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Abstract

General relativity and quantum field theory have been successfully established by ex-
periments and observations in the widespread scale from elementary particle phenomena
to cosmological dynamics. However, there are unsolved problems in cosmological phe-
nomena and various attempts have been made to solve them. One of the problems is the
so-called cosmological constant problem which is a kind of hierarchy problem in physics,
that is, if we apply the renormalization prescription in quantum field theory to the cos-
mological constant, fine-tuning of the parameters in gravity theory is required to match
the experimental value of the cosmological constant. One of the approaches to solve this
problem is called unimodular gravity.

Unimodular gravity was originally proposed by Einstein and it is obtained by imposing
a constraint on general relativity. Although this constraint breaks diffeomorphism invari-
ance in general relativity except the volume preserving diffeomorphism, the equation of
motion in the unimodular gravity is not changed from that in the general relativity with
the cosmological constant. The cosmological constant in unimodular gravity, however,
appears as a constant of integration and therefore the cosmological constant is no longer a
parameter in the theory but determined by an initial condition. Thus, there is a possibility
to solve the cosmological constant problem by using the unimodular gravity.

We consider one of the extensions of the unimodular gravity, which can be regarded as
a kind of topological field theory. In this model, we find that the cosmological constant
and the gravitational coupling constant are not constants but behave as dynamical scalar
fields. We also find that there is a solution where the scalar fields become constant and
the values of the constants are determined by the initial conditions. In this way, the
cosmological constant problem in quantum field theory is replaced by the problem of the
initial condition in classical theory, and thus we may expect that the fine-tuning could be
relaxed.

We first focus on the fact that the values of the scalar fields corresponding to the coupling
constants in the gravity including the cosmological constant depend on the energy scale
of the universe. When the coupling constants have the scale dependence, we may consider
the analogue of the renormalization group equation (RGE) which determines the response
with respect to the scale transformation of physical quantities. We propose a new model
by deforming the above model of the topological field theory to have two fixed points at
low energy scale and high energy scale by regarding the equation in the new model as
RGE. When we consider the fixed point at high energy, we choose the parameters in the
model so that the fixed point generates the inflation in the early universe. On the other
hand, when we consider the fixed point at low energy, we choose the parameters so that
the model reproduces the late-time acceleration of the current universe.
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Furthermore, we find the potential where these fixed points are connected by the scale
transformation and we also specify the region of the realistic parameters which realize the
observational results. This is expected to be a clue for building a model which solves the
cosmological constant problem while reproducing the inflation in the early universe and
the current accelerating expansion by using topological field theory.
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Chapter 1

The cosmological constant problem

In the 20th century, Einstein’s general relativity was established [1-3]. In general relativ-
ity, the dynamics of the space-time is described by the so-called Einstein field equation.
When we apply the Einstein field equation to the universe, we use the approximation
of the cosmological principle since it is very difficult to solve the equation without any
approximation. The discovery that the Universe in the large-scale structure (~ 100 Mpc)
is isotropic means that it has no centre - there is no specified point in space. ‘In a large
scale, the space of the universe is a homogeneous and isotropic space’. This is the content
of the so-called Cosmological Principle which is fundamental premise of cosmology [9].
Owing to this simple principle, we may assume a simple form of metric which is called
Friedman-Lemaitre-Robertson-Walker (FLRW) metric. Assuming the FLRW metric, we
can solve the Einstein field equation easily. This equation is called Friedmann equation
which describes the dynamics of the universe. Based on these simple assumptions, we ob-
tain so-called the ACDM model. The ACDM model can describe observational universe
very accurately. The letter A is based on the existence of the cosmological constant, which
is the simplest and strong candidate of the source of dark energy.

However, there are several problems about the cosmological constant which is called
the cosmological constant problem. In this chapter, details of the cosmological constant
problem [46-63] are reviewed. The history of the cosmological constant problem is not
only long but also highly suggestive for the new physics.

In this chapter, the basics of the cosmological constant problem are given. In section 1,
we briefly review the history of the cosmological constant. In section 2 the observational
results of the cosmological constant are reviewed. In section 3, we explain the important
issue of this thesis, that is, the fine-tuning of the cosmological constant and we provide
additional explanation of this problem in sections 4, 5, 6 and 7.
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1.1 The historical implication of the cosmological constant

In this section, a brief history of the cosmological constant is reviewed. The cosmological
constant is originally introduced to counterbalance the effects of attractive force of the
gravity and realize a static universe by Einstein [10]. After the discovery of the expansion
of the universe by Hubble, Einstein abandoned to adopt the cosmological constant [11-13,
53]. However, from the recent observation, we find that the universe expands acceleratedly
[17-33]. These imply that the existence of cosmological constant with positive value.

1.1.1 The Einstein equation and cosmology

In general relativity, the fundamental equation is given by the Einstein-Hilbert action
[1] [4]. By virtue of Newtonian limit of the gravitational field, the general coordinate
covariance and the Bianchi identities, the Einstein-Hilbert action is defined by,

1 1
SEH E/\/—gd‘lxﬁEH = /\/—gd4:z:RE ﬁ/\/—gd‘lxR, (1.1.1)

167G
where g is the determinant of the metric, and \/—gd*z is the invariant volume element
which follows from general coordinate covariance. G is the gravitational coupling constant
which is determined by weak gravitational limit to recover the Newtonian gravity. Then,
we may derive the gravitational field equation by varying the Einstein-Hilbert action and
matter action Spatter With respect to g,
1

Guw = Ry — igWR = /i2TW. (1.1.2)

Here, G, is the Einstein tensor which satisfies the contracted Bianchi identity V*G ), =0
where V, is the covariant derivative. T},, is the energy-momentum tensor defined by,

i 5Smatter
V=9 09w
The general coordinate covariance indicates that the conservation of the energy-
momentum tensor V#T,, = 0 which does not contradict with the Bianchi identity.
This equation is known as the Einstein field equation which determines the relation of
geometry of space-time and distribution of matter field. The Einstein equation follows
the idea of Mach’s principle [6,8] . Mach’s principle insists that the“local physical laws
should be determined by the large-scale structure of the universe” [7]. In other words,
the geometry of space-time tells how matters move, and conversely, the distribution of
matter tells how space-time curve at the same time and finally it realizes our universe.
When we apply this equation to the cosmology, there is no stable solution of the universe.
However, if we introduce the cosmological constant, we may keep our universe static.

Tuv = - (113)
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1.1.2 The original idea of the cosmological constant

The cosmological constant A was firstly introduced by Einstein in 1917 [10] as a repulsive
force to keep the Universe static. In modern cosmology, the cosmological constant is the
strongest candidate for so-called dark energy which causes accelerated expansion of the
universe.

Although the Einstein field equation in Eq. (1.1.2) seems to be the simplest form, there
remains the freedom of adding a constant term multiplied by metric, g,, A. This is called
“cosmological constant” which originally Einstein introduced in order to achieve a static
universe keeping the Bianchi identity and covariance of the energy-momentum tensor.
The Einstein field equation with the cosmological constant becomes,

G+ Mg = KTy, . (1.1.4)

There are many unsolved issues in the cosmological constant. We see these problems in
this chapter.

1.2 The observational results of the existence of the

cosmological constant

In this section, we consider the observational consequence of the non-zero cosmological
constant. In cosmology, the homogeneous and isotropic metric is expressed as

dr?
1— Kr2

This metric is called the Friedman-Lemaitre-Robertson-Walker (FLRW) metric. There are
two important physical quantities in the FLRW metric. One is the scale factor a(t) which
describes the relative expansion of the universe. The other is the constant space curvature
K. We can always choose the coordinate so that K takes the values 0, +1, expressing flat,
positively (negatively) curved universe, respectively. In the FLRW universe, the energy is
described as the perfect fluid. For a comoving observer, the energy-momentum tensor is
expressed as

ds®* = —dt* + a*(t) + 72 (d6” + sin? 04*)|, K = const. (1.2.1)

T,, = diag(p,p,p,p), (1.2.2)

where p is an energy density and p is a pressure of the perfect fluid. When we apply the
above assumptions to the Einstein equation with the cosmological constant, we obtain the
two Friedmann equations. The (0,0)-component reads

N 2
a K 81mGp A
— = = =. 1.2.
(a) T 3 i 3 (12:3)




4 Chapter 1 The cosmological constant problem

On the other hand, the spacial components reads

i 1[/a\? K
() - v 124

Conservation of the energy-momentum tensor reads

. a a
p=-3_(p+p)=-3_(w+1)p, (1.2.5)
where we introduced the EoS parameter w as,
w==. (1.2.6)

From the above expressions, we can see the dynamics of the universe through the scale
factor related to the property of matters. In general, an equation of state of the universe
would be very complex since there co-exist several kinds of matters. However, it is possible
to classify the following three typical matters which yield simple EoS parameter.

1. dust/non-relativistic matter
The EoS parameter of an energy density for non-relativistic matter is expressed as
w = 0 in Eq. (1.2.6). This matter describes a fluid of cold or heavy particles. In
particular, this corresponds to so-called the cold dark matter (CDM) and baryons.
For these matters, we can ignore the pressure.

2. Ultra-relativistic matter (radiation)
This matter characterizes hot relativistic particles such as photons or all Standard
Model particles in the early Universe where the temperature is very high. Radiation
has an equation of state parameter with w = 1/3.

3. Cosmological constant
The cosmological constant corresponds to a fluid with negative pressure w = —1.
This pressure counteracts the attractive force of matters. Although the static solu-
tion of the universe is realized, it is unstable. This also leads to accelerated expan-
sion of the universe. In fact, when we neglect a matter, radiation, and curvature in
Eq. (1.2.3), we obtain the following equation

a x exp (\/%15) ) (1.2.7)

which indicates the accelerated expansion of the universe for positive A.
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Based on the FLRW wuniverse, cosmological parameters are determined by the cosmic
microwave background radiation (CMB) observed by WMAP [15], the number density
of galaxy cluster, luminosity (cosmological) red-shift of supernova and so on. Therefore,
WMAP can measure the fundamental parameters of the FLRW model, including the
density and composition of the universe. WMAP also measures the ratio of the density
of baryonic and non-baryonic matter. Furthermore, some of the properties of the non-
baryonic matter can also be determined by WMAP. Planck satellite measurements play
also an important role in the measurement of the cosmological parameters [16]. From
these observations, we find the two important facts. One is that our current universe has
a very small curvature. The other is that the universe mainly consists of the following
three matters.

1. Baryon : About 5% of the total energy density in the universe. More than 95 % of
the universe has never been directly observed in the laboratory.

2. Cold dark matter : 26% of the total energy density in the universe.
Dark matter is likely to be composed of one or more species of sub-atomic parti-
cles that interact very weakly with baryons. Especially, cold dark matter is non-
relativistic matters, and the kinetic energy can be neglected from the total energy.
The cold dark matter is able to explain the galaxy or galaxy cluster formation. The
cold dark matter may be regarded as the main component of the dark matters.

3. Dark Energy : 69% of the total energy density in the universe. By the observations
of supernovae, it is found that the current universe is expanding. Combining Planck
data with Pantheon supernovae and BAO data, the equation of state of dark energy
is strictly constrained to w = —1.03 £ 0.03, which is highly consistent with the
cosmological constant.

This model of the universe is called ACDM model. However, there are some problems
with the ACDM model. As we saw in the above discussion, 95% of the total density of the
universe consists of the energy coming from the dark sector. There are many attempts
to explain the origin of the dark matter and the dark energy. For the dark matter, there
are many candidates, the massive compact halo objects (MACHOs) [34], the robust asso-
ciation of massive baryonic objects (RAMBOs) [35], the axion [36,37] weakly interacting
massive particles (WIMPs) [38] and so on. For the dark energy, there are also several
candidates, phantom energy [39] with the range of the EoS parameter w < —1, Chap-
lygin gas [40], quintessence [41-43], K-essence [44,45] with the range of EoS parameter
-l<w< —% and so on. The simplest candidate is cosmological constant which is ex-
pressed as w = —1. As we saw in the previous section, the value of w is consistent with the
cosmological constant. Furthermore, the cosmological constant emerges from the vacuum
energy in the quantum field theory. Therefore, the cosmological constant is not only the
simplest candidate, but also it seems that the strongest candidate for the dark energy.
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However, there still remain many problems of the cosmological constant. Although we
will discuss more details of the problems of the cosmological constant in the next section,
we roughly present two problems of the cosmological constant briefly.

1. Old cosmological constant problem : The “old” cosmological constant problem
emerges when we consider the general relativity and the quantum field theories.
This is also called fine-tuning problem. The vacuum energy from the quantum
field theory gravitates as the cosmological constant. However, the theoretical value
of the vacuum energy exceeds the observed value of the cosmological constant by
about 120 orders of magnitude. Therefore, we need tremendous fine-tuning of the
counter term.

2. New cosmological constant problem : The “new” cosmological constant problem
is called “coincidence” problem. This is the problem that there is no reason why
the dark energy density is comparable to the dark matter density in the current
universe.

1.3 Fine-tuning problem of the cosmological constant

As we discussed the previous section, the cosmological constant problem may be roughly
divided into two types. One is the old cosmological constant problem. We discuss this
problem more precisely in this section. This is a kind of the hierarchy problem which in-
volves the fine-tuning of the parameters. Naively, the old cosmological constant problem
is the question that “Why the value of the cosmological constant is extremely smaller than
the prediction of the well-established theories?”. Actually, the contribution to the cos-
mological constant from quantum filed theory is much larger than the currently observed
value | pS\ObS)| < (10712 GeV)4. To see the contributions from the field theory, we consider
classical and quantum field theories. Because the source of the cosmological constant is
divided into the classical contribution and quantum one respectively when we consider
the field theory, we separately discuss the cosmological constant from the perspectives of

the classical field theory and the quantum field theory.

1.3.1 The classical picture of the cosmological constant

The vacuum energy is interpreted as the cosmological constant in field theory. To see the
relation between the vacuum energy and the cosmological constant, we consider the scalar
field with potential which is minimally coupled to the Einstein gravity:

Sy = /d4:1; {—%gwaﬂwygb ~ V(o) . (1.3.1)
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By the variation with respect to g,,, we obtain the following energy-momentum tensor:

T'9) = 0,60u¢ — guv (%gaﬁaaam - V(¢)) . (1.3.2)

Since the vacuum state is the minimum energy state, i.e., ¢ = ¢y = constant and V(¢g)
is minimum of the energy, we obtain the energy-momentum tensor in the vacuum state as

<O|TMV|O> = _V(¢0)guu . (133)

Since V' (¢o) is a constant, it is the same form as the cosmological constant. However,
the standard model of the particle physics suggests that this value changes drastically
at least twice. The standard model predicts that there are electroweak and QCD phase
transition in the early universe [64-66]. For the electroweak phase transition, the difference

of the value of the vacuum energy is given by, AVgw ~ (200 GeV)* ~ 10°¢ )pijs)‘. On

the other hand, for the QCD phase transition, this value is estimated by, AVgcp ~
(0.3 GeV)* ~ 10% ‘ pgfbs)‘. Note that these values are much larger than the currently

observed value of the cosmological constant. This huge discrepancy is the classical picture
of the cosmological constant problem. To obtain the current value of the cosmological
constant, we have to initially prepare the cosmological constant Aj;:

Aimi — 10% ‘ PP . (1.3.4)

— 10" ‘p(AObS)

obs
e

Therefore, we need the fine-tuning of the initial value of the cosmological constant.

1.3.2 The vacuum energy as the cosmological constant

Because of the locality in quantum field theory, the existence of the vacuum energy density
is suggested. To see this, we consider a simple model which produces the vacuum energy.
Let us consider the free field solution of the Klein-Gordon equation in the Minkowski
space:

(O —m?)é(x) =0. (1.3.5)

The Fourier expansion of ¢(x) reads
1 d3k
(van)® J Vaw

where w = Vvk2? +m?. ap and a;rc are annihilation and creation operators which satisfy
the following commutation relation:

o(x) = (ake"(k’"”_“’t) + a,te_i(k'“’_“t)> , (1.3.6)

[ak, afl] =8 (k—q). (1.3.7)
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The (0,0) component of the energy-momentum tensor reads

3
1. 1 1
Too=H=-¢>+= i#)? + —m?p? 1.3.
o =H 2¢+QEJV¢>+5n¢, (13.8)
where H is the Hamiltonian density, and

1 [ Pk 1 [ Pk
mmmm:-/ﬂ——w:-/———wm+mz (1.3.9)

2] @r3” T 2) @r)e

In general, the above quantity diverges. Since this type of energy can be interpreted as
the ground-state energy, we may ignore this term within the scope of the conventional
quantum field theory.

We can only detect the difference of the energy when we do not consider the global grav-
itational sector in experiments [67,70,71]. Preparing the cutoff scale M yton to evaluate
this divergence, the above integral can be written as

1 Meutots A3k
®MM®:—/ k2 + m?

2 (2m)3
1 Mutots Bk
= — RN /k2 2
472 / (2m)3 tm

M2 o m \> 1 m? M? 11
_ cuto 1 = 1 cutoff Z _— Zloe?2 O M—l ]
1w2[+<Mmﬁ) M [%<7ﬁ >+8 2%}+ (Meion)

cutoff

(1.3.10)

Since the leading term is ~ M2 . .. this divergence is quartic. We may see that this term
does not contribute in the quantum field theory under the Minkowski metric. Although

this term diverges, it is a constant term in the action.

S\acuum = / d*z (0|Tho|0) = / d* 2 Avacuum » (1.3.11)

where Aqacuum 1S @ constant term. Apparently, this term does not contribute to any dy-
namics. Therefore, we can ignore this term. However, when we consider general relativity,
this term emerges as the cosmological constant. The equivalence principle states that all
energy affects the curvature of space-time. Therefore, the vacuum energy should also
gravitates. Furthermore, the general coordinate covariance imposes how to gravitates this
vacuum energy as

Svacuum = /d4$Avacuum — /d41'\/ —g/\vacuum . (1312)
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This term is exactly the cosmological constant. Therefore, the vacuum energy contributes
to the cosmological constant. However, when we regard M .o as a Planck mass Mpianck
to the value of the vacuum energy is estimated as,

4 obs
Puac = (0|T000) ~ Ao = M4 ~ (108 GeV)* ~ 10121 p") . (1.3.13)

This is much larger than the observed value. To remove the large vacuum energy and
to remain the extremely small value of the cosmological constant, we need tremendous
fine-tuning of the counter term and it is extremely unnatural. This is the old cosmological
constant (fine-tuning) problem from the perspective of the quantum field theory.

1.4 Radiative instability

In addition to the fine-tuning problem of the cosmological constant, another serious prob-
lem exists. The radiative instability [63] is one of the most serious problems of the cos-
mological constant. The important point is that the value of the cosmological constant
is extremely sensitive to UV theory. We may see this problem by using the dimensional
regularization [67-69] of the Eq. (1.3.9). Introducing the mass parameter p, the vacuum
energy density can be rewritten as

€

Mcutoff
(0|Tho]0) = “d_l / A ek 2wd 20y, (1.4.1)

2(2m)

where we introduced the small parameter € as ¢ = 4 — d and angular integration in d
dimension as,

/de - % (1.4.2)

where I'(x) is the Gamma function. We obtain the expression of the vacuum energy in
dimensional regularization as

(0|T5p]0) ~ —% [2 +In (ﬁ) + ﬁnite] . (1.4.3)

€ m2

We renormalize the above quantity by MS scheme [67,72]. In this scheme, we choose the
counter term as

4 2 4 2
chounter ~ m— |:_ + In ( la ) + finite :| . (144)
T
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Then the renormalized quantity is given by

ren are are m4 m2
Vv(ac ) = Ag;c ) + <0|T00|0> + chounter >~ A,E,gc ) + W |:10g (ﬁ>:| . (145)

We observe the renormalized quantity at the scale of k. Note that the above quantity
explicitly depends on m*. In other words, the scalar field contribution to the cosmological
constant is scaled as ~ m®*. This is called additive renormalization. When we rescale the
scalar field mass as m — m + dm, the cosmological constant is extremely sensitive to this
change. The renormalized value of the cosmological constant is tremendously sensitive to
the masses of all other fields of the quantum field theory. This is the essential point of
the problem of the radiative instability. From the viewpoint of the effective field theory,
we may not obtain the effective picture of the cosmological constant since it changes as
we change the mass of the particle. This problem also emerges in the Higgs mass in the
standard model.

1.5 Naturalness

Compared with the electroweak scale, the electron mass is very small ~ 1 [MeV]. However,
we do not face the problem of the radiative instability as we saw in case of the cosmological
constant in the electron mass. To see this, we consider the following Lagrangian:

L= %@M% + %WW + 1) (i, 0" — me) ¥ + gy, (1.5.1)

where 1) is the Dirac field and g is the coupling of the scalar field and Dirac field. In the
same way with the previous section, we obtain the correction to the electron mass as,

dme ~ g°meIn <%) ) (1.5.2)
1

Note that dm, is proportional to m,.. This is called multiplicable renormalization in
contrast to additive renormalization appeared in the cosmological constant. The smallness
of the electron mass is preserved by naturalness. The “naturalness” insists that “a quantity
in physics should be small only if the underlying theory enhances the new symmetry when
that quantity sets to zero” [74,75]. In case of the electron mass, when we take the massless
limit m, — 0, all quantum correction to the mass vanishes. In this limit, the Chiral
symmetry,

appears in the Lagrangian in Eq. (1.5.1). This is the example of naturalness. However,
there is no enhanced symmetry when we take the cosmological constant set to be zero.
Therefore, the smallness of the cosmological constant is “unnatural” in the context of the
naturalness.
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1.6  Weinberg's no-go theorem

An adjustment mechanism of the cosmological constant has been proposed by Weinberg
[46]. This mechanics can be applied when we consider that the cosmological constant
may be “dynamically” relaxed to a small value or absorbing the huge vacuum energy by
additional scalar field. The result states that it is impossible to construct the potential
of the Lagrangian without fine-tuning or an unrealistic universe (scale invariant universe)
under the following five assumptions [59, 83].

1. The theory has general covariance.

2. Four dimensional gravity is induced by massless spin-2 graviton.

3. A finite number of fields below the cut-off scale.

4. Theory has no ghost.

5. The fields are assumed to be space-time independent at late times.

We have to introduce additional scalar field or assume the energy-momentum tensor is
not covariantly constant to make the cosmological constant dynamical. To verify this, we
start from taking the covariant derivative for both sides of the Einstein equation,

O\ = KV Ty, | (1.6.1)

where we used contracted Bianchi identity. Therefore, there are two choices to make
the cosmological constant dynamical quantity. One is to break general covariance of
the energy-momentum tensor. The other is to introduce a new dynamical field ¢ which
satisfies

Op o T x R
R=TH =0 at =gy, (1.6.2)

where we assumed the scalar field ¢ evolves until its equilibrium value ¢g. We will work on
this case to make the cosmological constant dynamical. In order to consider the general
case, we assume the multi scalar fields

¢—¢n (n=1,---,N). (1.6.3)

We consider four dimensional quantum field theory which describes multi degrees of free-
dom below a certain UV cutoff Myy. We further assume the Poincaré invariance of the
field theory which minimally couples to gravity via g,,, . We would like to find an equilib-
rium solution of the field equation at g, ,¢ =constant on shell. In the above condition,
this theory remains GL(4) symmetry, With all fields constant, the gravity and matter
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equation can be written as,

oL _o, & _0, (1.6.4)

agb” g,¢n=const

89!“’ g,¢n,=const

on shell. When we apply the contracted Bianchi identity, we have N + 6 equations. Under
the GL(4) symmetry, metric and scalar fields and the Lagrangian transform as

G = I3 I gas dn = T()pn L — det(J)L (1.6.5)

where J(J) is a representation of GL(4). We can consider two distinct cases separately;

(i)  The two relations in Eq. (1.6.4) hold independently.
(i)  They are not independent and related with each other.

First, we consider the case (i), from the matter equation and the GL(4) symmetry, the
form of the Lagrangian is uniquely determined as

OA (¢n)

L=+—gA(¢n), 36, =0. (1.6.6)
However, the gravitational field equation requires
A(pn)=0. (1.6.7)

This means that we have to set the cosmological constant zero “by hand” and it corre-
sponds to fine-tuning.
Next we consider the latter case (ii). We impose the following condition:

zg;wa g“”’¢" an Pm) g‘g’%), (1.6.8)

where f,,(¢n,) is a smooth function for ¢,,. This requirement means that the trace of the
matter fields is proportional to the cosmological constant for the equilibrium values of
¢n. The above equation implies that the Lagrangian £(g,., ¢,) describing the theory is
invariant under a transformation generated by the following symmetry:

5guv - 2€g,uu7 5¢n - _Efn ((Z)m) . (169)

Note that when we consider a matter field solution for the equilibrium value of ¢,(10):

oL

(0)
g5, =0 at Pn = ¢! (1.6.10)
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the trace of gravitational field equation

oL
=0, 1.6.11
D9m ( )
is automatically satisfied. Since f,, (¢) is a smooth function, we may simplify the situation.
We can split N fields ¢,, as

¢n(n:1,...,N):{fa =1 N—1) ° (1.6.12)

Under the above condition, we can modify the scale transformation in (1.6.9) as,
69;“/ - 269;11/7 &Qb = —E€, 50’@ =0. (1613)

The above modification can be performed by a theorem of differential geometry [77] and
the Poincaré symmetry. Firstly, we define the transverse surface S which satisfies T'(¢,,) =
0. Here T'(¢,,) must be chosen not to be vanished on ¥,, (0T /9¢,) fn(ém). We then choose
o, as sets of (N — 1) dimensional surface.

Here, we defined ¢, (0,,%) as the solution of the differential equations 55% = fo(om)
under the condition where ¢,, are at the point of S with smooth coordinates o at ¢ = 0.
The symmetry in Eq. (1.6.13) implies

Loxe?g,,. (1.6.14)

From the Poincafe-invariance of ground state, residual GL(4) symmetry, and field equation
for o,, the form of the Lagrangian is determined as

oL
L=e"/=gLo(o), 60(‘7) =0. (1.6.15)
04
When we differentiate £ with respect to v, we obtain
oL v v 4y
a0 =Tl —g, T =g"e¥Lo(o). (1.6.16)

Here, we used the relation (1.6.8). We can see that if 9£/01 = 0, the trace of the energy-
momentum tensor vanishes. Therefore, when we find the equilibrium point ¥ = 1)y,
the trace of the field equation is automatically satisfied. However, at that point, the
Lagrangian is constrained as

Lo(o) =0, or e*—0. (1.6.17)

The former case corresponds to fine-tuning, again. On the other hand, the latter case
corresponds to a scale invariant solution. Under the scale invariant theory, not only the
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N (¢n) T on(o,v)

S:N —1(o,

¢n(0)

Fig. 1.1 Field splitting

cosmological constant vanishes, but also all the other dimensional parameters vanish. This
is not our universe, so we cannot solve the essential problem.

We often see the scale symmetry in Eq. (1.6.13) is violated by conformal anomaly term
which involves ©*, [76]:

Leg = /=g [e*Lo(0) + ¢O4,] . (1.6.18)
The field equation for ¢ becomes
8gf =vV=g (T} +6L), T =g"eLy(o). (1.6.19)

Equilibrium solution for ¢ = ¢¢ reads

4e*P Lo+ OF, = 0. (1.6.20)
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However, it does not corresponds the gravitational field equation for constant metric which
reads

o a'Ceff

49
0= D x e Lo+ 9O . (1.6.21)
This is simply because the symmetry in Eq. (1.6.13) is broken by the anomalous factor
O~ ,.
nw

1.7 Anthropic consideration

The anthropic consideration is based on the anthropic principle [78-82]. The terminology
of the anthropic principle is used in many kinds of the meanings. In this thesis, we
define the anthropic principle in the following way. The physical parameters only have
the physical meaning when the human observes them. The law of physics does not have
predictability only by itself. Only after we define the physical quantity, we obtain the
observational results. Therefore, what we observed is not directly included in the theory.
Since the observer is human, theory must have correlation function between human and
observational results. The anthropic principle means that we observe the physics through
that correlation function. In other words, the human can see the physical parameters only
from the stand point of human.

We apply the anthropic principle to the cosmological constant problem. When we
consider the negative cosmological constant whose absolute value is not so small, our
universe would suddenly collapse and no one observes our universe. On the other hand,
if the cosmological constant is positive and the absolute value is larger than the current
value to a certain degree, the universe expands infinitely before the formation of galaxies.
In either case, no one can observe our universe. After all, the universe where our galaxy
and we can exist must have the proper value of the cosmological constant and we observe
it. This is not only related to the old cosmological constant problem but also deeply
related to the new cosmological constant problem. It is the problem that we can exist in
the proper physical value and proper era of the universe. We are currently living in a very
special period of the history of the universe in which the ratio of the dark energy density
and matter density is comparable. We cannot exist before the galaxy formation and this
also means that we only observe the universe at the time we can exist.

However, even if we admit it, it seems that the question why the cosmological constant
is so tremendously small still remains and it is difficult to say that the anthropic principle
is a perfect solution of the cosmological constant problem. Therefore, it seems overhasty
that we stop the consideration about the cosmological constant problem. In the next
chapter, we discuss some attempts for the cosmological constant problem.
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Chapter 2

Some attempts for the cosmological
constant problem

2.1 Supersymmetry

Supersymmetry (SUSY) may be used for the cancellation of the vacuum energy density
[84]. The vacuum energy contribution from the scalar field is denoted in Eq. (1.3.10).
More precisely, the expression in Eq. (1.3.10) is generalized to an arbitrary spin field
§=0,1/2,1,-:

Meutots d3 k

<pvac> = %(—1)2]<2j + 1)/ (27(.)3 vV k2 +m?2
(

0

SDHEIY)
= 1672 Mcutoff

2 4 9
m 1 m M 1 1
1 ——— |1 " cutoff Z _— Zlog? O Mfl
x ( + <Mcut0ﬂ‘> 4Mc4utoff {Og( m?2 ) + 8 2 0g :| + ( Cutoff)
(2.1.1)

Note that the fermion generates the negative energy density while the boson generates
positive energy density. This implies that we may obtain the vanishing vacuum energy
when SUSY is unbroken. To see this, we introduce supersymmetry generators to satisfy
the following algebra:

{QQ,QB} = (04) 0 P (2.1.2)

where the indices (o, 3, , &, B, -) express the two component of Weyl spinor, o;(i =
1,2, 3) represents the Pauli matrices in addition to g = I , and P* is a four momenta.
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When a theory is in a completely supersymmetric state, the vacuum state |0) satisfies,
Qal0) =Q410) =0 Va,d. (2.1.3)
Therefore, for such a vacuum expectation value, the Hamiltonian vanishes as
(0|H10) = (0|P°|0) = 0. (2.1.4)

This can be also applied to all the quantum correction since the SUSY enable us to cancel
the contribution of boson loops by its super partner (fermion) loops. The above result
can also be obtained in a different way. In the Wess-Zumino model which consists only of
spin-0 and spin 1/2 particles have a special and simple form of the potential as,

2

W) (2.1.5)

Vo) =3 |75

where ¢ is complex scalar field and W is so-called superpotential. In a completely super-
symmetric condition, we impose

oW (¢)
0o
From the above condition, we obtain V' (¢, ¢*) = 0, which implies the cancellation of the

vacuum energy. However, the SUSY is broken in our universe. If the SUSY is broken at
some energy scale, the vacuum energy is given by

=0. (2.1.6)

Mcutoff d3k 9 9 5
<pvac> - /0 (27‘(‘)3 (\/k2 + m%OSOH - \/k2 + m%ermion) ~4g McutoHASUSY . (217)

Here, we introduced SUSY breaking scale as g2AZyqy = ‘m%oson — m%ermion‘, where g is

the coupling of SUSY breaking. We assumed that the SUSY breaking scale is much smaller
than the cutoff scale Asusy < Mcutorr- Although the quartic divergence is cancelled, the
quadratic divergence remains in the above expression. From the fact that the absence of
SUSY is below the TeV scale [85], we may put g?AZ;qy > (TeV)Q. Therefore, Eq. (2.1.7)
can be written as

obs
<:0vac> ~ g2A§USYMc2utoff ~ ngéUSY ~ 1012<G€V>4 ~ 1060p5\ ) ’ (218)

where we assumed M ytop ~ Asyusy. This value is still much larger than the observed
value of the cosmological constant. Therefore, we conclude that SUSY is not enough to
solve the cosmological constant problem.
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2.2 Scale invariance

As we discussed in section 1.6, our universe is not scale invariant. However, our universe
is almost scale invariant except for the Higgs mass term and UV cutoff within the scope
of the standard model. Therefore, if the origin of the Higgs mass is the spontaneous
symmetry breaking of the scale invariance at the UV physics, one may allow the theory to
be scale invariant at the high energy scale. It is easy to show that why the scale invariance
may solve the cosmological constant problem. The scale invariance is the symmetry of
the following scale transformation,

Guw = QG - (2.2.1)

The Einstein tensor G, is invariant under the above transformation while the cosmolog-
ical constant term is not invariant. Therefore, the cosmological constant does not allow
to affect the Einstein equation when the scale invariance is realized. It seems that the
mass terms in the energy-momentum tensor in the four dimensional space-time theory
which includes the standard model particles are also forbidden. However, we may obtain
non-zero massive particles when the scale invariance is spontaneously broken [86]. It is
obtained if a scalar field ¢ transforms as ¥ — ¥+ f1n (), where f is a constant mass term.
This leaves kinetic term invariant. The energy-momentum tensor with potential term is
written by

V(Qb, ¢i)guu — U(¢i)6_2¢/fgpw 3 (222)

where ¢; are other scalar fields which do not have the scale invariance. The above term
can be surely scale invariant. When we take U(¢;) = 1/2m?¢?, scalar fields ¢; obtain
mass while 1) is massless. This is possible since the potential vanishes at this minima,
regardless of the value of ¢ in the vacuum state, and it is consistent with the coexistence
of massive and massless fields. This is because that if we assume that the potential is
minimized at ¢; = 0 and ¥ = 1)y, the potential is minimized for an arbitrary vy. To
minimize the potential, however, we have to continue to take ¥y — co. In this limit, all
dimensional parameters involving mass term should vanish.

Finally, we obtain vacuum with one parameter minima V' (v, ¢;) which does not cor-
respond to our universe. When we assume that the scale invariance is preserved except
for massive particles in the standard model during the two phase transition, we can keep
the term for the cosmological constant prohibited and break the scale invariance in the
standard model sector at the early time of the universe.

From the perspective of Weinberg’s no-go theorem, we may see how the initial scale
invariance affects the no-go result. When we consider the Lagrangian £ (g,., ¥:, ¢n) with
the scale invariant sector 1; and other sectors ¢,,, the relation in Eq. (1.6.9) is modified
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as

0Guv = 269, O0Pn = —€fn (Pm), 0 = —€);. (2.2.3)

We may construct the scale invariant metric g, as

Z Mijl/}il/}j Juv = Q2guu ) (224)

2]

where we defined Q as Q2 = > j M; ;115 with matrix M;;. Then, the scale invariant
Lagrangian with constant fields is written as

‘C(gul/awiagbn) = £(guu7¢n) . (2-2-5)
The relation in Eq. (1.6.8) becomes

a 178 n | 2] n
20,10 g’fﬂf an (ém) g‘:bngb LG, én) (2.2.6)

Similarly, from the GL(4) symmetry, the Lagrangian is written as
L =/=3Lo(¢n) = V=99 Lo ($n) = V=9Lo (i, $n) - (2.2.7)

Here, we defined Lo (1;, ¢n) = Q*Lo (¢,,). For simplicity, we assume a fully scale invariant
theory. Then, we may take ¢,, = 0 and the Lagrangian reduces to

L=~—gLy (Yi,pn =0) =/—gLo (¢) . (2.2.8)

When a kinetic term is the second order derivative, the potential term satisfies the fol-
lowing relation in four dimensional space-time classicaly:

0
Eij¢ia—MV<w) =4V (¥). (2:2.9)
Since at the late time, matter field equations satisfy
oLy OV (¥)
= = 2.2.1
o0~ v (2:2.10)

where V(1) is the scale invariant potential. Therefore, the gravitational field equation

0Ly __ :
Do = 0 requires

V() =0. (2.2.11)
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It seems to correspond to the fine-tuning as we have seen in the former case in Eq. (1.6.17).
However, from Eq. (2.2.10) the stationary condition of the potential implies vanishing
of the potential. Therefore, from the matter field equation, we obtain the condition
V() = 0 automatically. In other words, we do not need to impose the condition in
Eq. (2.2.11) by hand and the problem of the fine-tuning is solved when the theory is
scale invariant classically. However, this vanishing property of the potential is spoiled by
quantum corrections.

oV (v)
\%4 =0
(¢0) |tree ) 6’lp =0

V(ho)|1 _160p # 0 (2.2.12)

2.3 Unimodular gravity

Unimodular gravity is firstly proposed by Einstein in 1919 [88] and it has been discussed
for a long time [89-97]. Unimodular gravity is obtained from a restricted variation of the
Einstein-Hilbert action, where the condition /—¢ = 1 is imposed in the action. Then,
the field equations correspond to the traceless Einstein equations, and it can easily be
shown to be equivalent to the gauged Einstein equations with a cosmological constant, A
appearing as an integration constant. Unimodular gravity is described as the restricted
Einstein gravity:

1
S = /'délq;1 /—g (2_%2R + Ematter> 3 (231)
where the metric is restricted by the unimodular condition,

detg,, = -1 or /—g=1. (2.3.2)

Note that this condition breaks the diffeomorphism invariance. Generally, we may extend
the unimodular condition by using a fixed density function ¢, as

V=g =¢o. (2.3.3)

Then the action of unimodular gravity is written by

1
Sunimodular = EO/d4~T (_R + Ematter) . (234)

k2

When we divide the matter Lagrangian into vacuum energy coming from the matter and
the other part as

Lmatter =A+ Efr?;tter 5 (235)
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the vacuum energy does not affect the dynamics since it is just a constant term in the
action. Therefore, the vacuum energy does not gravitate as the cosmological constant in
the unimodular gravity. Neglecting the matter contribution, the variation of the action
with respect to g, yields

9" SR, + 09" Ry, = 0 (2.3.6)

The first term corresponds to the total derivative term which we see in general relativity.
Therefore, the equation of motion is obtained from the second term. However, we cannot
put R,, = 0 since dg"” is not fully independent. Because of the unimodular condition
Eq. (2.3.2) or (2.3.3), the trace of dg"” vanishes. It seems that unimodular gravity is
different from FKEinstein theory since the information of the trace part is lost. We will
see, however, the equations in the unimodular gravity are not changed from those of the
Einstein theory including the cosmological constant. We can only conclude that only
traceless part of R,,0g"” = 0 vanishes. Therefore, we obtain

1
R;Ll/ - ngwR = 07 (237)
in four dimensional space-time. When we consider the matter sector, the energy-

momentum tensor is modified as

1 6 (\/_gﬁmatter) s THV — 5£matter (238)
V=g 0Yuv

0Guw
Similarly, the traceless part of the energy-momentum tensor vanishes by the variation of
the metric under the unimodular condition. Thus, by variation of the action Eq. (2.3.4)
with respect to g,,, we obtain the equation of motion as,

T, =

1 1
RMV — ZgWR = 2/{2 (TMV — ZQWT) . (239)

From the Bianchi identity and conservation law of the energy-momentum tensor, the
divergence of the above expression yields

V. (R+2:°T) =0. (2.3.10)
The above equation allows us to introduce the integration constant C' as
R+ 2k°T = —4C'. (2.3.11)

Finally, we have the equation of motion as follows:

1
Ry = 59w B = Cpu = KT, . (2.3.12)
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The third term is identical with that coming from the cosmological constant term. Trace-
less Einstein equation generates the cosmological constant. The reason why this strange
correspondence occurs is that the Einstein gravity is originally gauge theory. Since the
Einstein gravity is originally redundant, all the equations of motion are not independent.
Note that the origin of the cosmological constant is completely different as we saw in
the previous chapter. Although the vacuum energy does not gravitate as the cosmologi-
cal constant in unimodular gravity, the integration constant appears as the cosmological
constant.
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Chapter 3

Generalization of unimodular gravity
towards the cosmological constant
problem

In this chapter, we discuss details of unimodular gravity and its first step of the appli-
cation to the cosmological constant problem. In the first section, we generalize classical
unimodular gravity to the fully diffeomorphism invariant theory. In the second section,
we discuss the quantum unimodular gravity.

3.1 Reformulation of classical unimodular gravity

We see the unimodular condition in Eq. (2.3.2). In order to understand the gauge sym-
metry of unimodular gravity, we compare the diffeomorphism transformation of general
relativity and unimodular gravity. In general relativity, theory is diffeomorphism invariant
under the infinitesimal transformation

09 (2) = V& + Vi€, (3.1.1)

On the other hand, in umimodular gravity, unimodular condition /—g = ¢y yields

V=9=0. (3.1.2)

Therefore, we obtain

1
5\/__ggllujdgl’“j = Vﬂg‘u’ = O . (313)
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This is called transverse differomorphism or volume preserving diffeomorphism. At least
locally, we can easily see that the classical equivalence of the classical general relativity and
unimodular gravity since we can always choose the coordinate as unimodular in general
relativity locally. In global cases, when the coordinate is fixed at the boundary or there
are no boundary, global average

(V—9) = % (3.1.4)

is gauge invariant and it does not change (/—g). Thus, we may fix coordinate globally
as (y/—g)=1lorep .

By introducing the Lagrange multiplier field A\(z), we may rewrite the action of uni-
modular gravity in Eq. (2.3.4) as [117]

5 / iz {\/—_g% _M#) (VG — ) + V=9Lm| - (3.15)

It is useful to formulate unimodular gravity by using the Lagrange multiplier field. By the
variation of the above action with respect to g,, and A, we obtain the following equation
as

1 Az)

2
Ruu - §gm/R =K T;u/ - Tguu

V=g9=¢o, (3.1.6)

When we take the covariant derivative V# to the first equation, we obtain 0* X\ = 0 by using
the Bianchi identity and energy-momentum conservation. Therefore, we can conclude
that the Lagrange multiplier is constant A(z) = A\g. We obtain Einstein equation with the
cosmological constant from unimodular gravity again. Note that the equation of motion
is unchanged by the shift of A and matter Lagrangian A — A — A and £,, — EI(S) — A.
After this transformation, the action becomes

K2

S = /d% { —92& —Az) (V=g —€0) + \/—_gcfr@} —eOA/d4a:. (3.1.7)

Since the last term including A remains just constant in the action, it does not affect to
the dynamics. This means that we may cancel the huge vacuum energy contribution from
matter by the redefinition of the Lagrange multiplier field. This is an important clue to
tackle with the cosmological constant problem.
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3.1.1 Fully difeomorphism invariant formulation of unimodular gravity

In this subsection, we discuss so-called Henneaux-Teitelboim formulation of unimodular
gravity [94]. In this theory, the action has fully unconstrained gauge symmetry keeping
fully diffeomorphism invariance and this is also equivalent to general relativity classically.
Firstly, we use the Stiickelberg trick to restore the diffeomorphism invariance. To do
this, we introduce the Stiickelberg fields ¢®(z) and performing coordinate transformation
x®* — ¢“(x), the action in Eq. (3.1.5) except for the matter sector becomes

1
SStuck - /d4$ l:@\/—gR—)\(\/ _g_GOISaﬁl) ’ (318)
where 5% is Jacobian matrix defined by

o _ 00%()

§% = (3.1.9)

The determinant of S% is given by [S%| = 4!5,[?555362]S’“‘OLSVBSPWSU&. This action is
invariant under the diffeomorphism transformation z# — z/#(x¥) if the Stiickelberg fields
¢*(x) obey the law of scalar field transformation ¢*(x) — ®*(¢(2’)) . In fact, it is easy
to see that the determinant of the Jacobi matrix of that transformation is one:

00 9o°
detS=det | 2% 9% | =1, (3.1.10)
BpP  9zP

where we used det (%) = 1. Note that [S%] can also be rewritten by

5% = 0. [0l 6770000 57,57, 5% (3.1.11)

When we chose 4!(5&155 (53(5? Pt S¥5S", 5% as a vector density 7%, the above action corre-
sponds to the so-called Henneaux-Teitelboim action [94]:

Su_T = /d%; [\/—_g% ~A(vV-g- aﬂ“)} : (3.1.12)

In other words, the action Sstuck is the special case of Sy_r. By variation of Sy_r with
respect to g,.,, and taking the divergence of both sides, we obtain the following equation
from Eq. (3.1.6):

A =0, (3.1.13)
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where we also used the Bianchi identity and energy-momentum conservation law. On the
other hand, the equation of motion from the variation of X\ yields

V=g = d,". (3.1.14)

This is a fully diffeomorphism invariant expression of unimodular condition. Note that this
model can also absorb the vacuum energy contribution from matter by the redefinition of
the Lagrange multiplier field A — A — A. Similarly, when we assume that £,, — - A,
the action in Eq. (3.1.12) with matter becomes,

Sy_r = /d4w [\/—92—]:2 — A (\/—g — 8“7'“) + \/—gﬁl(g)] — A/d‘%&m’“. (3.1.15)

In the above expression, the last term only includes A. However, the last term is total
derivative term and it does not affect the dynamics. Thus, we may cancel the vacuum
energy contribution from matter by the redefinition of A again.

Furthermore, we may generalize the above action [97]:

Sanr = [ d'oy=G |55 = AF(6) = 9(6) + Lu (3.1.16)
where we introduced ¢ as
6= % . (3.1.17)
Equations of motion become
G = 81G [T;w + g (AF(9) + G(9))]
f(@)=0
Oa [Mf'(¢) +9'(4)] =0, (3.1.18)

where F' = ¢f'(¢) — f(¢) and G = ¢g'(¢) — g(¢). The latter two equations represent con-
straint equations. These imply there are constant solution for A and ¢ as, A = A\g= con-
stant and ¢ = ¢9= constant. Substituting these into the first equation, we find that there
is a term g, (AF(¢) + G(¢)) ~ gu. x constant which plays a role of the cosmological
constant as long as they do not be applied to the following properties.

1. f does not have real zeros.
2. f and f’ have the same isolated zeros at the same time.
3. g is linear and f is identically zero.



3.2 Quantum unimodular gravity 29

Avoiding the first condition means that the second equation in Eq. (3.1.18) has a non-
trivial solution for ¢. For the second condition, if it is not valid, we obtain non-zero
AF(¢). If we avoid the third condition, we obtain non-trivial constraint equation from
the third equation in Eq. (3.1.18). Therefore, avoiding the above condition enable us to
identify the action in Eq. (3.1.21) is equivalent to general relativity with the cosmological
constant. However, note that the equations of motion change if we split matter sector
and redefinition of the Lagrange multiplier in general:

Loy =L — A XS A—A. (3.1.19)

Contrary to this, we may extend the action Sy_T keeping the equation of motion un-
changed by the above transformation in a simple way. When we replace partial derivative
0, to covariant derivative V,, and vector density 7# to vector field valuable /—gV*# re-
spectively, the action becomes

R
Scauma = /d4$\/ —g [ﬁ - A(1-V, V. (3.1.20)
The constraint equation is changed as
ot =+—g—=V, V¥ =1. (3.1.21)

Similarly, when we include the matter sector, the action is unchanged by Eq. (3.1.19) up
to total derivative term. Therefore, the equation of motion is unchanged.

3.2  Quantum unimodular gravity

In this section, we discuss a possibility that classical unimodular gravity can be extended
to quantum theory keeping the equivalence to general relativity. To consider quantum
unimodular gravity in a method of path integral, we first consider the following generating
function:

ZJ] = /DQWD)\DV“ exp [iSquma + 1SB + i Ssourcelg; J]] , (3.2.1)

where Ssource[g, J] denotes external source and Sp is boundary term expressed as

Sp = /d%m {% — )\n“V“} : (3.2.2)

Here, v is three dimensional induced metric on the boundary, n* is an outgoing normal
vector orthogonal to the boundary and K is trace of the extrinsic curvature K,,. We
consider an effective theory in quantum unimodular gravity. In the above generating
function, we impose the following three assumptions,
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1. We only consider low energy contribution. In this effective theory, we only take the
leading order contribution from the heavy particle modes to low energy where the
diffeomorphism invariance is established.

2. Only metric couples to external source. The other quantities e.g., V¥, A do not
couple to external source.

3. We assume that the generating function includes boundary term in Eq. (3.2.2).

Since a partial integration of V# yields the constraint J,A = 0, the generating function
can be rewritten by

Z[J] = /Dgwjp)\(;[(su)\] €Xp [ZSé}UMG + ZS]lg + Z'Ssource [ga ']]] ’

R 1
Scume + S8 = / d*zv/=g |z — Az)| + —/ /=K . (3.2.3)
v 22 K2 Jov
When we impose the boundary condition 6, A|sy = 0, the integration of the generating

function with respect to A can be performed as
Z[J] = /Dg,w exp [iSar[J, A| + iSB + iSsourcelg; J]] ,

! / e/ K . (3.2.4)
ov

Scr + SB :/ d4$\/—_g {i —)\0} + —

v 2kK2 K2
Here, we assume that )\g is the fixed value of A at the boundary. The above action
corresponds to general relativity with the cosmological constant and boundary term. In
the above analysis, we only consider the fixed boundary. Thus, we consider the case where
the A is not fixed at the boundary from now on. Naively, if the boundary is not fixed, the
integration about the delta function cannot be performed as we did in Eq. (3.2.3) to Eq.
(3.2.4). Therefore, we alternatively choose that the A is a constant A = g in space-time
integration. Then, the generating function becomes

Z[J] = /Dgul/d)‘OM(/\O) €xp [iSGR[J7 /\] + ZSB + iSsource [97 J]] . (325)

Here, we introduced M (\g) as a contribution to measure. This is related to that how to
impose the constraint of the unimodular gravity locally or globally in a classical analysis
as we saw in the previous section. Locally, unimodular gravity is equivalent to general
relativity with the cosmological constant. On the other hand, this cosmological constant
is global parameter yielding global constraint. This implies that whether it is possible or
not to impose the global gauge fixing in unimodular gravity in the previous section.
This equivalence is, however, break if we assume that the A and V* are couple to
the external source. We regard A and V# are auxiliary fields which do not affect to
the asymptotic states. Therefore, they only appear in internal lines in the Feynman
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diagrams. We assume that these fields can be integrated out in the path integral and
it realize general relativity when we impose an appropriate boundary condition. On the
other hand, if we allow them to couple with external source, they appear in the external
lines in the Feynman diagrams. The coupling of an external line with A and V# means,
however, that one break the equivalence in quantum theory by hand.
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Chapter 4

BRS structure of the simple model for
the cosmological constant problem

In this chapter, we discuss a possibility that one of the model related to unimodular
gravity may solve the cosmological constant problem. Inspired by unimodular gravity,
a simple model has been proposed for solving the cosmological constant problem [104].
This model can be regarded as a kind of topological field theory [107]. In topological field
theory, the Lagrangian is described as BRS exact and it has BRS symmetry. Especially,
the model in [104] has an infinite number of BRS symmetry. The BRS symmetry in
this model should be, however, broken spontaneously to obtain the non-zero cosmological
constant. We investigate the details of this BRS symmetry and show that there remain
one and only one BRS symmetry which survive keeping the cosmological constant non-
zero. The cosmological constant problem arises from the quantum theory. In this analysis,
the cosmological constant problem as a problem of a quantum theory is replaced to the
initial condition of a dynamical cosmological constant as a problem of classical theory.
We investigate the cosmological evolution based on this model and specify an appropriate
region of the initial condition which reproduce the cosmic history. Furthermore, we will
show that this model has a stable solution which describe the de-Sitter solution.

4.1 Construction of the model

As we see in the previous section, a redefinition of Lagrange multiplier in unimodular
gravity enables us to absorb the huge quantum correction. The action is given by [104]

S = /\/ —gd4a: [ﬁgravity —A (1 — VMJ”)] + /d4$\/—9£matter7 (4.1.1)
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where J* is a vector. Similarly, when we may split L atter into vacuum energy and other
parts as £ O A. A redefinition of A — A — A changes the action as

matter matter

S = / A2/ 9 [Loravity — A (1 — V. J")] + / d*ay/—gL%  — A / d*z/—gV , J"
(4.1.2)

where we assumed that the Lgravity does not include vacuum energy. The A are included
only in the total derivative term. Thus, the quantum correction does not affect the
dynamics and we can ignore it. We may choose the term V,J# in a various quantities.
For example, we may choose this term as a topological invariant quantity like the Gauss-
Bonnet invariant:

G =R?> - 4R, R" + R, ,0 R""° (4.1.3)

or Instanton density

I=_teF, S F", (4.1.4)
where* FH = %e‘“’p" is the dual field strength, and €#*?9 is Levi-Civita tensor. In addition
to these topological invariant terms, we may choose that J# as a derivative of a scalar
field —0*¢. For simplicity, we especially consider a real scalar field. Then, the Lagrangian
except for Lgravity and Liatter 1S Written as

L'=-X1+V,0"0) =09, "0 —\. (4.1.5)

Note that the first term includes indefinite metric. An indefinite metric generates prob-
lems both classical and quantum theory. Classically, when we consider the Hamiltonian
mechanics in this model, we see that the Hamiltonian is unbounded and the theory is un-
stable in general. On the other hand, when we consider quantum theory, this Lagrangian
includes negative norm and unitarity is broken. To see this, we decompose A and ¢ by
using other real scalar fields £ and 7 as

1 1
A=—Mn+¢), =—(n-9), 4.1.6
\/5(77 £, ¢ \/5(77 £) (4.1.6)
the Lagrangian becomes
ﬁ’——la f@“f—i—l@ o —i( +¢) (4.1.7)
PG I RIS o

Note that the kinetic term is different. This implies that negative kinetic term appears in-
evitably. A negative kinetic term implies that the Hamiltonian includes the term H oc —p?.
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If we do not impose the upper bound of the momentum, the Hamiltonian is unbounded
and it is unstable. Moreover, the negative kinetic term generates negative norm in quan-
tum field theory. If a theory has a negative norm, the unitarity of S-matrix is broken [106].
We may remove this negative norm by introducing Faddeev-Popov (FP) ghost ¢ and anti-
ghost b [98-102,105,106]. Then, we may rewrite the Lagrangian as

L7 = X1+ V,0%0) — ,b0"c = 9,00" 0 — X\ — D, bd¥c. (4.1.8)

When we introduce a fermionic parameter ¢, the above Lagrangian is invariant under the
following BRS transformation [102]

opA=0pc=0, dpp=-¢€c, Opb=c¢cl. (4.1.9)

Note that the BRS transformation satisfy the nilpotent condition 63 = 0. When we define
the physical states as the states BRS invariant state, the negative norm states could be
removed consistently by the following subsidiary condition [105,106]:

Qs [phys) = 0. (4.1.10)

Here, |phys) is physical subspace and @p is BRS charge expressed by

Qs = [ dtav=g[(@Nc+ A (4.1.11)

in this model. Furthermore, when we assign the ghost numbers as

c=1
b,e = —1,

the ghost number is conserved and we find that A, p,b and ¢ are belong to the Kugo-
Ojima’s BRS-quartet. Then, A and ¢ are identified as scalar and longitudinal mode
respectively. Furthermore, this Lagrangian can be regarded as a kind of topological field
theory [107]. In a topological field theory, the Lagrangian is described as BRS exact so that
the Lagrangian is obtained by BRS transformation of a some quantity. Therefore, from
the condition of nilpotent of the BRS transformation 5]% = 0, BRS invariance is trivial in
a topological field theory. Moreover, since the Lagrangian is BRS exact, the Lagrangian
only consists of the BRS quartet so that the Lagrangian has only gauge degrees of freedom.
Then, we consider the Lagrangian is described as the (gauge) scalar field ¢ and it is trivial
L, = 0. In this case, we impose the following gauge fixing condition as

Far =14 V,8"¢0=0. (4.1.12)
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When we perform the BRS transformation in Eq. (4.1.9) of the above quantity, we find
that it corresponds to the Lagrangian £” in Eq. (4.1.8) up to total derivative term:

0B (—bFgauge fix) = € (A (1 + V,0"¢) — bV ,0"¢)
e (L" + Total derivative term) . (4.1.13)

Therefore, this Lagrangian is surely BRS exact and it can be regarded as a topological field
theory. From the BRS transformation Eq. (4.1.9), we identify the A\ as Nakanishi-Lautrup
field [131-133]. Note that the Nakanishi-Lautrup field is expressed by BRS exact so that
the vacuum expectation value is zero (0| A|0) = 0. If (0| A |0) # 0, the BRS symmetry is
spontaneously broken and unitarity is not guaranteed. However, as we will see in details
later, the A is able to play a role of the cosmological constant. Thus, we should consider an
alternative way to construct the BRS transformation. Instead of the BRS transformation
in Eq. (4.1.9), we may introduce the following BRS transformation:

(SB)\:(SBC:O, 53@260, 53():6()\—)\0) . (4.1.14)

Here, the Ao satisfies classical field equation of motion V,0*X = 0. The Lagrangian
L" is also invariant under the above BRS transformation. Even if we take )¢ to the
cosmological constant Aqgr, A— Acgr is BRS exact and it does not have non-zero expectation
value. Therefore, A — Aeg does not affect the physical dynamics. If A — \g has non-zero
expectation value, BRS symmetry is spontaneously broken and unitarity is not preserved.
Thus, in the real world, we only choose X\ as

A=Xo. (4.1.15)

Moreover, we should note that it is possible to include the classical fluctuation of Ay as
long as Ao satisfies V,,0# X = 0. On the other hand, the quantum fluctuation is prohibited
by the BRS symmetry.

We should also note that the gauge fixing condition in Eq. (4.1.12) has a residual gauge
symmetry. In fact the gauge fixing condition in Eq. (4.1.12) has the following gauge
symmetry

P = @+ 0p, (4.1.16)

where d¢p satisfies V#0,,0p = 0. By using this residual gauge symmetry, we may choose
the initial condition of ¢ as ¢ = constant.

4.2 Application to the cosmological evolution

In the previous section, we may remove the quantum correction A by the redefinition
of the scalar field A removing a ghost and the quantum aspect of the problem of huge
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vacuum energy is solved. That is, however, seems not to be solved from the perspective of
the cosmological constant problem. We have no prediction about the value of the current
value of the cosmological constant from A (or A+ A). Since the A is dynamical in general,
that value can be determined by the initial conditions in classical theory. In other words,
the problem of the vacuum energy in quantum theory is replaced to the problem of the
identification of the initial condition in classical theory. In this section, we consider the
cosmological evolution of this model to investigate the appropriate initial condition which
reproduces the observed universe.

4.2.1 Assumptions for the application to the cosmological evolution

We consider the following three assumptions. Firstly, we assume that the gravitational
sector is described by the Einstein gravity Lgravity = #R. Secondly, we assume that the

universe is flat and homogeneous isotropic. Then the metric is given by the FRW:

ds® = —dt* + a(t)*

3
1=

(dz7) . (4.2.1)

Here, a(t) is scale factor. Finally, we assume that the scalar fields only depend on time:

A=A(t), p=¢(t). (4.2.2)

In this analysis, we do not include the ghost ¢ and anti-ghost b since they do not affect in
the classical field theory by the super selection rule or ghost number conservation. Then,
the action is given by

1
S = /d4x\/—g {mR +A-)+ @M@“tp} , (4.2.3)
By the variation of the above action with respect to A, we obtain
d*p dy
=1 — H— 4.2.4
0 +<dt2+3 dt), (4.2.4)

where we defined Hubble parameter H = a/a. The general solution for ¢ is given by

p(t) :—/ GZ?)B / 1dt2a(t2)3+g01/ %%—gpz. (4.2.5)

Here, ¢1 and @9 are some constants. On the other hand, by the variation of ¢ yields

A2 dA
0= 5 +3H . (4.2.6)
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The general solution of the above equation is given by

bodty
A=X+ A 4.2.
0+ 1/ a1 (4.2.7)

where g and A\; are some constants. Furthermore, by the variation of the metric, we
obtain the first and the second FRW equations as

3 d\ dy

—HQZA )\___ ma ra
3 + 7t dr + Pmat + Prad
1 dH dX dy
——(3H? 427" ) = AN 222 4.2.
K2 (3 M > dt dt’ 428)

where ppat and +praq are matter density and radiation density respectively. Deleting A
from the above two equations, we find

1 dH dX\dy

K2 dt  dt dt’
Note that when A\ = A\, H become constant and thus, we have the de-Sitter space-time
solution. From Eq. (4.2.8), we obtain the relation between A\; and Hj as

(4.2.9)

A=A+ =0 (4.2.10)

As we have mentioned, A (or A + A) can surely play a role of the cosmological constant
when A is constant. In a special case, we have a solution for ¢(¢) from Eq. (4.2.4),

t

o(t) = 3H, (4.2.11)

in the de-Sitter solution.

4.2.2 Stability analysis

In the previous subsection, we have seen the assumption to the application to the cos-
mology and equations of motion of the scalar fields which has de-Sitter solution. In this
subsection, we investigate the stability of the de-Sitter space-time at linear level. If this
model is stable, it surely reproduces the real universe. Furthermore, a stability of the
de-Sitter solution implies that the de-Sitter space-time is a kind of attractor. Therefore,
we may expect that it may relax the initial condition of the scalar field. We consider the
perturbation of the solution of the de-Sitter space-time

2
Mg | Sh o= 4. (4.2.12)

H = H, H =-AN+—
o+0H, A\ + 2 3H,
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Substituting these into Eqgs. (4.2.4), (4.2.6), and the first equation in Eq. (4.2.8), we
obtain

1
0 =63 + 3Hod¢p — —6H ,

3H,
0 =6\ + 3Hyd\,
6 1 .
— Ho6H = — 5\, 4.2.1
— HooH =0\ + 3H0<5)\ (4.2.13)

When we delete § H form the last two equations, we have

2 1
0= 6¢ + 3Hodp — 15’;? (5>\ + 3—%577) , (4.2.14)
0

where we have introduced dn as
on =0A\. (4.2.15)
Then, the second equation of (4.2.13) can be rewritten by
0 =01+ 3Hyon. (4.2.16)

We express these equations in the following matrix form:

S\ o\
on | =A[ o
55 5o

, where we have defined the matrix A as

0 1 0 2 1
A= o 0 — 3Hy, f=—— ==
«Q o 3 0> B 18H?2’ Y 3ﬁ

gy a 0

Then, we investigate the evolution of this perturbation. If there is a glowing mode of the
perturbation, the system is unstable. We investigate the eigenvalue of the matrix A:

0=det(A—al), (4.2.17)

where a is some constant. Then, we obtain

0 = det 0 a—a 0
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— 0= —ala—a)?
na=0,a (4.2.18)
The condition of unstable and stable mode is given by

e Unstable mode : o« > 0
e Stable mode: a < 0

respectively. Therefore, the condition of the stable mode is

a=—-3Hy < 0= 3Hy > 0, (4.2.19)

which always holds in the current universe. Therefore, this model is stable under the
linear perturbation and consistent with our universe.

4.2.3 Cosmology in the model

We investigate the time evolution of the scalar fields. After the inflation era, the universe
has experienced the radiation-dominated era, matter-dominated era, and dark energy-
dominated era. In the first two eras, we impose that the contribution of the scalar fields is
neglected for simplicity. On the other hand, in the dark energy-dominated era, we ignore
the matter contribution and the universe goes to the de-Sitter space time asymptotically
at late time. At each era, the scale factor is expressed by

e Radiation-dominated era

a(t) = araqt*’? (4.2.20)
e Matter-dominated era
a(t) = amart?’?, (4.2.21)
e Dark energy-dominated era
a(t) = anel-Vort, (4.2.22)

where a,aq, amat and a, are constants which depend on the energy density of radiation,
matter, and dark energy respectively. We express the current observed value of the Hubble
constant as Hy and dark energy density parameter as 25. The scalar fields A and ¢ at



4.2 Application to the cosmological evolution 41

the radiation, matter, and dark energy dominated era are given by

2>\§ad2 t71/2

5
Qorad(w = Prad2 + Soradlt - _t27 )\rad (t) — )\radl -

4 rad
1 Amat2 ,_
Pmat (t) = Pmat2 + Somatlt - 6t2a )\mat (t) = )\mat 1 — tQt
mat
_ PAL3H, Vst 1 _ Ap2 _3H VAt
poPAL SHOVIRE Ly N (H) = A — A2 —3HoVOat
oA ( ) PA2 3H()\/ QA 3H0\/ QA A( ) Al 3H()\/ QACL“/)’\
(4.2.23)

respeCtiVGIY' Here, Pradl; Prad2, )\radla Arad27 Pmatl; Pmat2; PAL, PA2, )\matla )\mat2> )\Ala and
Apo are all constants. We now consider the approximation that the transition of the
radiation-dominated universe to the matter-dominated universe occurs in a moment at
t = t1. Then, we connect the scalar fields as

)\rad(tl) — Amat(tl)a Sorad(tl) — Somat(t1> . (4224)

Moreover, we connect the time derivative of these scalar fields as

dSOrad _ d@ma‘c d/\rad _ d)\mat (4 9 25)
dt t—ts dt t—t; dt t—ts dt t—ty
The above two equations yield
3
a 13 di1 13
Pmat1l = glat Prad 1t /2 6 ?natt Pmat2 = Prad2 — SDra tl 1/2 + — 4 t% 5
rad rad
m AI‘ —
)\mat2 = (a at> t1/2)\rad2 ) )\mat 1= )\radl - ath 1/2 . (4226)
Arad rad

Similarly, when we assume that the transition of the matter-dominated era to
the dark energy-dominated era occurs at t = to, we impose @mat(t2) = @a(t2),

)\mat(tQ) = >\A(t2), % ) = d;’% - % s — d)\A ‘t o Then, we find
=t =t
QOmat1 4 1, PA1 —3Ho/Qat ta
tol— St =ppo— ——— ¢ ovVQata _
Pmat2 = mat 2 6 2 TPA2 3H0\/QACL§’\ 3H0\/QA’
)\matQ -1 )\A2 3H./Qp
Amat1 — D24l 3y A2 —3HTit
mat 1 amat 2 Al 3H QACL;Q’X
Pmat1, o 1 90A1 o—3Hov@xts 1 Amat2, 2 AA2 o—3HoV/xt
3 lp” —gle= - o 3 ly” = )
Amat 3 CLA 3}IO QA Amat a’A

(4.2.27)
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and we have the following relations of constants:

3 3HovQato
ase 1
A _ _t2aie3H0\/ﬂAtg :

3
t GSHOFt2 mat1 +
2 Pt e s 3

PA1 =
rnat
1 Pmat 1 2ty 1, 1
=@mat2 — | 1 — + -ty t+ =
PA2 =Pmat2 ( 3H0t2\/Q_A) todd . | OHoAs 6% OHZ(,
3
an —2 3Hov/Qats _ 1 ) Amat 2
Ao = t, “eOVEALZ N b2, AA1 = Amat1 — (1 —
Az (amat) 2 v At “ ( 3Hota/QUn ) toad
(4.2.28)
Combining these, we may delete Apat1, Amat2, Pmat1, and Qmato as
3H? AN 2
Xo+A=""0 = Ak Ay — e SHoV It
0 Al 3H0\/QA&?\
Arad2 —-1/2 t2_1
A :)\ra - t 14 t1t, 1-— ,
Al T it 3Hov/
3
/\AZ :/\radQ < an ) GSHOMt2t272t}/27
Arad
a 3
oAt = ey ( Ad) 5241/ 23 Ho VTRt
13 3t3t_2 3HovSnty 4 9A® ~  © aj e3HoVinta _ ltgaiesHOMtQ
6 3Hov/Qp 3 ’
B i e 1 t/? T
13 1 313, 1,
+ =1l =+ —t] — =t5. 4.2.29
6 ( 3H0t2\/9A> 16?2 ( )

Then, we may express Amat(t), A (f), Pmat(t) and pa(t) by using the parameters at the
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radiation-dominated era as

)\ra — —
Aumat (£) = Aract — 3dz <t1 1/2 —i—t}/Zt 1)

rad

Arad2 ,—1/2 —1 tity? —3Ho/n(t—t
Ar(t) = Arad1 — 2 1+ tt ——(1—e oVl 2))
a®) g Y2 3Ho/Oy
(t) = + PP N DA
Pmat = Prad2 Pradl 12 1 6 1 6
_ *SHOVQA(t*t2)> §t2 — Et to — th
e } + 121 g 12 T gl

) (1 _ e—3H0\/m@—t2)) .

rad

1
) = Pradz + Praat |(t2 + - (1
PA(t) = Prad2 90d1[(2 SH VO

1 13 1 1 1
- =t oty ———— —(t—t3).
3Hov/ (6 Y3 3Ho On SHO\/_QA( 2)

(4.2.30)

We then investigate the constraint of these constant parameter in the following three ways.
The first constraint is obtained from the fact that A + A should be constant at the dark
energy-dominated era. Then, we require

A2 —3Hov/Qat
Ag ~ A4+ dy, > |—2 e 3HovEiato
0 A 3H0\/QAG,?X

where Ay and tg is the current observed value of the cosmological constant and cosmolog-
ical time respectively. The second (third) constraints require us that the scalar fields in
the matter (radiation)-dominated era are negligible compared with the matter (radiation)
int; <t <K ty(t < tp). From the first constraint, we have

: (4.2.31)

AN 2 6—3H0\/QAto

A ~A+Ip1 > | ——F———= 4.2.32
! M ‘sﬂomai 232
By substituting Eq. (4.2.29), Ao ~ A + Ax1 becomes
Ao~ A Apas — 20292,217/2 |y 4y 1—L (4.2.33)
" S o 3Hov/ Q) | o
On the other hand, Ay > ‘?ﬂ;\#ﬁe%%mto yields
Arad2 —2,1/2 _3H\/On (to—t
Ao > ‘—t t, e 3Hovaa(to—t2) 4.2.34
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From the second constraint, in the matter-dominated era t; < t < to, we obtain

Ar — _
A+ A — 229240712 (14 gy
Arad
Ar t/? 13 1 _
B §d2t1/2 13_90rad1 - Fti) t_4 - gt_l <p= Qmpoam:;tﬁ_2 ’ (4'2'35)
Arad Qrad
where (1, is the density parameter of the matter and pq is the critical density denoted as
3HZ , L
Po= o G : Newton’s gravitational constant. (4.2.36)
7r

Similarly, from the third constraint, in the radiation-dominated era t < t; we obtain

)\ra ra —_ 5 — — —
A Apgay — 242 <‘p3d1t Pt 1/2) < p=Qpoait™?. (4.2.37)

rad arad

Here, €1, is the density parameter of the radiation. Although we cannot solve the con-
straint in Eq. (4.2.35) and (4.2.37) straightforwardly, we continue to investigate these
constraints in the following two assumptions. Firstly, when we consider the transition
of matter to dark energy-dominated era at t5, the right-hand side is almost equal to the
left-hand side. When ¢ goes to t1, the term which is proportional to t =% dominates. Thus,
the constraint Eq. (4.2.35) becomes

13 al
>\rad2 (@rad 1= _afadt?/Q) ’ < QmPO g;adtl . (4238)

6 mat

To consider the beginning of the radiation-dominated era, we define t3 as the beginning
of the radiation-dominated universe. Then, when we take ¢ to t3 in Eq. (4.2.37), the term
including ¢~3 dominates and we obtain

|)‘rad 2@Prad 1| < Qrpoafadt?) . (4239)

We then investigate details of the constraint Eq. (4.2.33), (4.2.34), (4.2.38), and (4.2.39).
Therefore, we use the following values of the cosmological parameters in [108] to obtain
the constraints of A\raq1, Arad2, @radi and Apaqe-

e The scale factor and the cosmological time when the radiation density was equal to
the matter density :
U = 2.8 X 10741, = 4.7 x 10* yr~ 1.5 x 102 s= 2.3 x 10%" [eV 1]

e The scale factor and the cosmological time when the radiation density was equal to
the matter density :
ama = 0.75,t5 = 9.8 x 109 yr~ 3.1 x 10*7 s= 4.7 x 10%? [eV ]
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Then,

The scale factor and the cosmological time at the beginning of the radiation era:

t3=1.0x 1073 s= 1.5 x 10720 [eV ]

The current value of the scale factor and the cosmological time :
ap = 1,10 = 13.5 x 10° yr~ 4.3 x 10'7 s= 6.5 x 1032 [eV ']

The current value of the Hubble parameter :
Hy =70 kms™'Mpc™ ' ~ 22 x 10718 571 = 1.5 x 1073 [eV]

The density parameter of the radiation : €, = 8.4 x 10~°

The density parameter of the matter: €,, = 0.3

The density parameter of the dark energy : 25 ~ 0.7

traa ~ (2Hov/ Q)% = 2.0 x 10710 s71/2 = 5.4 x 10718 [eV'/?)
Amat ™~ (%HOM)ZB ~5.7x 10713 §72/3 = 6.7 x 10723 [eVQ/?’]
ap ~ 0.2 [0]

The critical density : p, = % =5x 10724 kgm ™3 = 4.2 x 1071 [eV?]

Newton’s gravitational constant : G ~ 6.6 x 10~ m3kg~'s™2 = 6.7x 10757 [eV 2]

The current value of the cosmological constant : Ag ~ 10~ [eV?]

the constraints in Eqs. (4.2.33), (4.2.34), (4.2.38), and (4.2.39) can be rewritten as,

A+ Arad1 = Aradz ~ 107 [eV7],

[ Arade| < 10747 [eV?],

[ Arad2 (Prad1 — 7.3 x 1016 [eVT])| < 10723 [eV?] |
Arad2Prad 1] < 10762 [eV?] .

The first constraint of the above expression tells us that we may need fine-tuning of the
initial condition of the scalar fields. We now investigate more about the initial condition

of the

scalar field A\. When we choose t as the present time ¢ = ty, we obtain

/\rad 2

Ato) ~ 1071 [eVH] ~ A\ag1 — .
(to) ~ 107 [eV7] 17 6.4 x 10739[eV]

(4.2.40)
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Then, we have

A1 ~ (1073 V) Aaaz ~ (1070 eV])” (4.2.41)

This seems that the obtained value is very small. Although it might not be natural,
we assume that A..q1 = 0. We then find that the value of A at the beginning of the
radiation-dominated era becomes

A = Arad(ts) ~ (0.1 [keV])* . (4.2.42)

This implies that even if the current value of A(to) is A(to) ~ 10~ [eV?], at the beginning
of the radiation-dominated universe, it becomes, Araq(ts) ~ (0.1[keV])*. Note that the
converse is not possible since A;aq1 is not zero in general. If we once require Apaq(t3) ~
(0.1[keV])* at t = t3, we may find A ~ (0.1 [keV])* > 10711 [eV].

In this analysis, we have used the approximation that the scalar fields change in a
moment at the transition of the each era. We now solve Egs. (4.2.4), (4.2.6), and the
first equation of (4.2.8) numerically. In.Fig 4.1, the time evolution of A is shown. The
A at the beginning of the radiation-dominated universe is consistent with the analytical
approximation in (4.2.41). In Fig. 4.2, the time evolution of ¢ is shown. Here, the value of
¢ is given by the scaling of ¢ as ¢ = M3 . The evolution of the energy density is shown in
Fig. 4.3. We choose A;.q1 and A.q2 to realize the current value of the dark energy density
in our universe. Note that in the matter-dominated era or the radiation-dominated era,
we see that one can surely ignore the dark energy density.
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Fig. 4.1 The development of .
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Fig. 4.2 The development of .
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Fig. 4.3 The development of energy density.

4.3 Remarks

Note that this model realizes the de-Sitter space-time solution keeping one of the scalar
fields ¢ to be dynamical. This implies that we may evade the Weinberg’s no-go theorem.
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Remember that the Weinberg’ no-go theorem assumes that all fields will be constant at
late time. As a result, they need fine-tuning of the flat potential of scalar fields. Contrary
to this, we have obtained the dynamical solution of the scalar field at late-time. Therefore,
we do not have to fine-tune the potential as we did in no-go results.
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Chapter 5

Construction of renormalization group
of the topological model

In the previous chapter, we discussed the topological model in order to solve the cosmo-
logical constant problem. A part of the Lagrangian is described by BRS exact so that it
can be regarded as a kind of topological field theory. In this chapter, we will see that the
coupling constants including the cosmological constant changes as the universe expands.
This behavior is analogous to the renormalization group equation (RGE) since the cou-
plings run in response to the change of energy scale of the universe. Motivated by these
models, we propose new model which has two fixed points. One is an infrared (IR) fixed
point may realize the late-time acceleration of the universe. The other is an ultraviolet
(UV) fixed point which realize the inflation in the early universe. Especially, we construct
a model which realize de-Sitter space-time solution at the UV and IR fixed points.

5.1 Generalization of the topological model

We have assumed that the vacuum energy gravitates only as the cosmological constant.
In general, the huge quantum corrections from matter fields appear not only as the cosmo-
logical constant but also as other coupling constants. Although if we include the quantum
corrections only from matter field, huge quantum corrections appear the following four
coupling constants as

Lo = aR+ BR* + YR, R™ + Ry po RMP7 (5.1.1)

where «, 8,7 and ¢ are coupling constants which diverge. Note that when we include the
quantum correction, infinite number of counter term appear. This is one of the reasons
that general relativity is not renormalizable theory. In [109], the generalized topological
model has been proposed. The Lagrangian is given by

,C:—A-I-,Cg-l-ﬁqc-l-ﬁ)\,(p-l-f,pp, (5.1.2)
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where

L6 = =An) + Moy B+ M) B + M) Byw B + A(3) Rppo R
Ly = 0uA0)0"0(a) + 0ud(0)0"@(a) + Ou(5)0"@(5) + OuA(4)0" 0(y) + Ou (50" 0s)

Lrp = =0ub(1)0" () = Duba)0" (o) = Dub) 0" c(g) = Bub1)0"¢(y) = Iub(5)0"c(s) -
(5.1.3)

Here, i denotes (i = A, «, 3,7,0), A\; and ¢; are scalar fields, b; and ¢; are FP ghosts and
anti-ghosts respectively. Note that if we choose that i = A and A\,) = # = constant,
this Lagrangian corresponds to the Lagrangian in (4.1.8). When we redefine the \; as

the cosmological constant A and L. term vanish and we obtain
£:£G+£A,¢+£FP' (5.1.5)

We see that the quantum corrections do not affect to the dynamics by the shift of the
scalar field A again. The Lagrangian is invariant under the following BRS transformations:

(5]3/\(1-) = 5Bc(i) = 0, (SBQD(Z') = €C, (SBb(i) =€ ()\(i) - )\(i)O) y (5.1.6)
where A(;)o satisfy the classical equations of motion:
0=V"0, Ao - (5.1.7)

Furthermore, we may regard this Lagrangian as a kind of topological field theory including
gravity if ;)0 = 0. In fact, the Lagrangian is obtained by the BRS transformations (5.1.6)
as

dp (—b;For) = € (L + total derivative)

For = Z (O(i) + Vué?’“‘go(i)) . (5.1.8)
i=A,a,B,7,0

Here, we introduced the possible gravitational operator O(;y as

On =1, Ow =R, Op =R, 04 =RuR", O =Ru;R"". (5109)

We may further generalize the Lagrangian by introducing the possible gravitational oper-
ator O(; as

L= Z (A Oy + BuXiy0" o) — Oubiydeqry) - (5.1.10)

When we choose O,y = 1 and O(,) = R, it corresponds to the Lagrangian (4.1.8). The
above model can be also regarded as a kind of topological field theory including gravity.
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5.2 Model motivated by the RGE

In this section, we construct a kind of renormalization group equation (RGE) by using
the special case of the Lagrangian in (5.1.10).

As well-known, higher derivative gravitational theory can be renormalizable but at the
same time there includes the ghosts and thus the higher derivative gravity model losts
unitary [110-113]. Since the divergences from the quantum correction can be removed,
our model can be renormalizable. However, the unitarity is not guaranteed since the
Lagrangian in (4.1.8) have the higher derivative in general. The predictability is an
important criterion whether the theory can be renormalizable or not. When we consider
the quantization of gravitational theory from general relativity, we need to introduce an
infinite number of the counterterms to cancel the divergences. However, because of an
infinite number of the counter terms, we have to abandon the predictability. The model In
(5.1.10) seems that this model do not have the problem of these divergence. It is, however,
we need an infinite number of initial condition alternatively since the scalar fields become
dynamical and thus predictability is losts. However, note that if the scalar fields have a
certain fixed point, we may recover the predictability. Thus, in this section, we try to
construct the model which have the fixed point to recover the predictablility.

In this analysis, we consider the flat FRW metric:

3
ds® = —dt* +a(t)? Y (da')” . (5.2.1)
=1

Eq. (5.1.7) implies that the scalar fields ;) are characterized by the scale factor a(t).
Note that ;) are identified with the operators O(;). The a(t) dependence of these scalar
fields is analogous to the renormalized coupling constant. Based on the above insight,
we construct the model which has infrared (IR) fixed point regarded as the late-time
acceleration and ultraviolet (UV) fixed point regarded as the early time inflation.

Instead of (5.1.6), we use the following BRS transformation:

6B)\(1,) = 5BC(¢) = 0, 5B§0(,L) = €C(4), 6Bb(z) = E)‘(z) X (522)
We then consider the BRS transformation of the some quantity as

0B Z (b(i) (OZ + Vuauw(i) + fi (/\(j)) gO(i))> = eL + (total derivative), (5.2.3)
i=A\,«
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where f; ()\(j)) is a function of A(;). Then the Lagrangian in Eq. (5.2.3) is written as

L= Z (A Oy + 0uX@y 0"y + Aoy fi (Aiy) @00y — Oub@y @ ciy — fi (Azy) b)) -
(5.2.4)
From Eq. (5.2.3), the gauge fixing condition is given by
For = Z (OZ + V,ﬁ”go(i) + fi ()\(j)) 50(1-)) . (5.2.5)
=N,

Note that this gauge fixing condition is different from Eq. (5.1.8). Varying £ with respect
to ¢;, we obtain

DAy = =A@y fi (M) - (5.2.6)

In the FRW background in Eq. (5.2.1), the above equations become

PNy, Py
dt? dt

=iy fi (Ai)) » (5.2.7)

where H = a/a is the Hubble parameter. When we define the parameter 7 as, 7 = Ina,

we then find
d . d d? o d? d

—=H—,—=H H— 5.2.8
dt dr’ dt? dr? * dr ( )
From Eq. (5.2.8), we may rewrite the Eq. (5.2.7) as
A\ H\ dX\
2 (@) (@)
H { s + <3+ m) dr } = )\(i)fz' (/\(j)) . (5.2.9)

Since the change of the scale factor a(t) can be regarded as the scale transformation, we
may consider the following RGE:

d\
2 =g (A)) - (5.2.10)

In the above expression, g; can be regarded as the beta function in RGE which determine
the response of the scale transformation. In cosmology, the Hubble parameter H is usually
treated as energy scale. On the other hand, in an analogy with the RGE in the quantum
field theory, suggest that we can alternatively use the scale factor a(t) as the energy scale.
Then we obtain

) 99: (M)
p Z aA(k)j k() - (5.2.11)
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Therefore, by using g;, Eq. (5.2.9) can be rewritten by

9gi (M) H
fi M) = o {Z W g () + (34 75 | 9 (\) (5.2.12)

Note that RGE in Eq. (5.2.7) requires f; ()\(j)) not to be time dependent. Thus, from the
above expression in Eq. (5.2.12), it seems that we can only have any physical meaning
when the Hubble parameter is a constant at least in the neighborhood of the fixed point.
In other words, the space-time have to be described by the de Sitter space-time solution at
least asymptotically. As we will see later, we construct the model with the renormalization
flow which connect the two fixed points corresponding to UV and IR fixed point. Since
the value of H is different between inflation and late-time acceleration, H have to change
during the cosmological evolution. However, as we will see later, we can impose the scale
dependence of H into f; ()\(j)) or g; ()\(j)). In this analysis, we assume that there is a
UV or IR fixed point in the RGE in Eq. (5.2.10). In the early time or late time of the
universe, we suppose that the space-time asymptotically goes to the de Sitter solution.
When we properly choose f; ()\(j)) by Eq. (5.2.12), the early universe is identified with
the ultraviolet (UV) fixed point and the late time universe is identified with the IR fixed
point. Because the change of 7 is identified with the change of the scale and therefore 7
is described by using the scale factor as a = ¢”. We define the UV limit and IR limit by
using the relation of 7 and a. For the UV limit, we take 7 — —o0 and at the same time,
we obtain a — 0. On the other hand, for the IR limit, we take 7 — oo and similarly we
have, a — oo. Firstly, we consider the UV fixed point A — A{jy, and its neighborhood.
We assume the following condition in the neighborhood of the UV fixed point Afy:

dgiy (M)
T(z) >0. (5.2.13)
Then we obtain
9(i) ()‘(j)) ~TE)uv ()‘(j)) ()‘(i) - )\(i)UV) ; (5.2.14)

in the neighborhood of the UV fixed point. Here, we denote 7;uy as a function of A
which satisty ruv ()\(j)) > 0. If ryuv ()\(j)) is possible to be approximately constant
when A¢;) &~ Afyy, we obtain

rayuv (Ag) & rauy (Aguv) - (5.2.15)
Then, Eq. (5.2.10) can be solved by

i) & A@uv + Aguvoa(t) vy Gawv) (5.2.16)
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where A(;yuvo is an integration constant. Secondly, we consider the IR fixed point. In the
UV fixed point case, we assumed that the condition in Eq. (5.2.13). On the other hand,
in the IR fixed point case, we assume that

dgi) (M)

— =<0 5.2.17
in the neighborhood of the IR fixed point. Therefore, the solution can be obtained from
the replacement of r;yyv — —ru)mr and Agyuv — A@gr- Then we have

9@ (M) = —r@m (AG)) Ae = A@r) (5.2.18)

1 r(i)IR(()\(j)IR))
A = A A —
(4) ()IR T A()IRO (a(t))
where A¢;iro is also an integration constant. Note that if a(t) — 0 in Eq. (5.2.16) or
a(t) — oo in Eq. (5.2.19), they go to A\;yuv and Ayuy respectively. Therefore, as long
as we require that Egs. (5.2.16) and (5.2.19) in the neighborhood of the UV and IR
fixed point respectively, we may surely obtain the UV and IR fixed point respectively.
Therefore, in the neighborhood of the UV fixed point, f; ()\(j)) is written as

, (5.2.19)

HZ
)‘(i)UV

2
fi (M) = (rouv (oov) +3) reuv Apov) (Ao = Aauv)+0 (A = Aaov)”) -

(5.2.20)
Similarly, in the neighborhood of the IR fixed point, we obtain

2

2
(rm (om) = 3) ram (pm) (o) = Aom) +0 (Aa) = Aaym)?) -
(5.2.21)

When we only consider the Einstein gravity with cosmological constant, the action is given
as

f: (o) = 300

S = / d'zv/=g | MR = A+ > (0ude0"a) — ub@y @iy + Aayfo) Agy) @)

i=A,«

+ Smatter . (5222)

By varying the above action with respect to metric g"*”, we obtain
1
M) Gy + 5 AN I

1
+ D {59/” (oA 00i) + Ay fiy (M) ¢@)) + Oy Ovy| = T (5.2:23)

1=\,
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where we ignored the FP ghost terms since we only consider the classical dynamics. As
we did in the previous chapter, we assume that the scalar fields depend only on time:

Ay = Ao 1) @) = (t) (5.2.24)

Then, under the flat FRW background, Eq. (5.2.23) becomes,

1 . .
H = o 3 = 2 (Aovw = AafiM)ew) e (5:225)
@ i=A,«

When we consider the neighbourhood of the UV fixed point, the above equation becomes

2 ~ 1
6A(a)

(A(A)UV + Ayuvoa(t) @ o) — 3HA

+ riy (AG)) Ha(t)" o(* “))A( )Uvo¢(1)>
i—A.a

H 691 )\(]) H
Z { gy R0 (3F g |9 Oa) e (52.26)

=\«

When we take the UV limit:
a(t) =0, gu =0, As = A@uv, (5.2.27)

we surely obtain the de-Sitter spacetime solution as

A
H = Hyy = 2OV const . (5.2.28)
6A(a)uv

Similarly, in the neighborhood of the IR fixed point, we obtain

H? ~ 1
6 (a)

(A(A)IR + )‘(A)IROa(t)_T(A)IR()\(j)IR) — 3H\ (o)

T (MG . 5
- Z T'(3) (/\(J)) Ha(t)~ o ()>)\(z)1R0S0(z)>

=N\,

9gi (\»))

Z {Z k) gi (J)) + (3 + 5 ) 9i ()\(]))}90(1')- (5.2.29)

_|_

6)\(a) =N\«
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When we take the IR limit,
a(t) =00, guy =0, Au = A@r (5.2.30)

we have the de-Sitter solution again:

A
H = H = ZWIR _ const. (5.2.31)
6A(a)TR

We then try to construct the specific model motivated by RGE. We require that we connect
the UV fixed point and IR fixed point by using renormalization flow. We then consider
the following simple form:

foy Ag) = Aw (AG) (e = Aapuv) Aw — Aam) (5.2.32)

where A ;) ()\(j)) is a positive function of A. Comparing the above expression and (5.2.20),
we obtain

AoV
6A () UvAG UV

(riyuv Agyov) +3) rauv (Aguv) = A (Aguv) Awov = A@m)

(5.2.33)
in the neighborhood of UV fixed point. We may solve this equation with respect to r;uv
as

3 1 24N yuvAuvAe) (Agov
\/9+ (@uvAauvAm Aguv) v —Aom) . (5:2.34)

UV = —= + =
Moy 2 2 A)yuv

When we assume that A\;yuv > AR, the requirement of positive A¢;)yv is automatically
satisfied. On the other hand, when we consider in the neighborhood of the IR fixed point,
we obtain

A(MIR
5 — rom Agm) —3) rom (Agm) — 4w Agm) Aouv — Aom)
6A(a)IRA ()R
(5.2.35)
We may also solve this equation with respect to r¢;)r as
3,1 24\ () IRA @ IRAG) (A(HIR
Fom = 5+ 5\/9 - ) () (A@uv — A@r) - (5.2.36)
(A)IR
For a positive 7(;r and , we impose that
24N )y RAOIRAG) (AR
g5 amAomdn Apm) Doy = Aam) s Awuy > A (5.2.37)

A(MIR

Thus, as long as A, (/\(j)IR) satisfies (5.2.37), we can surely connect the UV fixed point
and IR fixed point by the renormalization flow f; ()\(j)) in Eq. (5.2.32).
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5.3 Summary

In this chapter, we have constructed models of topological field theory which includes
gravity based on the model in [104], [103], and [109]. In these models, the coupling
constants are described by scalar fields A;)(x). This parameter runs as the scale of the
universe changes. Therefore, we can analogously identify A;)(z) as running coupling
constants in RGE. As an example, we have proposed a model which connects the inflation
in the early universe and the accelerating expansion of the present universe. The inflation
and the late the acceleration are generated by the de-Sitter space-time solution with UV
and IR fixed point, respectively. However, we note that several problems which ruin the
useful characteristic in the original models still remain.

1. Since the Lagrangian has the non-linear term of A(;), we cannot absorb the huge
vacuum energy contribution as we did in [104], [103], and [109].

2. Although we need to have non-zero A(;) in the real universe, there is no physical
degrees of freedom of A(;) in the BRS transformation in Eq. (5.2.2). It implies that
this BRS transformation is spontaneously broken.

3. Although the original model in [103,104,109] has no physical parameters if A(;)o = 0,
the models proposed in this paper should have several parameters.

Therefore, it is interesting if we construct any model which solve some of the above
problems by keeping the structure similar to the RGE. In this chapter, we have constructed
models where the scalar fields A(;)’s play the role of the running coupling constants as
in the RGE. We have treated the scalar fields as classical fields although the RGE in
quantum field theory, origins from the quantum effect. Therefore, the models proposed in
this chapter might be realized by the effective field theory which connect the low energy
region with the high energy regions. If these models are really given as a kind of effective
field theories, we do not have to impose that the models satisfy the unitarity and evading
the ghosts. We have succeeded to construct such models and we have shown that we can
construct the model with two fixed points with proper flow.

The models have, however, arbitrariness, which could be removed by the constraints
from the observations and/or the consistencies of the models.

We further mention that there is possibility to approach the cosmological constant
problem in this model. In chapter 3, we saw that in the model in Eq. (4.1.8), we need
the fine-tuning of the initial condition of the dynamical scalar field. This imply that the
dynamics of the scalar field which realize our current universe is sensitive to the change of
the initial condition and therefore it seems that we cannot solve the cosmological constant
problem consistently. On the other hand, in this chapter the model in Eq. (5.2.22) has
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the non-dynamical initial condition. Therefore, even the model in Eq. (5.2.22) in this
chapter does not have the full property in Eq. (4.1.8), there is a possibility that we can
replace the problem of the fine-tuning of the initial condition of the dynamical scalar field
with the choice of the two fixed points. Thus, we can approach the cosmological constant
problem in this manner.
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Chapter 6

Conclusions

6.1 Summary and discussion

In chapter 1, we discussed the cosmological constant problem in details. The cosmolog-
ical constant problem emerges from two well-established theory, general relativity and
quantum field theory. We do not consider the ground state vacuum energy in quantum
field theory because it does not affect the experiments. This effect is, however, appear
explicitly when we consider general relativity based on the equivalence principle and the
general coordinate covariance. Although the cosmological constant is regarded as the vac-
uum energy in this manner, the naturally expected value of the quantum field theory is
much too larger than the observed one. This implies that we need tremendous fine-tuning
of the counter term. In addition to this, a further complication appears when we con-
sider the phase transition. This involves change of the vacuum energy which is also much
larger than the observed cosmological constant. Then, we may consider screening of the
cosmological constant by the dynamical scalar fields. However, we again stress that if we
work on the cosmological constant problem by using additional scalar fields, we need to
overcome Weinberg’s no-go theorem.

In chapter 2, we therefore discussed some attempts which might work the solution of the
cosmological constant problem. There are many attempts to solve the fine-tuning of the
cosmological constant. We have proposed the three attempts for solving the cosmological
constant problem. They do not seem to work well to solve the cosmological constant
problem completely.

In chapter 3, we reviewed the unimodular gravity in details. We only consider the
original model of unimodular gravity in chapter 2. We generalized the original model and
discussed the quantum theory of unimodular gravity.

In chapter 4, we proposed the model for solving the cosmological constant problem
motivated by the extension of the unimodular gravity. In this model, one of the Lagrangian
is regarded as a kind of topological field theory since the Lagrangian is described as BRS
exact. The important point was that we mainly considered the cancellation of the huge
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vacuum energy by the redefinition of the dynamical scalar field. Therefore, the fine-
tuning problem in quantum theory is replaced by the problem of initial condition in
classical theory. This system is stable under the de-Sitter space-time which describes the
dynamics of the late time universe. Therefore, we may expect that the initial condition of
the scalar field will be relaxed. As a result, it seems that we need fine-tuning of one of the
parameters of the scalar fields. However, there is a possibility that this model may relax
the original degree of the fine-tuning. Since one of the scalar fields remains dynamical at
the late-time, this model evades Weinberg’s no-go theorem which assume that all fields
become constant at the late-time.

In chapter 5, we further generalized the model in chapter 4. We extended the vacuum
energy cancellation mechanism described by a kind of topological field theory to the
higher curvature gravitational theory. From the perspective of the renormalizability and
predictability, we considered a topological field theory including gravity motivated by
RGE. Since the scalar fields are dynamical, we need an infinite number of counter term
and we lose predictability. These scalar fields can be regarded as coupling constants
depending on the scale factor. Therefore, the scale factor is identified with the scale
transformation and then we may construct like RGE. We then assumed the existence of
the UV and IR fixed points which correspond to the inflation and late-time acceleration
respectively and connected them by RG flow. Then, we expected that the predictability
could be recovered since the fixed points are not dynamical. Finally, we proposed the
model with a simple form of the RG flow and investigated the region which connect the
IR and UV fixed point properly. Furthermore, we mentioned the possibility that this
model can approach the cosmological constant problem.

6.2 Future directions

6.2.1 Generalization of the no-go evading Lagrangian

We proposed the Lagrangian which evades Weinberg’s no-go theorem. It seems that we
may generalize this type of Lagrangian. The indefinite metric term plays an important
role for evading no-go result keeping the system has the de-sitter space-time solution.
The fields are assumed to be space-time “independent” at late times in the Weinberg’s
assumption. Weinberg assumed that all fields are Poincaré invariant. On the other hand,
we allowed it to be broken in the only scalar fields sector. In other words, we preserve
Poincaré invariance at the level of curvature, but not at the level of the scalar fields. We
have considered that there is no equilibrium solution for one of the scalar fields in the
chapter 3. In chapter 3, we considered only one scalar field. We may add extra scalar
fields to obtain a general Lagrangian which evades the no-go theorem. It seems, however,
that we need to introduce an indefinite metric to reproduce such a Lagrangian in general.
If we introduce an indefinite metric, a ghost problem reappears as we saw in chapter 3.
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To avoid ghosts, we may have two choices. One is to consider only an effective theory.
The indefinite metric generates negative norm and unitarity is not guaranteed. On the
other hand, we do not have to consider that unitarity when we consider only an effective
theory, . We may need to modify the problem of the divergence of the vacuum energy
since the vacuum energy depends on the cutoff scale. Furthermore, as we discussed in
chapter 2, the cosmological constant is extremely sensitive to UV physics. Therefore, it is
doubtful to consider the effective theory which involves the cosmological constant in this
manner. The other is that we may extend the BRS transformation to the multi-fields. In
chapter 3, we considered the BRS transformation which makes one of the scalar fields to
be a physical quantity. By introducing multi-scalar fields, and considering the generalized
BRS transformation, we may keep some of scalar fields to be physical and the other fields
to be gauge degrees of freedom avoiding the problem of ghosts.
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Appendix A

Other attempts for solving the
cosmological constant problem

In chapter 2, we reviewed representative attempts for approaching the cosmological con-
stant problem. There are, however, many other attempts still remain, In this Appendix,
other approaches to the cosmological constant problem are given.

A.1 Vacuum energy sequester

The global vacuum energy sequester model has ben proposed in [118,119]. In this model,
the vacuum energy coming from matter can be consistently removed by introducing the
global variables to general relativity. Furthermore, we can evade Weinberg’s no-go theorem
and radiative instability. In addition to this, we can approach the coincidence problem in
this model.

A.1.1 The model

In the global vacuum energy sequester model, the action with the classical cosmological
constant is given by

S:/d4a:\/—_g [MT’%ZR—A] —/d4x\/—_§£(§“”,q>)+F (A%‘l) (ALY

where p expresses scale parameter and A is chosen as the hierarchy between matter scales
Mphys and Planck mass M:

Mphys
—= X A. A1.2
My ( )

We assume that the matter & minimally couples to the rescaled metric g, = A*g,,,. The
important point of this model is that we regard the A and A as dynamical valuables and
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we define F' as a function of A, A and p. By the variation of the action in Eq. (A.1.1)
with respect to ¢g*¥, A and \, we obtain the following equation of motion:

M2G iy = —Aguw + N T, (A.1.3)
/
4A)\4—,u4 = /d4£L’\/ —g)\4T, (A15)
respectively. Here, we define F/ = dl;iw) and T is the trace of the energy-momentum

tensor Tuv defined by

~ - 2 6 4 - ~ v
Ty = =505 /d xz\/—gL (g", ) . (A.1.6)

We assume that the space-time volume of the universe is finite. To realize this, we need
to impose the following two properties to the universe.

1. The universe is closed, i.e., the curvature is positive K > 0.
2. The universe finally goes to Big crunch.

Then, we can consistently define the space-time average quantity as
diz/—gA
(4) = Jday=gA , (A.1.7)
[ d*z/—g

where A is an arbitrary quantity. A quantity (A) is well defined if the above two properties
are satisfied. Therefore, the Egs. (A.1.4) and (A.1.5) become

A= i (T)y, AT, =T, . (A.1.8)
Then, Eq. (A.1.3) can be rewritten as

ME\Gpp =T — ig,w (T) . (A.1.9)
Note that the vacuum energy contribution A to the equation is irrelevant. When we split

the T}, into the vacuum energy contribution V,,. and other parts T;Eg) as

Ty = GuvVaac + T, (A.1.10)

Eq. (A.1.9) becomes
1
MG =T33 — S0 <T(°>> . (A.1.11)
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Therefore, the vacuum energy is consistently removed in the equation of motion in Eq.
(A.1.12) and we find that the effective cosmological constant in the sequester model Ageq
is expressed as

Asoq = <T<0>> . (A.1.12)

Note that this quantity only depends on the space-time average of the matter fields. In
other words, the effective cosmological constant is not sensitive to the radiative correction
and we can avoid radiative instability. We also note that we can evade Weinberg’s no-go
theorem in this manner. Finally, we mention about the relation of coincidence problem
between the sequester model. Since the effective cosmological constant is expressed by
the space-time average of the trace of energy-momentum tensor of matter, it can be the
clue of solving the coincidence problem. If we take the proper boundary of space-time,
the ratio of the cosmological constant and matter can be comparable.

A.1.2 Relation with naturalness

We review the sequester model in the perspective of naturalness. In this model, there are
two types of symmetries. One is the scale symmetry which is described as

h n h
A = A*A A L =N, + —EL s I By A1
= A= AN, g =+ Mo = e + Mo A ( 3)

Then, the action becomes

1
S—=S+0(—|. A1l.14
(MPI) (A.1.14)

When we take Mp; — oo, the action is invariant under the scale transformation in Eq.
(A.1.13). The other is the shift symmetry written as

L=L+B, A= A+DB)\. (A.1.15)

Then the action is also invariant under the above transformation as long as y — oc:

1

S—>S+O(—4) . (A.1.16)
L

Therefore, since the symmetries are enhanced if we take the inverse of the parameters set

to zero, the smallness of the effective cosmological constant Ageq/M3, is guaranteed by

naturalness.
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A.1.3 Phase transition is irrelevant

We show that the phase transitions of the universe are negligible for the effective cos-
mological constant. For simplicity, we assume that the potential are constant before and
after the phase transition V;, and V,. Then, the equations of motion before and after
phase transition become

1
MPQ’IG/W = T;SB) R <T(O)>
_ ) 9w (W —V) t<t.
_{—%A%—V>t>u’ (A.1.17)

where t, is the time of the phase transition. If we define the AV as AV = W, — V,, for
an early phase transition, we obtain

[ dta®
<Va_v> = _Avf;ffdt 3 <<AV>
a
ty
(Vi = V) ~ O(1)AV, (A.1.18)

where a is scale factor, ¢; and t; is the starting and the ending time of the universe
respectively. Therefore, after the phase transition, the difference of the value of the
vacuum energy is irrelevant if the phase transitions occur early time. This model have good
properties to approach the cosmological constant problem. It seems, however, remains the
important problem. Remember that to define the space-time average in Eq. (A.1.7), the
space-time volume of the universe should be finite. It may cause the problem of causality.
We have to impose that our universe goes to Big crunch in advance and it may break the
causality.

A.2  Quantum cosmology

One of the approaches of quantizing the whole universe is called quantum cosmology.
Under the several assumptions, we can calculate the probability for A = 0 in the method
of quantum cosmology. The wave function can be calculated by the Wheeler-DeWitt
equation which derives from Dirac’s quantization [120] .

A.2.1 ADM decomposition

We use the Hamiltonian formulation for the canonical quantization. When we apply the
Hamiltonian formulation to the relativistic theory, we decompose the space-time into time
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and space, called Arnowitt, Deser, Misner (ADM) decomposition [121]. Then, the line
element ds? = Juvdrtdzr” becomes

ds* = N2dt? + hgp (Ndt + da®) (NPdt + dz®) (A.2.1)

where N is a lapse function, N, is a shift vector, and h,, is a three-dimensional spa-
cial metric. We decompose the space-time into the time direction and three-dimensional
hypersurface ¥; which is orthogonal to the time direction. We can express the four-
dimensional Ricci scalar R by using N, N, hqp and three-dimensional Ricci scalar GIR
as

WR=C) R+ K, K% — K? — 2V*(naVony, — np Vo), (A.2.2)
where n® is a normal unit vector on 3;, K; is an extrinsic curvature defined by

Ohap
ot

and K is its trace. Then, the Einstein-Hilbert action Sgy becomes

1
Kab = aAr <DaNb + DbNa -

5N ) , D, : covariant derivative on 3, (A.2.3)

SEH = d4I\/ R
2/12

1

=53 <(3)R + KabKab K2> N\/ﬁ - 5 / nav ny — nbV na)dzb (A 2. 4)
2K v ov

When the boundary is fixed, we obtain

1
SEH = 0 N (<3>R + Ko K* — K2) Vhdtd’z = 53 / Ndtd*zLen.  (A.2.5)
K
The conjugate momenta for N and NN; is zero, and thus we obtain the primary constraints
as

=0. (A.2.6)

A.2.2 Minisuperspace

The is often used for the canonical quantization of gravity. We have to consider an infinite
number degrees of phase space in quantum gravity. In the minisuperspace approximation,
we treat space of all three-dimensional metric and matter in Riemanian manifold are on
the hypersurface >;:

Riem(X;) = {hap(x), ®(z)|z € 3} . (A.2.7)

Therefore, we impose an infinite degrees of freedom on the (hgp(z), ®(x)) with a finite
degrees of freedom in this approximation.
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A.2.3 Canonical quantization

The momentum conjugate to hgp is given by

oL vh

b = —— = — (K — Kh?) . A.2.
DPab ahab k2 ( ) ( 8)
We then have the canonical commutation relations:

{han(k), p°(q)} = 066, 5% (k) — () - (A.2.9)

We obtain the Hamiltonian
H = /d3$ <pNN + p*Na + pabhap — EEH)
= /d?’x (NHI + NH®) (A.2.10)
Here, HY is
1o = Vi (DR + Ky K™ — K?)

3)
ab, cd \/E R

= 2k%G abeap™p e (A.2.11)

where G 4pcq is defied by

|5

Gabcd = (hachbd + hadhbc - habhcd) . (A212)

From the Dirac quantization, we obtain the zero energy Schrédinger equation by using
Hamiltonian constraint:

HI (hap, p*°) ¥ (hap) = 0. (A.2.13)

Here, W(hyyp) is called “wave function of the universe”. Furthermore, in the canonical
quantization, we replace the p® as

ab N 1 0
i Ohap
Then, we obtain the so-called Wheeler-DeWitt equation:

5 5 VAR

<2H2Gabcd5h . 5ho + By ) U(hgy) =0. (A.2.15)

p (A.2.14)
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Hartle and Hawking have proposed no-boundary condition, which leads to

U (hav) ~ /Dg,w exp [—-Sg] , (A.2.16)

where Sg is the Euclidean action. This no-boundary condition require also the closed
universe and finite volume of the universe as we saw in the previous chapter.

A.2.4 Hawking's approach

Inspired by eleven-dimensional supergravity, Hawking has introduced the three gauge field
into the action [122-126]. The action is given by

1 1 oo
S=- 53 d*zv/—g (R +2ApB) — E/d‘lx\/—gFngF“ P, (A.2.17)

where Fj,, 0 = V[, Ay 01 is the field strength of the three form field A,,, which is included
in eleven-dimensional super gravity [127]. Then, in the four dimensional Euclidean space-
time, the trace of the Einstein equation of motion becomes

= —dAeg = —4 (A — Kw) | (A.2.18)

where w is unknown parameter which is independent of the dimension of space-time.
Then, under the no-boundary condition, Sg becomes

Mpy

= — A.2.19
Sk 3T A ( )
and therefore we obtain v
U  exp [37r Pl} . (A.2.20)
Aeff

Note that this wave function of the universe has the peak at A.g = 0.

A.2.5 Coleman’s approach

Coleman has proposed the model which has topological effect of wormholes [129]. This
model realize the similar solution in Eq. (A.2.20) without using the three-form gauge
fields. Alternatively, we introduce the following action,

Swi =Y (az +al ) /d‘lw ZA /d%@ z), (A.2.21)

7
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where a; and aZT are the annihilation and creation operator of the early universe, and O;
is the local operator corresponding to i. The path integral over 4-manifold with a certain
boundary condition is given by

/Dg,ual/D@e_S = /DQHVD(I) <E ’e_(S+SW0rn]}lole)

E> , (A.2.22)

where * denotes that wormholes and early universe are excluded, and |E) is a normal-
ized early universe which depends on the boundary condition. When we impose the

no-boundary condition, we obtain
a; |[E) =0. (A.2.23)

|E) can be expanded by using the eigenstates of the A; as
|E) = /fE(a) Hdai\a), |a) : Eigenvalue of A; (A.2.24)

Note that if the scale is sufficiently large, the manifolds are only connected by wormholes.
Thus, they can be integrated out over. For the no-boundary condition, the wave function
is expressed as

VP Ea) = 3 e = BB (E)Z(a), (A.2.25)

all manifolds

where we denote St(a) as St(a) = S + Swu(«). Then, we sum over the vacuum to
another vacuum which are closely connected each other and obtain

UNB o exp Z e~ 5@ (A.2.26)

connected manifold

The power of the above quantity can be expressed by using the background gravitational
effective action Igg as

Z e 5@ = Zexp [—Ipc], (A.2.27)
T

connected manifold

where subscript 7' under the > means that we sum over the topologies. The leading
contribution from Igg for sufficiently large universe is

Ipg ~ / d*z/—ghe(a). (A.2.28)
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Here, A,e(cr) denotes the renormalized cosmological constant. Substituting the above
expression into Eq. (A.2.26), we obtain

M2
TNB o exp {exp (37TAP):| : (A.2.29)

Note that the above expression is very similar to Eq. (A.2.20). The limit A, — 0 give the
highest probability of the universe. This approach is, however, violated by including the
additional term in Eq. (A.2.28) [130]. If we include the following term in Eq. (A.2.28)

/ d*z/—gO(1)n(8TGA)? (A.2.30)

Eq. (A.2.29) becomes

2
TNB o exp {exp (BWJXIP + 77(9(1))} . (A.2.31)

Note that we can also obtain || — oo for realizing the maximum of the probability.
However, it means that the unitarity is violated. This implies that the number of large
wormholes is large and an universe is covered by wormholes [130,134-136].

Furthermore, this approach and Hawking’s approach are used only in the method of
Fuclidean path integral based on no-boundary condition. However, whether it can be
applied to quantum gravity or not is not clear in these models.

A.3 Modifying the evaluation of the global Hubble parameter

Recently, Q.Wang, Z. Zhu, and W. G. Unruh have proposed the new method of the
evaluation of the vacuum energy [137]. In this method, the vacuum energy does not
gravitate as the cosmological constant. This method is motivated by the Wheeler” s foam
of space-time [138,139]. It suggest that the structure of the vacuum is foamy and wee see
it as the cosmological constant. Conventionally, we treat the vacuum energy as a constant
all over the space-time, and therefore the Hubble parameter is evaluated as H oc A2. On
the other hand, when we include the fluctuation of the vacuum itself, the correlation of
the vacuum strongly changes at the very small region of the each space-time. Then, we
see that the global Hubble parameter becomes H oc Ae= M. If we take A to very large,
the Hubble parameter goes to asymptotically, but do not exactly zero. Therefore, we can
expect that we obtain the very tiny Hubble parameter which we currently observed.
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A.3.1 The new evaluation of the fluctuation of the vacuum energy

For evaluating the fluctuation of the vacuum energy, we consider the following massless
scalar field:

d’k 1 —ikx T ikz 2 2
¢(z) = 27772 V2w (ake +age >, ke =w”. (A.3.1)

Then, we define the vacuum state by
CLk|0> =0. (A.3.2)

We see that the total vacuum energy is constant all over the space-time:

H= /d%TOO - /d%% (<;'52 + (w)?) ~ /d% (Too) ~ /d3:cA4. (A.3.3)

Here,

1 [ d3kd3q ,
00 2/ 2(2m)? (k q +k q) agaye

_{_a};aqei(k—q)w — apage” DT _ al];agei(k-iﬂ)x} '

(A.3.4)

Note that the magnitude of the fluctuation of the above quantity Ty also diverges in the

order of A%:
\/<(T00 - (T00>)2> ~ A\ (Too)” ~ A*. (A.3.5)

In other words, the correlation of the vacuum is extremely fluctuating in each space-time
and it is comparable to the magnitude of the total vacuum energy density.

A.3.2 Minimal extension of the FLRW metric

Since the vacuum energy is lo longer constant in space-time, we need to modify the
evaluation of that quantity. Therefore, we introduce the extension of the flat FLRW
metric by replacing the scale factor a(t) to a(t,x) as

3
ds® = —dt* + a®(t) Y _da’ — ds® = —dt* + a’(t,x) Y _da’. (A.3.6)
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Then the Einstein equation can be written as

d;a0'a  20%a 5
i e Tho,

0;a0;a n 2@@ B 0;0a

a? a a a

Goo = 3H? +
(A.3.7)

Gij = — (2&& + d2) 5ij — = 52Tija

G()z' = —28¢H == /{2T0i .

Here, i and j are spacial indices 4, j = 1,2, 3, and we define 92 = 0;0° and the local Hubble
parameter H(t,x) = a(t,x)/a(t, x). Note that if we take a(t,x) — a(t), we recover the
conventional Friedmann equations. If i # j, the vacuum expectation value of T;; and T,
are zero:

(L) = (Toi) =0, fori#j (A3.8)

On the other hand, the vacuum expectation value of its squared quantity is large:

V(T2 ~ A\ (To:)? (Too)? ~ VGA* . (A.3.9)

As we have seen so far, the space-time fluctuate itself and therefore the quantum vacuum
is tremendously inhomogeneous. It implies that the local Hubble parameter is no longer
available. From Eq. (A.3.7), we note that the local Hubble parameter H

1. becomes a huge quantity,

V(H?(t,2)) ~ VG/(Too) ~ VGA® (A.3.10)

2. changes drastically at each spatially different point

H(t.@) — H(t,y)| ~ (T} |2 — y| ~ VGA* |& — y| (A3.11)

Furthermore, we can see that the local Hubble parameter periodically and strongly
changes. From Eq. (A.3.7), we obtain

Goo + — Z Gii = —— (A.3.12)
This yields time-dependent harmonic oscillator:
i+ 1%, x)a=0, TI*= w <T00+iiT--> = ’““—2& (A.3.13)
’ ’ 6 a? ~— 3

Note that the frequency is very large because

(I1?) ~ VGA*. (A.3.14)
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Therefore, the local Hubble parameter changes periodically and largely between positive
and negative value.

H(t,xz) ~ P(Ilt), P(IIt) : periodic function. (A.3.15)

This period is very short because the frequency is very high T'= 1/II ~ 1/A2. Thus, the
local Hubble parameter changes drastically at the spatially and temporary different point.
This implies huge global cancellation of the Hubble parameter in a certain large scale of
the universe and it may realize the slowly expansion of the current universe. The image
is shown in Fig A.1

At ~ —
-Slowly expansion?

@ Contracting region Expandlng region

Fig. A.1 Slow expansion in global universe

A.3.3 Global Hubble parameter
We then define the global Hubble parameter by

Hg(t) = D_ / Va2(t,x')dx' . (A.3.16)

Here, D(t) express a physical distance which is expressed D(t) = a(t)|x2 — @1| when
a(t,x) = a(t). Although II(¢, ) is not exactly periodic, it is al least quasi periodic of the
order A=, Then, Eq. (A.3.13) can be written as,

a(t,x) oc exp [/t h(t’,w)dt'} Fap(t,xz), h(t,z)>0. (A.3.17)

Here, Fqp(t, ) is quasi periodic function of order A~!. Substituting the above quantity
into Eq. (A.3.16), we obtain D(t) and the relation between the global Hubble parameter
Hg and h(t,x) as

T2 1 t
D(t) = Doef'et, Dy = / Fép(t,x)dw, Hg = ;/ h(t',x)dt’ . (A.3.18)

1



A.3 Modifying the evaluation of the global Hubble parameter 77

We now investigate a solution for Fqp. We assume that we can regard a(t, ) as classical
quantity as a kind of semiclassical approximation and only quantize the fields propagating
on a(t,x). It is difficult of fully solve the quasi periodic harmonic oscillator and obtain
the global Hubble parameter Hg. It is, however, can be solved if the following slowly

varying condition is satisfied:

I
T(z—t <1I. (A.3.19)

Actually the above condition is satisfied in this model when A — oco. Because

1 1 diT\ 2
2\ o 1/4 2 ~ o D ~ 3
VIERY ~ GYVAN2 T T~ Ten <(dt) > VGA? (A.3.20)

we have dll
T— ~A, TI~A?%, (A.3.21)
dt
and therefore, we surely have
Td—H <II for A— o0. (A.3.22)

dt

Then, we can solve the Hg by using adiabatic approximation [140]:

Hg ~ Ae‘amA, « : dimensionless parameter . (A.3.23)

Note that if we take A — oo, the global Hubble parameter behave Hg — 0 asymptotically.
Therefore, we can easily obtain the small but non-zero global Hubble parameter.

A.3.4 Back reaction is irrrelevant

For A — oo, the back reaction can be ignored since the vacuum play a role of huge
energy pool. While the effect of the back reaction only occurs at the length ~ A~1, the
fluctuating space-time occurs at the length of ~ ﬁ Therefore, the back reaction effect
is much smaller than the fluctuating effect of space-time if we take A — oo as shown in
Fig A.2. This model is inspired by the foamy structure of the vacuum by Wheeler and the
resulting value of the global Hubble parameter is reasonable to reproduce our universe.
It has, however, a weak point when we take the cutoff scale. From Eq. (A.3.23), we need
to take A larger than the Planck mass to obtain a small value of Hg since VG ~ Ml§ll.
When we consider the energy scale beyound the Planck scale, we have to take the effect
of quantum gravity into consideration and the approximation that we treat the a(t, ) as
a classical quantity could be violated.
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ack reaction effect

A
v

=
A

~ Space-time fluctuation

Fig. A.2 The scale of the fluctuating space-time and the back reaction

A.3.5 Other attempts

We reviewed the several attempts for the cosmological constant problem. There still re-
mains many approaches. Universe multiplication by Linde assume the mirror universe with
negative energy and the vacuum energy contributions are cancelled each other [141-143].
The super symmetric large extra dimension scenario [144-147] use the six-dimensional su-
pergravity [148,149]. In this scenario, the universe is described by one of two three-branes
which is not supersymmetric and four dimensional vacuum energy only curves the two
extra dimension. The idea of fat graviton has proposed by Sundrum [150]. This is a kind
of effective field theories with graviton length ~ 1meV. As a result, the contribution of
tadpole diagram is suppressed and vacuum energy does not contribute to the cosmological
constant. We leave off other attempts in this chapter, but we emphasize that there still
exist several approaches to the cosmological constant problem.
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