of the Universe, i.e., during inflation or preheating stage, the
scalar curvature R(t) can be written by

R(t) = Mi 4V (5) - $7]. (6.17)
~ m;}g? (3sin® (mst) — 1) . (6.18)

When the inflaton field S oscillates as Eq. (6.16), the effective mass {(u)R drastically changes
between positive and negative values. Therefore, the Higgs field fluctuations grows extremely
rapidly via the tachyonic resonance, which is called geometric preheating [149,150].

The general equation for £ modes of the Higgs field during preheating is given as follows:

L G (’;_z V() + (g _ 5) gL G - 45) 1% (S)) (a*/26¢) = 0.

dt? M M
(6.19)
Eq. (6.19) can be reduced to the following Mathieu equation
d? (a6
% + (Ak - 2q COS 22) (a3/25¢k) = 0, (620)
2
where we take z = mgt and A and ¢ are given as
B Vea(e) | 92
A — cf 6.21
g a*m? m% * 2]\45157 (6.21)
30?2 1
=——&—= ). 6.22
o= (6 3) (6.22)

The solutions of the Mathieu equation via non-minimal coupling in Eq. (6.20) show tachyonic
(broad) resonance when ¢ 2 1 or narrow resonance when ¢ < 1. In tachyonic resonance
regime where ¢ > 1, i.e. ®2¢ > Mgl, the tachyonic resonance extremely amplifies the Higgs
fluctuation immediately right after inflation. During the preheating stage, Ay and ¢ are z-
dependent function, making Eq. (6.20) difficult to derive analytical estimation. If we take
mg >~ 7 X 10‘6M§1 assuming chaotic inflation with a quadratic potential, we can numerically
obtain the condition of the tachyonic resonance as £(p) 2 O (10) (see Fig. 6.3 for the details).
In narrow resonance regime, where ¢ < 1, i.e. ®2¢ < lel, the tachyonic resonance cannot occur,
and therefore, the Higgs field fluctuation decreases due to the expansion of the Universe. Here,
we briefly summarize the results of the Higgs vacuum fluctuation after inflation as follows:

{<5¢2>gravity >O(H (1), (€2 M)
(007) graviey = O (HZ (1)) - (92 < M)

In the same way as the inflation stage, when the tachyonic resonance happens, it is clear that
the effective Higgs potential becomes negative VJ; (¢) < 0 due to the inequality &(u)R (1) <

(6.23)
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Figure 6.1: Left: Higgs fluctuation in non-minimal gravity-Higgs coupling case. In the lower,
middle and upper curves we have used the nonminimal couplings ¢ = 10%4, € = 10*¢ and & =
10® respectively. Tachyonic resonance occurs strongly for &€ > 10%. Right: Higgs fluctuation in
inflaton-Higgs coupling case. In the lower, middle and upper curves we have used the inflaton-
Higgs coupling A\ys = 107**/10™* and 1076, Broad resonance occurs strongly for Ayg = 1074
This figure is cited from Ref. [4].

|A (1) <5¢2>gravity |, the Higgs field dynamically goes out to the Planck-energy vacuum state. On

the other hand, it cannot happen the same situation in the narrow resonance where &(u) R (t) <
|A (1) <(5¢2>grmty | because the Higgs fluctuation are suppressed <(5¢2>gravity ~ O (H?(t)) due to

the expansion of the Universe, the scalar curvature decreases as |R (t)| ~ 3H? (t).

However, the scalar curvature R (t) shown in (6.18) oscillates during each cycle t ~ 1/mg.
The stabilization of £(u) R (t) generally does not work after inflation, because £(u) R (t) changes
sign during each oscillation cycle. If the oscillation time-scale t ~ 1/mg is relatively long, the
curvature term &(u)R (t) can accelerate dynamical motion of the Higgs field ¢ (¢) immediately
at the end of the inflation. Briefly we discuss the development of the coherent Higgs field ¢ ()
after inflation. In one oscillation time-scale t ~ 1/mg, we simply approximate the effective mass
as m%g ~ E(W)R(t) ~ —&(u)3H2 . By using Eq. (5.5), the dynamical behavior of the Higgs
field ¢ () immediately after infation can be written as

& (1) = Peng - (P Hina)t/3Hena, (6.24)
~ Gend - e(i'»é(u)Heznd/i’dLIendms)7 (6.25)
~ Gon - € s/ ms). (6.26)

where the local Higgs field ¢onq after inflation is generally not zero, and corresponds to the
Higgs field fluctuations <(5¢2>gravity ~ O (H?2 ). Thus, if we assume ¢ () > ¢max and Heng/ms =

end
(log 104/3¢ (1)) /€ (1) 2, the almost local Higgs fields ¢ () produced after inflation go out to the
negative Planck-vacuum state and cause a collapse of the Universe. Furthermore, the inflation
produces an enormous amount of causally disconnected horizon-size domains and our observable

3 By using ¢max =~ 10meg, we can approximate ¢uax =~ 101/E(u) |R (t)| =~ 10Hona/3€ (1)
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Universe contains e3Mer of them. Thus, we can consider one domain which has the large Higgs
field fluctuations 6 Ny, <5¢2>gmity by using Eq. (5.28). The classical dynamics of the Higgs field
on such domains can be given by

0 (1) 2 \J6Nior (36%),, - €[ i)t 21Ens, (6.27)

~ 10H g - (€W Hena/ms), (6.28)

where we take Ny, = 60. Therefore, if we have ¢ (t) > Gpax 1-€., Hena/ms = (log /3 (1)) /€ (1),
the coherent Higgs field ¢ (t) on such domain goes out to the negative Planck-vacuum state and
forms the AdS domains, which finally cause the vacuum transition of the Universe. That
conclusion depends strongly on the non-minimal coupling £(u), the oscillation time-scale ¢ ~
1/mg and the Hubble scale H.,q at the end of the inflation. Thus, the large non-minimal Higgs-
gravity coupling &(u) can destabilize the behavior of the coherent Higgs field after the end of the
inflation. However, if the curvature oscillation is very fast, the curvature mass-term &(u)R (t)
cannot generate the exponential growth of the coherent Higgs field ¢ (¢) after inflation. Here,
we summarize the conclusions obtained by the above discussion as follows [1]:

o For Heyq > Aj and Hena/ms 2 (log 104/3€ (1)) /€ (1), the almost local Higgs fields ¢ ()
generated at the end of the inflation exponentially grow and finally go out to the Planck-

energy vacuum state, which leads to the collapse of the Universe.

o For Hena > A; and Hepa/ms 2 (log /36 (1)) /€ (i), the coherent Higgs field ¢ (t) on
one horizon-size domain exponentially grows at the end of the inflation and forms AdS

domains or bubbles, which finally cause the vacuum transition of the Universe.

e In tachyonic resonance regime ®2¢ > Mgl, the Higgs fluctuation increases extremely .
Thus, the Higgs potential is destabilized as V; (¢) < 0, and the excursion of the homoge-
neous Higgs field ¢ (t) to the negative vacuum state occurs during preheating stage and
cause the collapse of the Universe.

e In narrow resonance regime ®2¢ < Mgl, the Higgs fluctuations decrease, and therefore, it

is improbable to destabilize the effective potential during preheating stage.

The relative large non-minimal Higgs-gravity coupling £(u) 2 O (1072) can stabilize the effective
Higgs potential and suppress the formations of the AdS domains or bubbles during inflation.
However, after inflation, the effective mass-term &(u)R via the non-minimal coupling drops
rapidly, sometimes become negative and lead to the exponential growth of the Higgs field ¢ () at
the end of inflation, or the large Higgs fluctuation via the tachyonic resonance during preheating
stage. Therefore, the non-minimally coupling () can not seem to prevent the catastrophic
scenario during or after inflation. After all, if the inflation of our Universe receives large Hubble
scale H > A, meaning the relatively large tensor-to-scalar ratio r from the cosmic microwave
background radiation, the safety of our electroweak vacuum is inevitably threatened during
inflation or after inflation. However, we can avoid this situation by assuming the inflaton-Higgs
couplings Ass [75], the inflationary stabilizations [151,152], or the high-order corrections from
GUT or Planck-scale new physics [153-156]. Furthermore, we comment that the gravitationally
induced vacuum fluctuation of the SM except the Higgs can stabilize the electroweak vacuum.
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Figure 6.2: Left: SM Higgs effective potential at finite temperature for 7' = 0 GeV and
1090 GeV < T < 10'%° GeV on the present best-fit values of M) and M,. Right: SM Higgs
effective potential at finite temperature for 10149 GeV < T < 10'%? GeV. The Higgs field value
corresponding to the maximum of the Higgs potential is ¢max = 2.62 T for T = 1050 GeV.
This figure is cited from Ref. [4].

In the rest of this section we discuss the electroweak vacuum stability during reheating stage.
After inflation, the inflaton field S oscillates and produces a huge amount of elementary particles.
These particles produced during preheating stage interact with each other and eventually form
a thermal plasma. Thermal effects during reheating stage raise the effective Higgs potential via
the extra effective mass m2; = O (T?).

The one-loop thermal corrections to the Higgs effective potential is given as follows [157,158]:

iT4 o 2 2 2
AV (0. T) = Y & / JE2 In (1 NG (¢>)/T_) (6.29)
0

212
i=W,Z,t
= > nidp(Mi(¢),T)+ Y nidp (M;(¢),T). (6.30)
i=W,Z i=t

where we concentrate on the contributions from W and Z bosons and the top quark, and Jp (Jr)
is the thermal bosonic (fermionic) function. In Fig. 6.3 we plot the SM Higgs effective potential
at finite temperature for a range of temperatures. From this figure, we see that although the
high-temperature effects raise the effective potential, it cannot be stabilized up to high energy
scales unless new physics emerges below the Planck scale. Thus, if the Higgs field get over ¢
during inflation or preheating stage, the generated Higgs field cannot go back to the electroweak
vacuum by this high temperature effects.
In high-temperature limit (7" > M; (¢)), the thermal bosonic (fermionic) function Jg (Jr)
can be approximately written as
24 2 2 3 4 2
o) Ty L MEOT MOT M), e
s 64 agT
LT MEGT M), ME(9)
=890 48 64nz  ° qpT?

Jr (M;(¢),T) (6.31)
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where we omit the terms which are independent of ¢ and logap ~ 5.408 or logapr ~ 2.635.
As is well known the one-loop corrections to the Higgs potential in the high-temperature limit
(T > M, (¢)) can be approximately written as

™T2 . d(T)T . MT
AV (9,1) =~ gy AT g A g0 (6.32)
where
3¢% + g% + 4y} 69° + 3 (42 + ¢2)*"
T) = d(T) = .
()= 2SN ) FSAR (6.33
2
3 g m2 (h) (?+9%) . mi(e) .. m2(d)
AT = 9 _ 1 Ayt log THAD) )
(T) 647rQ< 9 BT LLT? A R R e

The thermal fluctuation of the Higgs field can be given as [147,159-161]

k2dk

1 [e.e]
(66%), = / (6.34)
T 2n2 ), /K% + m2, {exp <—Vk2T+mgff) _ 1]
T2 meﬁ‘T
~ T T T (6.35)

where the thermal Higgs mass is meg = ¢/? (T) T' and numerically we obtain ¢ (T') ~ 0.2 using
the RGE of the SM. The stability condition of the Higgs vacuum during reheating is given by

(06", _ 1
< : 6.36
?nax (T) 6Nh0r ( )
where e3Mor corresponds to the physical volume of our universe at the end of the inflation. For

simplicity let us rewrite the stability condition as

6A]\]hor <6¢2>T
max (1)

max

<1. (6.37)

The maximum of the Higgs potential is moved out to larger values when thermal corrections are
taken into account, and numerically we have found that ¢.x can be estimated as Gpax (T) =
2 ~ 6 T. In Fig. 6.3, we show ¢y (1)) /T by using the effective Higgs potential at the high
temperature and plot 6Nyo (h?)p /B2 (T). If we set Ny, = 60, the stability condition of

Eq. (6.37) gives us the following upper bound on the temperature 7" as follows:
T < 2.4 x 10"GeV. (6.38)

It has been thought that the thermal Higgs fluctuation does not destabilize the standard Higgs
vacuum because the probability for the thermal decay using the instanton methods is sufficiently
small [162-165]. This discrepancy is due to different analysis methods. In general, the analysis
of stochastic method and instanton method is approximately consistent in results, but strictly
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Figure 6.3: Left: We plot of hy.x (T7) /T by using the Standard Model effective Higgs potential
at finite temperature. Right: We plot 6Ny, (h?), /hZ.. (T) and obtain the constraint of the

max

temperature T' < 2.4 x 10'1°GeV. This figure is cited from Ref. [4].

speaking deviated results are obtained. Although, in this thesis, we don’t conclude whether
the thermal Higgs fluctuation destabilize or not, it is necessary to investigate thoroughly the
thermal vacuum metastability during the reheating era. In the rest of this section, we assume
that the thermal Higgs fluctuation destabilizes the standard Higgs vacuum and show how the
scale of the Hubble parameter H is restricted in this case.

The reheating process finishes approximately when H ~ I',; and the reheating temperature
can be expressed as

90 1/4
Treh ~ ( ) \V Mplrtota (639)

3 s

where g, is the number of relativistic degrees of freedom. It is known that the reheating
temperature 7o, is not the maximal temperature, unless the reheating process is instantaneous.
After inflation although still sub-dominant, the decay products from the oscillating inflaton field
can become thermalized and produce a so-called dilute plasma. Thus the maximal temperature
Tax can be estimated by [166-168]

3\° 40\ /¢ gi/S (Treh) ;174 701 /4,1/2
Tmax ~ <8> (71_2) 1/47Mp1/ Her{dTreél ) (64())
g«"" (Thax)

where the reduced Planck mass M, = 2.4 x 10'® GeV and g, (T") is the number of relativistic
degrees of freedom at the temperature T'. By using constraints (6.38) and assuming Tien, < Thnax,
we can obtain the upper bound on the Hubble scale H as a function of T}ep.
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6.4 Electroweak Vacuum Stability around Evaporating
Black Hole

The black holes emit thermal radiation at the Hawking temperature Ty = 1/87G y Mgy [106]
due to the quantum effects on strong gravitational field. The quantum gravitational effects
around the black hole determines the fate of the evaporating black hole which is still unknown
and closely related with the information loss puzzle [169], and furthermore, leads to the spon-
taneous symmetry restoration [170] or the false vacuum decay around the black hole [171-173],
which bring cosmological singular possibility. Especially recent discussion about the electroweak
vacuum stability around the evaporating black hole has been growing. There are no general
mechanisms to prevent the formation of such small black holes which finally evaporate during the
history of the Universe. Furthermore, the primordial black holes (PBH) are formulated by pri-
mordial density fluctuations [174-176] which has strong impacts of the Higgs stability [92,177].
However, there is some controversy about whether one evaporating black hole can be a trigger
of the false vacuum decay on the Higgs vacuum. It is because the backreaction of the thermal
Hawking radiation can not be ignored in the Higgs stability problem [90-92,178].

In the literature [18-20], the false vacuum decay in the Schwarzschild black hole has been
investigated by the Coleman-De Luccia (CDL) formalism [143] with the zero-temperature ef-
fective Higgs potential. However, it is reasonable intuitively to assume the high-temperature
effective Higgs potential [157,158,163,165,179] instead of the zero-temperature potential in the
environment of the thermal Hawking flux. Generally, the thermal corrections stabilize the effec-
tive Higgs potential, and furthermore, the false vacuum decay from strong gravitational field can
only happen around the black hole horizon. That is approximately we can obtain the vacuum
decay ratio of the Minkowski spacetime only far from the black hole, which is extremely small.
From this viewpoint, the probability of vacuum decay around the black hole can be expected
to be lower than what was considered in the literature [18-20]. In this section, we discuss the
electroweak vacuum stability around evaporating block hole by using stochastic approach to the
Schwarzschild background which was also discussed in literature [180].

As previously discussed the gravitationally induced vacuum fluctuation in the Unruh vacuum
|Oy) which is appropriate vacuum state around evaporating black hole, approximately approach
the thermal Hawking temperature Ty near the horizon. But at the infinity the gravitational
induced fluctuation attenuates rapidly and approaches zero. We summarize the gravitationally
induced vacuum fluctuation <5¢2>gmi . of the Higgs field around the evaporating black hole as
follows:

t

(00" ) gravity = {(?(TEO (y _TOigWBH) : (6.41)

As previously discussed in Chapter 4 the gravitationally induced vacuum fluctuation of the
Higgs, W and Z bosons and the top quark approximately approach the Hawking thermal fluc-
tuations near the black hole horizon

<6¢2>gravity ~ <6W2>graivty ~ <5Z2>gravity ~ <6t2>gravity ~ O (TI?I) :
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The gravitationally induced Higgs fluctuation works to push down the Higgs potential due
to the negative running Higgs self-coupling, whereas the induced fluctuation of the gauge bosons
and fermions raise the effective Higgs potential as follows:

Ve (6) = pal) + 33 (w)6* + s R + W 3N 5y e

A 9% (1) + 9"(1)] vi (1)
8 <6 >gravity ¢2 + 8 <522>gravity ¢2 + 4 <5t2>gravity ¢2+
fY g e c (6.42)
i=W,Zt,G,H

It is clear that the Higgs potential around evaporating black hole reproduce the thermal one,
and therefore the Higgs potential can be stabilized even around evaporating block hole. Thus,
the maximal field value ¢, can be estimated as follows

2 / 2 2 2
¢max ~ 0 (102) <g2 <6W4 >gravity + [92 Ty 2] <45Z >gravity + th <5t 2>gravity i )\eff <5¢2 >gravity)

By using Eq. (5.25), we derive the constraint of the number of the evaporating (primordial)
black holes not to cause the Higgs vacuum collapse as follows:

NPBH 2 <5¢2>gravity 12nax
exp | ———5——
71—Qbrnax 2 <5¢2>gravity
~ NPB O(100) < 1, (6-43)

P (¢ > ¢max) =~

Thus, we obtain the constraint on the number of the primordial black holes as Npgy < O (10%3)
which is extremely huge in order to threaten the Higgs metastable vacuum. Thus, one evap-
orating black hole can not cause serious problems in vacuum stability of the standard model
Higgs case.

The total number of the evaporating black hole (or the PBHs) strongly depends on the
cosmological models at the early Universe, and therefore, let us consider the upper bound on
the yield of the PBHs Yppn/ = nppn/s as follows.

(6.44)

where sy denotes the entropy density at present (=~ (3 x 1074 eV)*), and H, the current Hubble
constant (= 10733 eV). Yppy is constant from the formation time to the evaporation time. Let
us transform this bound into an upper bound on [, which is defined by taking values at the
formation of the PBH to be

5= Pren , (6.45)

Prot formation

where pppy and piot are the energy density of the PBHs and the total energy density of the
Universe including the PBHs at the formation, respectively. It is remarkable that S means the
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number of the PBHs per the horizon volume at the formation (8 ~ npgg/H?). Then we have
a relation,

3/2
~ 1030 1tPBH (TPBH ) 6.46
64 p 1055 (6.46)

Combining this relation with (6.44), we obtain

MpBH 5/2
<0107 ( ) ,
( ) 1015g

m 3/2
<0 (107%) ( 15;3;) . (6.47)

This bound can be stronger than the known one for mpgg < 10%g [181].

But, at the final stage of the evaporation of the black hole, the black-hole mass Mgy becomes
extremely small and the Hawking temperature Ty approaches to the Planck scale: Mp, ~
10" GeV. Thus, the UV corrections of the beyond Standard Model (BSM) and the QG can
not be ignored at the last stage of the evaporation and undoubtedly contribute to the Higgs
vacuum stability. In the rest of this section, we discuss how the Planck scale physics affect
the electroweak vacuum stability around evaporating black hole. If the Hawking temperature
approaches to the Planck scale: Ty — O (Mp), the Planck scale corrections determines the
stability of the vacuum. Therefore, if the Planck scale physics destabilize the Higgs potential,
the electroweak vacuum decay can occur by even a single evaporating black hole.

Now, let us consider the effective Higgs potential with the Planck scale corrections. For
convenience, we add two higher dimension operators ¢% and ¢® to the effective Higgs potential
as follows:

s 0 A ¢

P+
6 M2 8 M

Vet (6) = Aeﬂéf‘ﬁ) ot +

5/\bsm
4

o (6.48)

where d A express the running corrections, Ag and Ag dimensionless coupling constants. The
higher-dimension corrections of A\g and Ag are usually negligible although these corrections can
affect the false vacuum decay via the quantum tunneling.

However, at the final stage of the evaporation of the black hole where Ty — O (Mp), these
higher-dimension contributions of A and A\g can not be neglected and have a strong impact
on the Higgs vacuum stability around the evaporating black hole. As previously discussed, the
Higgs potential is modified by the thermal Hawking fluctuation around the black hole:

1 AT T8
o= (st o+ gl Sl )
1 Nl AT

+ (Aoﬂ» + 6 Xbsm + S +
4 Mgy My

+...)¢4+..., (6.49)

where the Planck scale quantum corrections govern the effective Higgs potential at Ty —
O (Mpy). If the Higgs potential is destabilized by these corrections via (§¢?) ~ O (T3) and

gravity
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the Higgs potential becomes negative to be OV (¢)/0¢ < 0, the local Higgs fields around the
evaporating black hole classically roll down into true vacuum. The Higgs Anti-de Sitter (AdS)
domains or bubbles whose sizes are about the black-hole horizon are formed. Not all Higgs
AdS domains threaten the existence of the Universe, which highly depends on their evolutions.
However, some Higgs AdS domains generally expand eating other regions of the electroweak
vacuum and finally consume the entire Universe. Thus, even a single evaporating black hole
can be catastrophic for the stability of the Higgs vacuum via the extremely high Hawking tem-
perature Ty — O (Mp)) although this possibility strongly depends on the BSM or the Planck
scale physics and the detail of the evaporation of the black hole.



Chapter 7

Conclusions and Discussion

In this thesis, we have considered the Higgs vacuum stability in various gravitational back-
ground or cosmological situations as during inflation corresponding to the de-Sitter spacetime,
after inflation in particular the preheating stage and around evaporating black hole. Several
discussions or considerations about the Higgs vacuum stability in the gravitational background
have already been investigated in the literature, but here we focus on and clarify how gravita-
tionally induced vacuum fluctuation affects the electroweak vacuum stability. This thesis based
on my works [1-5] provided a comprehensive description of the gravitationally induced Higgs
vacuum decay and reached new conclusion.

The curved spacetime generates the gravitationally induced vacuum fluctuation of the Higgs
field which triggers a collapse of the false electroweak vacuum. However, in the past research the
influence of the gravitational Higgs fluctuation was not clearly or directly discussed. We have
demonstrated that the gravitational effects of the Higgs fluctuation on the vacuum stability
are twofold. The gravitationally induced Higgs fluctuation can destabilize the effective Higgs
potential as backreaction effects. On the other side, the Higgs fluctuation which overcomes the
effective potential can create true vacuum bubbles or domains and triggers off a collapse of the
Higgs vacuum. Whether the Higgs vacuum in various gravitational backgrounds or cosmological
situations becomes stable or not can be determined by these twofold effects.

Furthermore we have developed a novel method of the gravitationally induced false vacuum
decay. The false vacuum decay in curved spacetime is usually studied by the Coleman-de Luc-
cia (CdL) formalism which corresponds to true vacuum bubble nucleation on false vacuum via
the gravity field, but the Euclidean solution has ambiguity and still some discussions about
gravitationally induced decay. Comparing with this instanton method, the stochastic approach
represented by the Langevin equation and the Fokker-Planck equation is a more intuitive for-
malism dealing with the gravitationally induced false vacuum decay. We developed improved
this formalism by using the probability density function P (¢) and the two-point correlation
function <5¢2> which express the quantum vacuum fluctuation in the standard QFT [1,2].

The quantum vacuum fluctuation formally described by <(5¢2> has some UV divergences and
therefore some regularizations or renormalizations must be required. In curved spacetime it is
not so simple to treat these renormalization issues and consider the gravitationally induced vac-
uum fluctuation which corresponds to the gravitational particle creations. In this thesis we have
adopted some techniques of the QFT in curved spacetime like the adiabatic (WKB) approxima-
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tion, the adiabatic or point-splitting regularization methods and investigated the gravitationally
induced vacuum fluctuation of the Higgs field in de-Sitter spacetime or Schwarzschild spacetime.
We have derived the standard effective potential in curved spacetime by using these techniques.
But we have noticed that the gravitationally induced vacuum fluctuation modifies the standard
effective potential [1,2] and the standard effective potential [1,2] and the background spacetime
itself as the gravitational backreaction [3]. Based on the above formulation, we have investigated
the Higgs vacuum stability in various background spacetimes or cosmological situations.

The de-Sitter expansion of the Universe during inflation can enlarge the large vacuum fluc-
tuation of the Higgs field up to the Hubble scale H;,y when the Higgs field can be effectively
regarded as the massless scalar field. If the inflationary fluctuation of the Higgs field overcomes
the barrier of the Higgs effective potential, it triggers off a vacuum collapse of the early Universe.
The relative large non-minimal curvature coupling &(u) avoids the serious scenarios. We have
shown the inflationary Higgs vacuum stability with the non-minimal curvature coupling &(u) as
follows [1]:

e For &(u) < O(1073) and Hyye > Aj, the Higgs effective potential during inflation is
destabilized and the potential barrier disappears. The dynamical excursion of the global
Higgs field to the negative Planck-vacuum state terminates the inflation of the Universe.

e For O (1073) < &(u) £ 0O(1072) and Hiy > Ay, The curvature mass &(u)R = 12&(u) H2
stabilizes the Higgs potential during inflation. But the gravitationally induced Higgs
fluctuation generates some Anti-de Sitter (AdS) domains or bubbles, and therefore the
vacuum transition of the Universe would finally occur after inflation.

e For &(p) = O (1072) or Hyy < Ay, the Higgs effective potential stabilizes and any Anti-de
Sitter (AdS) domains or bubbles would not be formed during inflation.

The relative large non-minimal coupling £(u) 2= O (1072) can stabilize the Higgs effective po-
tential and suppress the formations of the AdS domains during inflation. Furthermore the
gravitationally induced vacuum fluctuation of other SM fields could also stabilize the Higgs
vacuum as the de-Sitter thermalization. On the other hand, after inflation £(u) R drops rapidly,
sometimes become negative and lead to the large vacuum fluctuations of the Higgs field via the
tachyonic resonance during preheating stage [4]. But this situation depends on the inflation
models and the couplings. The thermal Higgs fluctuation at the reheating stage also triggers a
false vacuum decay, but the effects can be somewhat relaxed by the thermal corrections to the
Higgs potential. The evaporating black hole which emits thermal Hawking radiation also raise
a same serious problem about the Higgs vacuum stability. Especially the primordial black holes
(PBH) are formulated by primordial density fluctuations which has strong impacts of the Higgs
stability and give new cosmological constrains [5].



Appendix A

Renormalization Group Equation in

Standard Model

In this Appendix, we summarize the renormalization group equation in the SM. The g functions
for a generic coupling parameter X are defined through the relation

dX (1) i
it~ Xi:ﬁgf)'

(A.1)

The ( functions and anomalous dimension v at one-loop order are given as follows

B = : 471T>2 :A (99 — 39" + 124%) + 24X +
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The S functions and anomalous dimension v at two-loop order are given as follows
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Appendix B

Geometrical tensors in FLRW metric

In the FLRW metric, the Ricci tensor and the Ricci scalar are given as follows [107]

3 1 3 1
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Appendix C

Adiabatic (WKB) Approximation
Method

In this Appendix we review the adiabatic (WKB) approximation method following the litera-
ture [108]. To obtain the gravitationally induced vacuum fluctuation we must solve the following
equations with the initial conditions:

Q) Q) 1
ny = s*Rez, 2, = o (nk + 5) — 218 2. (C.1)

For simplicity we assume zp = u + ivg, i.e up = Rez, and v, = Imz,. By using these relations
we rewrite Eq. (C.1) as the following

Q
/ k
= _F 2
g Qkuk7 (C )
Q) 1

Here, we introduce a single formal adiabatic parameter 7" and a rescaling time variable 7 = n/T.
The adiabatic (WKB) condition is restated by

d 1d
%Q (n/T) = T%Q (1), (C.5)

where 7" — oco. By using this procedure we rewrite Eq. (C.2), Eq. (C.3) and Eq. (C.4) as follows:

1 19, 1
1
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Next we expand ny, ug and vy in inverse powers of T as

1 1

Ny = n/E;O) + Tn’(“l) + ﬁn,(f) +- (C.9)
1 1

(O U;O) + TU;(;) + ﬁu,(f) +- (C.10)
1 1

Vg = UI(CO) + TU’(:) + ﬁv,(f) +-- (C.11)

where superscripts (i) express the adiabatic order and the zeroth order expressions are given by
n,(co) = const, uéo) =0, v,(go) =0, (C.12)

where we solved Eq. (C.6), Eq. (C.7) and Eq. (C.8) with an iterative procedure. The above
integration constant is determined by the initial conditions for ny (10), and zj (19) which cor-
responds to the choice of the initial vacuum state. For ny (n9) = zx (o) = 0, the zeroth-order
adiabatic number density n,(go) is zero. For the first adiabatic order, we can obtain the following

expression

V=0 u =0 v(l)——lQ—;c (n(o)—l—l) (C.13)
kK k. T k. QQ% k 2 ) .

where the odd-order adiabatic number density is zero. Next we write the second order adiabatic
expressions as follows

n(Z)ZLQ_IIQc u(2):19//k 19_/13 (2)_0
Pooelt R 80l 4l

v, =0, (C.14)

In the same way, the third order adiabatic expressions are given by

n® =0, WY =0, (C.15)
1 L0 1508

(3) _ Qr, gtk kU9 k C.16

Uk 16%( k Q0 +2Qz)’ (C.16)

Finally, the forth order adiabatic expressions are given by
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