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ABSTRACT

HIGGS COSMOLOGY

In this thesis, a cosmological model is developed that unifies the scalar sector
of gravity with spontaneous symmetry breaking by extending the Jordan—Brans—Dicke
(JBD) framework through the introduction of a specific potential, inspired by the hy-
pothesis that the Higgs field and the cosmic scale factor are fundamentally linked.
The scalar mode of gravity is treated as a conformal factor of the metric, leading to
a reduced action in Minkowski space that mirrors the Higgs mechanism by simultane-
ously describing a massive scalar excitation and an expanding spacetime background.
Within this framework, a coupled Lagrangian is derived involving the JBD scalar field
and the Higgs field, the latter reinterpreted to reflect the dynamics of the cosmic scale
factor. Through a field-space coordinate transformation applied to the reduced JBD
action—whose kinetic sector takes the form of a nonlinear sigma model—the theory
is reformulated such that the two scalar fields decouple, thereby allowing a Higgs-like
mechanism to manifest. This reformulation leads naturally to spontaneous symmetry
breaking, resulting in a time-dependent vacuum expectation value (VEV) of the Higgs
field and associated Higgs bosons as quantized fluctuations. By embedding the Stan-
dard Model into the Einstein—JBD Lagrangian, the time-dependence of the Higgs field
is shown to affect the effective gravitational constant G.g, giving rise to a dual Big Bang
scenario: the first characterized by a vanishing spatial volume and G.g = 0, evolving
through a phase of negative, repulsive gravity dominated by JBD dynamics, and a
second Big Bang where Geg transitions from negative infinity to positive values. To
explore internal symmetries, an SO(3) symmetric triplet of Higgs fields is introduced,
and it is shown that the conserved quantity associated with this symmetry induces

spontaneous symmetry breaking and Higgs mass generation.



OZET

HIGGS KOZMOLOJISI

Bu calismada, Higgs alam ile kozmik 6lgek faktorii arasinda temel bir bag bu-
lundugu hipotezinden yola ¢ikilarak, Jordan—-Brans—Dicke (JBD) kurami 6zel bir potan-
siyel terimi ile genigletilmekte ve yercekiminin skaler modu ile kendiliginden simetri
kirmimi birlegtirilerek 6zglin bir kozmolojik model geligtirilmektedir. Yercekiminin
skaler modu metrik tensoriin konformal bir ¢arpani olarak ele alinmakta ve bu yaklagim,
Minkowski uzayinda Higgs mekanizmasini andiran indirgenmis bir eylem elde edilme-
sine olanak tanimaktadir; bu eylem hem kiitleli bir skaler uyarimi hem de genisleyen bir
uzay-zaman arka planini birlikte tanimlar. Bu cercevede, JBD skaler alani ile kozmik
olcek faktoriiniin dinamiklerini yansitacak bigimde yeniden yorumlanan Higgs alanini
iceren baglantili bir Lagrange yogunlugu tiiretilmistir. indirgenmi§ JBD eylemine,
kinetik kismi dogrusal olmayan sigma modeli biciminde olan bir alan uzay1 koordinat
dontigiimi uygulandiginda, iki skaler alan birbirinden ayrigmakta ve bu sayede Higgs-
benzeri bir mekanizma kendiliginden ortaya c¢ikmaktadir. Bu yeniden formiilasyon,
kendiliginden simetri kirinimini dogal olarak tiretmekte; zamanla degigsen bir vakum
beklenti degeri (VEV) ve bu degerin ¢evresindeki kuantize salimimlar olarak yorum-
lanan Higgs bozonlarinin ortaya ¢ikmasina neden olmaktadir. Standart Model’in Ein-
stein—JBD Lagrangyenine gomiilmesiyle, Higgs alaninin zamana baglilhigi, etkili kiitlegekim
sabiti Geg'i etkilemekte ve ¢ift agsamali bir Biiyiik Patlama senaryosuna yol agmaktadir:
Ik asama, uzaysal hacmin sifira ve Geg = 0’a indirgenmesiyle tanimlanir; burada di-
namikler JBD kuramindaki itici, negatif kiitlecekim faz1 tarafindan yénlendirilir. Tkinci
asamada ise Geg negatif sonsuzluktan pozitif degerlere gecis yapar. I¢ simetrileri in-
celemek amaciyla, SO(3) simetrisine sahip ii¢lii bir Higgs alani tanitilmakta ve bu
simetriyle iligkili korunmus niceligin hem kendiliginden simetri kirinimina hem de Higgs

kiitlesinin olusumuna neden oldugu gosterilmektedir.
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1. INTRODUCTION

Since ancient times, humans have known that the scale of the universe is enor-
mous. The size of the observable universe is approximately 93 billion light-years at
present [1]. Cosmology, therefore, permits us to study the vast universe as a whole [2].
While the Standard Model of particle physics does not directly describe the large-scale
structure of the universe [3], it can nevertheless be unified with cosmology to study the

behaviour of particles during its formation [4, 5].

Consequently, the Higgs field plays crucial roles in connecting the Standard Model
with cosmology [6-8]. Most notably, the electroweak phase transition in the early
universe [9,10] is intimately related to the Higgs field, as it is responsible for electroweak
symmetry breaking and for generating the mass of all fundamental particles [11-13]. As
the universe evolved from a hot, dense state to a cold, sparse one, the dynamics of the
Higgs field during the electroweak phase transition becomes relevant in understanding
the universe’s thermal history [14]. Historically, the Higgs field, which gives mass
to elementary particles, has also been proposed as a candidate for the inflaton [15],
responsible for driving the exponential expansion of the universe shortly after the Big

Bang [16].

Moreover, Einstein’s theory of gravity is among the most remarkable achieve-
ments of modern physics. General Relativity [17-19] not only explained the observed
perihelion advance of Mercury and predicted the correct bending of light near the
Sun, but also anticipated the expansion of the universe and gravitational waves. From
a modern perspective, Einstein’s equations in vacuum can be derived by considering
Pauli-Fierz field theory [20] for a massless spin-2 graviton and coupling the canonical
energy—momentum tensor as a source. This derivation, iterated to all orders [21,22],
is more involved than Einstein’s original argument based on covariance and conserva-
tion. While gravitational waves have now been observed [23], confirming key aspects

of spin-2 gravity, the possibility of spin-0 gravitational waves remains open.



Nevertheless, although Einstein’s vacuum equations describe gravity as mediated
by a massless spin-2 particle, the FLRW cosmological model [24-29] includes only a
scalar degree of freedom — the time-dependent scale factor — due to the assumptions
of isotropy and homogeneity. This thesis, therefore, focuses on this scalar mode to
examine how far cosmological phenomena can be explained without invoking the full
tensor structure of General Relativity. Such scalar theories were first considered by
Einstein and Nordstrém [30-32], but were largely set aside following the empirical
successes of General Relativity. More recently, scalar fields have regained importance
due to the triumph of the Standard Model [33-35], which describes particle masses
as arising from dimensionless couplings to the vacuum expectation value of the Higgs

field.

Historically speaking, since the Renaissance, two dominant ideas about the na-
ture of space have shaped scientific thought. The first, derived from Descartes’ vortex
theory [36] and Newton’s absolute space, envisions space-time as an entity with its
own physical structure. This classical view continued through aether theories that pro-
posed a medium for the transmission of electromagnetic or gravitational interactions.
In contrast, the relativistic viewpoint holds that only relative motion is physically
meaningful. Following Maxwell’s equations and the Michelson-Morley experiment [37],
Poincaré proposed that all fundamental interactions, including gravity, should obey
relativity [38]. In the same year, Einstein introduced the foundational postulates of
special relativity [39], and a decade later formulated General Relativity [40], in which
gravity emerges from spacetime curvature induced by matter and energy. This frame-
work elegantly explains gravitational lensing, black holes, gravitational waves, and the

universe’s origin and expansion [2].

Accordingly, General Relativity requires both classical and quantum corrections
in strong and weak gravity regimes to explain certain phenomena such as binary pulsar
orbits, black hole mergers, and exotic sources [41,42]. These considerations motivate
modified gravity theories, categorized as higher-derivative extensions, extra-field theo-

ries, non-minimal couplings, or higher-dimensional models. Among the scalar—tensor



theories, the Jordan—Brans—Dicke (JBD) theory remains one of the most influential.

The JBD theory incorporates both scalar and tensor fields to represent gravita-
tional interactions. Despite issues such as naturalness [43], indeterminacy [44], exper-
imental constraints [41], and interpretational challenges [45], it continues to attract
interest. Besides predicting classical tests of gravity [46], JBD theory has been used to
study inflation [47], cosmic homogeneity [48], dark energy [49], and stellar stability [50].
In this thesis, we therefore consider a hybrid model in which the early universe is gov-
erned by JBD dynamics, transitioning into an Einsteinian framework with a constant

Newtonian gravitational constant.

This thesis synthesizes the results of five individual research papers, each pre-
sented and analyzed in a dedicated chapter. The structure of this thesis is as follows.
Chapter 2 [51] investigates the scalar mode of gravity, highlighting the importance of
the scalar sector of the Standard Model in cosmology. Chapter 3 [52] examines the
interplay between the Higgs field and Jordan—-Brans-Dicke cosmology. Chapter 4 [53]
develops the Higgs-mode perspective within modified cosmology, focusing on the conse-
quences of a time-dependent Higgs vacuum expectation value. Chapter 5 [54] explores
spontaneous symmetry breaking induced by internal SO(3) symmetry, relating angular
momentum in field space to the scale of the universe. Chapter 3 provides a more realis-
tic and detailed treatment compared to Chapter 2. The motivations behind Chapters 1
and 2 are closely aligned, as both investigate scalar degrees of freedom in cosmological
settings. Additionally, natural units will be employed throughout this thesis by setting
h = ¢ = 1, which simplifies the equations by eliminating explicit factors of Planck’s

constant and the speed of light.

1.1. Motivations for Extending Einstein Gravity to Jordan—Brans—Dicke

Theory

Einstein’s theory of General Relativity represents a landmark in our understand-

ing of gravitation, unifying the geometry of spacetime with the distribution of matter



and energy. Its predictions have been repeatedly confirmed, and its formulation—based

on the Einstein—Hilbert action,

1 T
SEH = W/d X —gR+ Smatter[guln\IjL (11)

has proven robust across a wide range of physical regimes. Nevertheless, certain con-
ceptual gaps and cosmological observations have long motivated the search for a more
flexible framework. One such extension is offered by the Jordan-Brans-Dicke (JBD)
theory, a scalar-tensor model in which the gravitational coupling is no longer constant,

but instead evolves as a field determined by the dynamics of the universe.

A key motivation for this generalization arises from the philosophical legacy of
Mach’s principle, which suggests that local inertial properties should somehow reflect
the influence of distant matter. Although General Relativity was partly inspired by
this idea, it ultimately does not satisfy it: Newton’s constant Gy remains fixed and
unresponsive to the distribution of cosmic matter. The JBD theory, introduced in 1961
by Brans and Dicke [56], directly addresses this issue by replacing Gy with a dynamical
scalar field ®(z), such that the effective strength of gravity becomes

(1.2)

In this setting, gravitational interactions are mediated by both the spacetime
metric and a scalar degree of freedom, whose evolution is governed by the following

action:

1 w
Soep = /d4x V=9 [é(I)R B ﬁg‘“’ﬁﬂqb 0,®| + Smatter[guw \Ij]v (1-3)

where w is a dimensionless coupling constant characterizing the kinetic term of the

scalar field.

Beyond its conceptual elegance, the JBD framework offers room to accommodate
physical scenarios where the gravitational constant may evolve slowly over cosmological

timescales. Such possibilities are not excluded by observational data and may even help



to resolve puzzles in early-universe cosmology, such as the dynamics of inflation or the
onset of cosmic acceleration [57,58]. In these contexts, a dynamical scalar field can

serve as a source of effective dark energy or play the role of a cosmological inflaton.

Equally important is the connection between scalar-tensor models and the broader
landscape of high-energy physics. Theories that seek to unify gravity with quantum
field theory—such as string theory, supergravity, and higher-dimensional models—
generically predict scalar fields that couple non-minimally to curvature. Notably,
the dilaton field in string theory plays a role closely analogous to the Brans—Dicke
scalar [59,60]. Thus, the JBD action may be interpreted as a low-energy effective

description of more fundamental dynamics arising from a quantum theory of gravity.

An attractive feature of the theory is its compatibility with observational con-
straints. In the formal limit w — oo, the scalar field becomes effectively frozen, recov-

ering Einstein’s theory as a special case:
lim SJBD — SEH (14)
wW—r00

This ensures that the model remains consistent with current solar system tests, while
still allowing for non-trivial departures from General Relativity in cosmological settings

where deviations could be more pronounced [61].

Moreover, the replacement of a fixed gravitational scale with a field-dependent one
enables the theory to accommodate scale invariance, a symmetry of growing interest
in gravitational and quantum field models. Under a local conformal rescaling of the

form
G — )\Q(x)gm,, d(z) = A 2(2)®(2), (1.5)

the JBD action remains invariant (in the absence of matter), suggesting a deeper

geometric structure that may play a role in ultraviolet completions of gravity [62,63].

In light of these motivations, the Jordan-Brans-Dicke framework stands out as



a natural and well-grounded extension of Einstein gravity. It retains the geometric
essence of General Relativity while enriching it with a scalar dynamical structure,

allowing gravity itself to evolve in concert with the universe it shapes.

1.2. The Higgs Mechanism and the Origin of Mass

One of the most profound insights in modern physics is that mass is not neces-
sarily a fundamental property. Rather, it can emerge dynamically from the quantum
structure of a field through a process known as the Higgs mechanism [64], which bridges
the abstract symmetries of the Standard Model with the tangible properties of mat-
ter [65].

At the core of this mechanism is the Higgs field, denoted &, a scalar field that fills
all of spacetime. Unlike many physical fields, the Higgs field has a non-zero vacuum
expectation value (vev) even in its lowest energy state. This vev leads to a spontaneous
breaking of electroweak symmetry and reshapes the vacuum of quantum field theory

in a nontrivial way.

The potential energy associated with the Higgs field is written as:
V(®) = 120D + \(2TD)?, (1.6)

where 12 < 0 and A > 0. This so-called ”Mexican hat potential” has a minimum not
at the origin but at a circular valley of minima, leading the system to spontaneously

select a non-zero field configuration:

This spontaneous symmetry breaking causes gauge bosons of the weak interaction—W*

and Z%—to acquire mass through their interaction with the Higgs field. Starting from



the gauge-invariant kinetic term:
Lhriggs = (Du@)T(DN(p)’ (1.8)

where D, is the covariant derivative incorporating the SU(2); x U(1)y gauge fields,

one obtains the masses:

1 1
mw = Sgv, my = 5\/g2 + g% v. (1.9)

Here, g and ¢’ are the coupling constants associated with SU(2) and U(1)y sym-

metries, respectively. The photon remains massless, as required by unbroken U(1).,,.

Fermions also acquire mass via their Yukawa couplings to the Higgs field:
EYukawa = _nyZL(IM/}R + h.C., (110)
which, after symmetry breaking, becomes:

(1.11)

mfz

‘@
~
Bl

In this framework, mass becomes a measure of how strongly a particle couples to
the Higgs field. The Higgs mechanism thus offers a unified, symmetry-based explana-
tion for why some particles are massive while others remain massless. The discovery of
the Higgs boson in 2012 by the ATLAS [67] and CMS [68] collaborations at the Large
Hadron Collider (LHC) confirmed this elegant theoretical structure and completed the
Standard Model’s particle content.

The Higgs mechanism is not only vital for electroweak unification but also in-
fluences modern cosmology, vacuum stability, and inflationary models—making it a

profound concept with implications far beyond particle physics alone [70].



2. THE SCALAR MODE OF GRAVITY

A cosmological model can be investigated by introducing a conformal factor in
the metric, in a framework motivated by the Jordan—Brans-Dicke action. Although
gravitational waves have been observed in experiments that are consistent with the
spin-2 nature of the graviton, these observations do not yet exclude the possibility of

spin-0 gravitational waves.

Although vacuum Einstein equations unquestionably describe a spin-2 massless
particle as the carrier of the gravitational force, the FLRW model of cosmology [24-29]
contains only the scale factor of the universe, whose time dependence arises from the
idealized assumptions of isotropy and homogeneity. This paper concentrates on this
scalar mode and investigates how much can be explained by neglecting the tensor
mode of general relativity. Historically, first Einstein and then Nordstrom [30-32]
initially considered such theories, but they were later abandoned due to the successes of
Einstein’s General Relativity. Scalar fields in physics have gained renewed importance
due to the triumph of the Standard Model [33-35] of particle physics which says that
the masses of all the massive elementary particles (the leptons, the quarks, and the
weak bosons) are given by multiplication of a dimensionless coupling and the vacuum
expectation value of the Higgs field. The trajectory of a particle in cosmic time scales

is given by the geodesic action

S = —m/ds, (2.1)
where m is the mass of the particle and ds is the line element.
Since a particle gains mass by its coupling to the Higgs field, the mass of the

particle should depend on time if the vacuum expectation value of the Higgs field is

time dependent. Therefore, the action (2.1) can be rewritten as



S = —mo/%\/‘quydw“dw” (2.2)

0

where, < ¢(7) > is the vacuum expectation value of the Higgs field and ® denotes its
present value. The line element of the conformal form of the FLRW model for a flat

universe (k = 0) can be expressed as

ds® = a*(t)n,da"dz”, (2.3)

where a(t) is the conformal factor of the universe which is treated as dimensionless
in this chapter. Therefore, the time-dependent cosmological expectation value of the

Higgs field ®(¢) can be embedded into the metric, and the line element comes to be

ds® = (®(1) /o) * Ny datdx”. (2.4)

Due to Eq.(2.2), there may be a connection between the vacuum expectation value of

the Higgs field and the scale factor of the universe as

a(t) = ¢(7)/y. (2.5)
The Jordan-Brans-Dicke action in the Jordan form is

2 1
S = [ d'z\/—detg (%XQR + ig“”ﬁuxﬁyx — V(X)> , (2.6)

where, Y is the Jordan-Brans-Dicke field, 2 is proportional to inverse Brans-Dicke

parameter, and V() is pure quartic potential
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1

V() = 72 (2.7)

which provides scale invariant action and A is a coupling constant.

More generally, the field ® may also depend on the space variables, so the con-

formal metric can be written as

(1, 2,7, 2)
g;w = (1)2 77“1/, (28)
0
where the signature is (4, -, -, -) in this chapter. There is non-minimal coupling term
in action (2.6) involving Ricci scalar R, which is defined as
R=g¢g"R,,, (2.9)

where g is the inverse metric, and for the metric given in Eq. (2.8), it takes the form

d2\ !
g = (—) v, (2.10)
oF

and, R, is Ricci tensor with its definition of

R, =R, (2.11)

n

where, the Riemann tensor in terms of Christoffel symbols is

A o A A A T0 A 1o
R, =9, — 9,1, +TAT7 —T\T (2.12)

po= v Vo~ pu)

and, its contracted form is



g’\”R)‘MpV =R, = 8AF2V — 9, T\ + T3, 10, =TI

Ao+ pv Vo pA*

The Christoffel symbols are defined by

1
F/);V - 59)\1) (0uGvp + OvGup — OpGyuw) -

The Ricci scalar can be written in terms of metric,
R=g" aagaﬁaﬁg;w - agaﬁaugﬁu — aﬁguuaagaﬁ - gpuakaogup

4 I

v [ [} < e @ L E 7
— gﬂ _ — 0ag BaﬁgMV — g ’8auaagl/ﬁ — —8M9aﬂaug b Zg ng Mgaﬁanpo'

4

1, 5
- §g Baugaﬁal/gpcr - ayaug“ ]

For the metric (2.10), it can be expressed as

R=—-69"°930,0"D,

or its equivalent description is

R=—-607°9;00,

where, [ is D’Alembertian Operator,

»’e e *e 0’0
otz 0x2 oy 022

O¢ = 00,0, =

) ﬁauaaguﬁ — 0 gaﬁaug b Zg ng augaﬂaugpa + 59 ﬁaugaﬁaugpa]

11

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)
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The action can be rewritten as

S = / dia (— X208,0"D + <I>28uxa“ 2X4®4>’ (2.19)

where, the factor in front of (2.16), 6, has been embedded in inverse Brans-Dicke
parameter, £2, and ®, has also been absorbed into y. Now, the indices are lowered
and raised by the Minkowski metric. Note that although (2.6) defines a field theory
in curved spacetime with metric g, (2.19) defines a field theory in Minkowski space.
Here, this convention is chosen because the metric is conformally flat, and this choice
leads to the simplest expression for the action (2.19). The first term in this action can

be separated, then

2
S= /d4x (—g—x (0,(20"P) — 0,00"D) + %CI)QQLX(‘?”X - 2)(4(1)4) . (2.20)

Here, the first term in Eq.(2.20) is total divergence and can therefore be omitted

2
S = /d4:c <%X28u<1>8“® + %@28#)(8“)( - %X4<I>4) : (2.21)

Note that the dimensions of the scalar fields are taken as the square root of mass,

(mass)%, so that the parameters £ and A are dimensionless.

The Lagrangian density, motivated by the conformally flat metric given in Eq. (2.8),

is expressed as

1 1 A
L= 5@%6@0@ - éqﬂauxaux — Z><4o1>4 (2.22)

which has SO(1,1) symmetry acting on ® and y as & — ad , x — %X7 where a is
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constant. Due to this invariance, the Lagrangian simplifies when new field variables «

and vy are defined as

b =a2e7, (2.23)

X = aze, (2.24)
so that o has the dimension of mass and v is dimensionless.
One can show that this Lagrangian density leads to a spontaneous symmetry

breaking, even though it does not contain any dimensional parameters. The Minkowski

spacetime is isotropic and homogeneous, so the fields may depend only on time,

a=a(r), (2.25)

v = (7). (2.26)

The Lagrangian density (2.22) in terms of a and  becomes

1 1 1
L= 2(1+)a*+ S (1+ ey + (1 = (ad — 20/‘. (2.27)

The Euler-Lagrange equation with respect to 7 is

oL _ A (8—£)> = 0. (2.28)
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Since £ does not contain the field ~, but only its derivatives, it leads to the conserved

momentum, 7.,

g—§ — %(1 — Pad + (1 + )y = i (2.29)

where p is a constant, and its dimension is mass.

Since the observed space-time is expanding on the cosmological scale, we assume
that the cosmological expectation values of a and v may also depend on the time

variable t.

Hamiltonian density is defined by

_OLL L . (2.30)

H_8_77 Oc

where the momentum conjugate to « is

oL 1 1
5 =71+ O+ 51—, (2.31)

By using Egs. (2.29),(2.30) and, (2.31), the Hamiltonian density becomes

1 ¢ ) p° 1 Ay
- A2 2.32
20+ Tr e 1 (2:32)

,H:

where the effective potential for this dynamical system is given by
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6

I 1 Ay,
Vepp = ———+— + —a". 2.33
U 2(1+¢?) a? 4@ ( )

The minimum of the effective potential can be obtained. To find this, the effective

potential may be differentiated with respect to a?, and set to zero,

AV W1 A,
4 ~ 1 2a2=0. 2.34
da? (1+¢?)at + 2a ( )

Then, the minimum of effective potential, «, is given by

gp=—->H (2.35)
(AL +¢2)"
and, for a = ap, 7 is given from (2.29)
(1) =C+ Dt (2.36)
where C is an integration constant and
3
1
D=—"—1—. 2.37
1+ a7 1250

Now, « and ~y are expanded about ay and ~(7) by

o = ag(1 + eAe™ + eAle™™) £ O(€?), (2.38)
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v = (7)) + €Ee™ + eEle™™T + O(€?) (2.39)

where € is a small dimensionless parameter.

By performing a perturbative calculation in (2.32) and neglecting higher powers

of €, the mass is extracted from the second derivative of the potential at the minimum.

dzv%g 3#6 1
m? = — +3Xag. (2.40)

da? (1+¢2)ag

a=ag

After substituting o (2.41), the mass m and frequency in Egs. (2.38) and (2.39) should

be given by

m = \/E%Aéu. (2.41)

Furthermore, we find that A and E are not independent (2.29). They are related
by

(2 a0
P=(smea st 00 (242)

in lowest order.

The part C + D7, in Eq. (2.36) which in quantum field theory would describe a

massless particle, in classical physics corresponds to an expanding universe.

Moreover, the system can be quantized by imposing the commutation relation
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[A,AT] =1 (2.43)

so that A and AT act as the annihilation and creation operators of the a-particle. On
the other hand, E and E' which are not independent of A and A’ can be interpreted
as quantum corrections to 7o(7) which governs the expansion of the universe. This

expansion is obtained by taking the average value of v(7)

(y)=C+ Dt (2.44)
which gives
(@) = age 9P = dpe T (2.45)
1
(x) = age“ P = ypeP". (2.46)

Equation (2.45) together with the metric (2.4) defines for D < 0 a spacetime that
expands exponentially in the conformal time variable t. In terms of cosmological time

t, the line element is given by

ds® = +dt* — a(t)*di® (2.47)

where the differential of the cosmological time can be written as
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dt = a(r) dr. (2.48)

When conformal time is transformed into cosmological time, this gives a linearly ex-

panding space.

a(t) = —Dt (2.49)

Thus, a massive scalar field with mass m, along with an effectively linearly ex-
panding spacetime as expressed in Eq. (2.44), has been derived through the application
of the Lagrangian density in Eq. (2.22) formulated within the framework of Minkowski
spacetime. This chapter shows that the expanding universe and the Higgs mechanism
can be considered as two faces of the same coin presented. The next chapter explores
a more realistic framework unifying cosmology with the Standard Model of particle

physics.
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3. JORDAN BRANS DICKE THEORY AND HIGGS
FIELD

The motivation, as introduced in Chapter (2), stems from an intriguing relation-
ship between the Higgs field and the universe’s scale factor. This connection allows
for two distinct yet algebraically equivalent interpretations of cosmic evolution. In one
perspective, the masses of elementary particles vary with time, implying a universe
that is otherwise static. In the other, it is the fabric of space that expands while par-
ticle masses remain constant. Both interpretations are mathematically consistent and
reflect different ways of framing the same underlying physics. This duality serves as
the foundation for the current chapter’s exploration of how the Higgs field interacts

with cosmological dynamics.

Given that a particle acquires mass through its interaction with the Higgs field,
any temporal variation in the vacuum expectation value (VEV) of this field naturally
implies a corresponding time dependence in the particle’s mass. In light of this, the

action presented in Equation (2.1) can be recast in the form

S = —mo/%\/gwdx“dx”, (3.1)

where (¢(7)) represents the cosmological vacuum expectation value of the Higgs field
at a given time t, and &y denotes its value at the present epoch. This expression
reflects how the time evolution of the Higgs field directly influences the effective mass

of particles propagating through a dynamical spacetime background.

By the way, the line element of an expanding FLRW universe with k£ = 0 is given

in conformal coordinates by
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ds® = a®(7)(—dr* + da* + dy? + d2?) (3.2)

where 7 is conformal time. If the mass is governed by the time-dependent cosmological
expectation value of the Higgs field, then in a macroscopic theory, one can incorporate
(¢(7))

the factor, 3o into the metric. In simple terms, the scale factor, a(7), can be thought

of as related to the time-dependent cosmological vacuum expectation value of the Higgs

field.
3.1. Cosmological Solution

Jordan-Brans-Dicke theory has a scalar-tensor structure which uses both a scalar
field and a tensor field in order to represent gravitational interactions. The Jordan-

Brans-Dicke action extended with a quartic potential term is

2 I W
S = /d4x\/—g <—% ’R— ég“ L XOuX — ZX4) , (3.3)

where Y is the JBD scalar field and its dimension is mass, [x] = [mass]. Also, £ is the
inverse JBD parameter. The relation between Brans-Dicke parameter and its inverse

18

£ = —1/4w. (3.4)

To present the scalar-tensor theory in a simpler and more tractable form where the
Lagrangian involves two scalar fields in Minkowski spacetime, we employ the following

two relations:
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V=g =d' () =a(r), (3:5)

2
e (3.6)

)
a3

where (2.15) has been used for the metric (3.2). Moreover, x can be made dimensionless

through dimensional transmutation by defining

X
X: -, 37
. (3.7)

where g is constant and its dimension is mass. After dimensional transmutation, y is

dimensionless and dimensionless constants, ¢ and A turn to be

¢ = Ve, (3.8)

A=t (3.9)

By the way, x is also only time-dependent due to the isotropic and homogeneous nature
of the universe. In terms of a and xy which are dimensionless, the Lagrangian density

can be written as

2

2

1 A
x2adza + §a2(agx)2 — Za4x4. (3.10)

E:

By applying integration by parts to the first term in Eq. (3.104), the Lagrangian density

transforms into the following form
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2 1 A
£ = S b atha) — 20x0adox — (G0a)’] + 32— Sa'yh (311)

Here, the term, 0y(x%adpa), is a total divergence, and thus it can be neglected in
the action by assuming it vanishes at infinity. Thus, having excluded this term, the
Lagrangian density can be rearranged to

oo € [(Dx), y%adox (e
2 X X a X a

,u2_£2

M

A
a®(0px)? — Za4x4. (3.12)

The positive sign in front of the square bracket containing the kinetic energy terms,
suggests that &2 is positive, whereas due to (3.4), the Brans—Dicke parameter w must

be negative

w < 0.

To make it clearer, it is helpful to perform a field coordinate transformation. The
following identities, along with the field-space definitions of « and ~, are useful for

simplifying the terms in the Lagrangian density.

[Oo(Inx +Ina))* = [0y(Inxa)]* = [0y Inal? (3.13)
a = xa, (3.14)
v=Iny. (3.15)

which are dimensionless.

In terms of o and ~, the Lagrangian density is written as
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2 2 ¢2
L= %(GOQ)Q 4k 3 o (0yy)? — 20/1. (3.16)

The Euler-Lagrange equations for transformed fields are

g—s — 9 (%) — 0, (3.17)
% P (%) _o. (3.18)

Since £ does not contain the field

oL

— = 1
9 0, (3.19)

but only its derivatives, it leads to the conserved momentum,

B oL
! 3(507)

u = (1* = €)a*dyy, (3.20)

where the conserved momentum can be equated to constant, C', and its dimension is

mass,

[C] = mass.
Hence,

o = ¢ (3.21)
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Hamiltonian density can be expressed as

oL oL
H=——00+—=——0y— L 3.22
a(3004) o 3(307) o ( )

where the momentum conjugate to a is

oL

_ 2
a(ao&) —6 8005 (323)

With some algebra, the Hamiltonian density becomes

52 M2_§2
)y

H (Doc)* + a?(8yy)? + 2044, (3.24)

Applying Egs. (3.23) and (3.24) leads to

B £2 9 C? 1
H = 9 (80(1/) + 2(,&2 _52) (12 +

In this expression, the last two terms in the Hamiltonian density act as an effective

o, (3.25)

| >

potential, which can be expressed as

52
T2

H (8005)2 + Veff(a), (3.26)

where the effective potential for this dynamical system is given by

C? 1 A
Veff(Oé) = W— + ZOé4. (327)

a2

One may write the Hamiltonian density in terms of the field and its conjugate

momentum as
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1, 1N,
4= 2
2527r°‘+2(u2—€2)042 I (3.28)

where 7, is the canonical momentum, given by

H

7o = E20pa. (3.29)

Moreover, the Hamiltonian equation is

— = = Gy, (3.30)

whose left-hand side is

oH c? o1

i N V3 3.31
o0~ GE- e .
By using (3.29), (3.30), and (3.31), one can get
C? 1 A
O — + =a®=0. (3.32)

e2(u? —€2)ad | &

In equation (3.25), the last two terms in the Hamiltonian density are an effective
potential which can be expressed as

2

H= %(8004)2 + Veppla), (3.33)

where the effective potential for this dynamical system is given by

C? 1 A
%ff(Oé) = m@ + 1064. (334)

The minimum of the effective potential can be obtained. In order to find this,
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the effective potential is found by differentiating with respect to o2,

+ Aa? (3.35)

and then set to zero,

dVest
=0 3.36
12 (3.36)
The minimum of effective potential, «, is therefore given by
O? 1/6
= — 3.37
w=(pr—a) 337

where «g represents the vacuum expectation value of o that means the field, «, fluc-

tuates about the minimum. By using Eq. (3.21) , one can solve v at the vacuum,

C
oy = —— 3.38
(e (3:38)
After substituting Eq. (3.37), one gets
\C 1/3

where C', A, i, £ are constants; consequently, D is also a constant whose dimension is

mass. Then 7, is obtained.

Y = D71+ E, (3.40)

where E is an integration constant. Applying the field coordinate transformation (3.15),
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the Jordan Brans Dicke field y at the vacuum is obtained as

Yo = €PTHE. (3.41)

The evolution of the universe is determined by the scale factor, a(7), which, in
this model, also determines the time dependence of the Higgs field. Using the field

transformation (3.14), one can determine

«

a= eDT% = exp[—D(7 — 79)], (3.42)

where

20— ¢bm, (3.43)

P
Here, 75 is the age of the universe and a(7y)=1. Equation (3.42) indicates an exponential

expansion in conformal time. In terms of cosmological time, ¢, the line element is given

by

ds® = —dt* + a(1)*di®, (3.44)

where the differential of the cosmological time can be written as

dt = a(7) dr. (3.45)

When conformal time is transformed to cosmological time, this gives a linearly expand-
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ing space

a(t) = —. (3.46)

where t is the age of universe in cosmological time.

In order to determine the evolution of the fields at the vacuum expectation value

of a, a small perturbation can be added to ag

a = ag + (7). (3.47)

This expression in Eq. (3.47) can be substituted into Eq. (3.32) to get

CQ
&= &)

e — agt(14¢)73 ao(l +e)? =0, (3.48)

§2
where

Qg > €.

So, the second and third terms in equation (3.48) can be expanded by retaining the

first two terms. This leads to

C? N
8(2)6 — WOKO4(1 ) §2 Oéo(l -+ 36) =0. (349)
Since, the zeroth-order terms yield
2
¢ =0, (3.50)

DR 52

the remaining equation takes the form:

2
D¢ + <€2( 3¢ —) ot + 2—3043) e=0. (3.51)
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Equation (3.51) can be rewritten in the form of the Klein—Gordon equation as follows

die +mPe =0, (3.52)
where
302, 3\ ,\?
m = (W@04 + 5—2@(%) . (353)

By using Eq. (3.37), mass can be written as

m = (M)l . (3.54)
E(p? - &)3

The perturbation term can be written as

€= o™ e, (3.55)
and insert this into

a = ag(1+ (e + e ")), (3.56)

One of the main goals is to find solutions for the fields y and a. As before, the
procedure begins by solving for v, which then allows us to determine x and a. To

proceed, equation (3.56) is substituted back into Eq. (3.21)

C
M2 _ 52)058(1 + Eo(eimT + e—im7‘)>2’

Oyy = ( (3.57)

by considering only the leading-order contributions in € and omitting terms of higher
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order
C
Oy = ————ag 2 (1 — 2¢), 3.58
0 (N2 — 62) 0 ( ) ( )
next, using the definition of D (3.39)
doy = D (1 — 2e), (3.59)
and after integrating, one obtains y
2D, . ,
y = Dr + == (™ — ¢m™T) 4 F, (3.60)
m

where F'is an integration constant. After using Eqs. (3.14) and (3.15), one obtains

2D, . .
X = exp (DT 4 (gimm _ gmimTy 4 F) : (3.61)
m
12D .
a(t) = ap(l + €(7)) exp (DT + — (™ =) + F) : (3.62)
m

As before, higher-order terms are neglected since € < 1. Additionally, the integration
constant F is set to zero to satisfy the condition a(7p) = 1. With these simplifications,

the evolution of the universe in conformal time becomes

a(T) = exp <—D(T — 7o) + €0 ((1 — %eimf) - (1 - %e"’”))) (3.63)

and in terms of cosmological time, it becomes
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a(t) = (% + €o ((1 - %eimt> + (1 + %e—“’“))) : (3.64)

Here, it is important to recognize that the oscillation modes of € can be quantized by

expressing them in terms of creation and annihilation operators, A" and A as follows,

e(1) = €o (Ae™ + Ale™7) . (3.65)

3.2. Non-linear Sigma Model and Field Coordinate Transformation

In the context of a dynamic universe, described by the metric g,, = a*(7)n,,, the

action in Eq. (3.3) can be expressed more explicitly as

S = / dr E (g?XQ(aoa)Q + 26%ax0padyx + u2a2(8ox)2) — 2&4)(4} . (3.66)

This structure reveals that the action can be interpreted as a non-linear sigma model,

which takes the form

1

=1 / 07 (Ga() 006" 000° — V (1) (3.67)

where a,b = 1,2, and ¥! = a, 1)? = y are two scalar fields that depend only on conformal

time 7. Moreover, G, is the metric in this scalar field space and

2.2 ¢2
a

Gy = iX 52 ol (3.68)
§Fax pa

with &2 = t, where w is the Brans-Dicke parameter, which has to be negative
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for this model.

The Ricci tensor is defined by

Ray = 05y, — 0505, + Tty — Lol (3.69)

a

where a, b, ¢, d are indices, and the Christoffel symbols are defined as

1
= éGad (0Ged + 0cGra — 0aGhe) - (3.70)

By contracting the Ricci tensor with the inverse metric, the scalar curvature is obtained

as
R=G"Ry (3.71)
where
1 1
22 g
Gt = | S x| (3.72)
Ya  p2a?
After the computation is performed, the scalar curvature for this metric is found
to be

R=0, (3.73)
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which means that the two dimensional field space defined by G, is flat.

Due to the flatness of the metric, the kinetic term can be mapped to the Klein—Gordon
form through an appropriate transformation of the field-space coordinates. In this man-
ner, the action in (3.67) can be explored from a point of view provided by the Higgs

mechanism.

To cast the theory as a non-linear sigma model in the Jordan—-Brans-Dicke frame-

work, the metric G, is transformed to Gop:

Gab = — Gab = (374)

In order to shift the Lagrangian density from the Jordan-Brans-Dicke formulation
to the Higgs perspective, the first step is to write down the line element of the target

space

1
ds* = 2 [§%x*da” + 26 axdad + p*a’dx’]. (3.75)

To simplify the line element(3.75), one can first add and subtract the term £2a®y?,

and then factor out of a?x?, leading to

dy da\® p2—¢& [dx\’
@)

Using Eqs (3.14) and (3.15), one can obtain the relations:

1
d32 — §£2a2x2

ala,y) = ae™ 7, (3.77)
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x(y) =¢€, (3.79)
d—X = d, (3.80)
X

then, in terms of a and ~, the line element becomes
2

1 _ 2
ds* = 552 (doz2 W 525 a2d72> . (3.81)

Here, we perform one more field coordinate transformation along with its associated

relations,
a(p) =E&n (g) , (3.82)
da = %dp, (3.83)
v(0) = &6, (3.84)
dy = £df. (3.85)

The result of applying equations (3.83) and (3.85) to the line element (3.81) is

1 1
ds* = §dp2 + §p2d02, (3.86)

where, p and 6 correspond to spherical coordinates. In order to obtain é/w in (3.74),
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one may introduce

p(P3, ¢5) = 1/ o3 + 03, (3.87)

0(ps3, ¢5) = arctan % (3.88)

After using this Euclidean field coordinate system, the line element can be written as

ds? = %(d¢§ + dg3). (3.89)

The expressions for a and x in terms of ¢35 and ¢5 can be obtained by sequentially
applying the full transformations from the initial to the final stage. To begin with,
one substitutes the expressions for Eqs (3.82) and (3.84) into Eqs (3.77) and (3.79),

respectively, yielding

a(p,0) = Bexp <—§—0> , (3.90)
0

X(0) = exp (%) . (3.91)

Performing the coordinate transformation from spherical to Cartesian form yields

a(ps, ¢5) = Vs + 5 exp S arctan (%) : (3.92)
§ u2 — &2 ¢3

= eX #EH‘C an @
X(¢3, ¢5) = exp (\/m t (¢3>) : (3.93)

It is now possible to represent ¢3 and ¢5 as functions of a and x by retracing the trans-
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formation steps in reverse order. Since the coordinates were most recently expressed

in spherical form, the corresponding values for ¢3 and ¢ are

o3(p,0) = pcosb, (3.94)

¢5(p,0) = psiné. (3.95)

By using Eqgs. (3.82) and (3.84), p and 6 can be obtained as

pla) = &a, (3.96)
0(y) = —”’i_gv- (3.97)

Next, substituting Equations (3.96) and (3.97) into Equations (3.94) and (3.95) yields

o3(a,y) = Eaccos (%7) , (3.98)
os5(a,y) = Easin (—”ug_g’y> ) (3.99)

Based on the definitions provided in Egs. (3.77) and (3.79), o and y can be expressed

as

ala,x) = ay, (3.100)

v(x) = Inx. (3.101)
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When Egs. (3.100) and (3.101) are substituted into Egs. (3.98) and (3.99), the scalar
fields ¢3 and ¢5, expressed in the Higgs framework, are obtained in terms of the fields

a and y as

V=S x) : (3.102)

st = (L

¢5(a,y) = Eay sin (_V,uz—? In X) ) (3.103)

Hence, the Lagrangian density in Eq. (3.66) can be rewritten as

L= S(@u0s)? + 5000’ — (63 + BB (3104

where « is a coupling constant,

K=\ (3.105)

3.3. Higgs Formalism

The Lagrangian density of the Higgs field in doublet form is defined as

L£=0,00re—-V(0) (3.106)

where O is a Higgs doublet,
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o L [otie (3.107)

V2 @3 + iy

in which, ¢, are denoted as scalar fields and a = 1,2, 3,4. Moreover, the potential is

taken to be

V(0) = —m?0'0 + x(070)? (3.108)

where, k is positive dimensionless constant and, dimension of ¢, is mass,

[¢a] = mass.

Furthermore, the minus sign in front of the tachyonic term leads to spontaneous sym-

metry breaking. Using ¢, as variables, the Lagrangian density becomes

L= %au%a%a 4 %mgmﬂ _ Z(@gﬁ“)z (3.109)
where

mg = 0,

so that the potential in Eq. (3.109) is purely quartic.

The symmetry group, SO(5), is larger than SU(2) x U(1),
SU(2) x U(1) € SO(5).

Therefore, an extension of the Lagrangian density can be achieved by adding an extra

scalar field, ¢5, thus extending
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a=1,234,5.

Breaking this rotational symmetry annihilates three of four components of © Eq. (3.107)

such that

G = o = by = 0. (3.110)

Thus, the same Lagrangian density is recovered as in Eq. (3.104). Now, by applying
field coordinate transformations given in (3.102) and (3.103) to the vacuum expectation
values and their quantum fluctuations of Jordan-Brans-Dicke fields, one can obtain

their correspondence in Higgs picture as

o3 = Exo cos(H(T)) (1+60 (Ae™T 4+ Ate~imT) —i\/gtan(H(T)) €o (Ae™™T — Afem"mT) )
(3.111)

¢5 = Exosin(H (7)) <1+€o (Ae™ + ATe_imT) >+i\/§€0t([‘[(’/’)) €o (AT — ATe_imT) ,
(3.112)

in which

(DT + E), (3.113)

and
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Xo = €™t (3.114)

which is the present value of the Jordan-Brans-Dicke field.

It is important to note that the model is quantized by imposing the commutation

relation
A, AT =1, (3.115)

where A and A" denote annihilation and creation operators, respectively.

By the way, the vacuum expectation values of ¢3 and ¢5 are represented by

<¢3>==€Xocws< “2__§%Dr> : (3.116)

@%)zéxwm1< M2g§2D7) (3.117)

In this model, the time evolution of the Higgs field’s vacuum expectation value
is governed by the parameter D, which appears in the argument of the cosine in
Eq. (3.116). As can be verified by comparing the scale factors expressed in confor-

mal and cosmological time, given in Eq. (3.42) and Eq. (3.46), one finds that

1

D= ——
Lo

(3.118)

where t; denotes the age of the universe in cosmological time. Consequently, the

evolution is extremely slow, ensuring that particle masses remain effectively constant.
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4. HIGGS MODE OF MODIFIED COSMOLOGY

A model where the Standard Model is added to the Einstein Lagrangian together
with a Jordan-Brans-Dicke(JBD) coupling is considered. The time-dependent Higgs
field plays an important role in interpreting the effective gravitational constant, Gyy.
This may lead to two Big Bangs, the first Big Bang corresponds to the universe hav-
ing zero size. At this Big Bang, the value of the effective gravitational constant is
zero and begins to decrease over time, becoming negative. During this era, the JBD
term is significant. In the second Big Bang, the effective gravitational constant passes
through infinity and becomes positive. The negative gravitational constant is inter-
preted as repulsive gravity. The Lagrangian density provides effective potentials that
lead to spontaneous symmetry breaking which gives cosmological expectation value of
the Higgs field and the Higgs mass both of which depend on curvature and the Brans

Dicke parameter.

According to the Standard Model, all fundamental particles obtain their masses
from the vacuum expectation value of the Higgs field, which permeates all of space and
time. Moreover, the Higgs field of the Standard Model could have significantly impacted
cosmology, contributing to the universe’s homogeneity, isotropy, and flatness [6]. A
model in which the Higgs field affects the growth of curvature perturbations and the
structure of the universe as a spectator discussed by Shaposnikov and others [6,15,71—
76] motivates this chapter where this model that hybridizes Einstein’s relativity and
JBD theory with the Higgs field.

4.1. Hybridization of General Relativity and JBD theory with Higgs field

In modern physics, the most extraordinary achievement which describes geometric
properties of gravitation and stages of the universe is the General Theory of Relativity.
On the other hand, the JBD theory is also consistent in explaining the early stages of

the universe. In addition to those theories, the Higgs field is the only known candidate



42

scalar field to have an important role in cosmology [51,52]. In this section, the process
of hybridizing general relativity with the JBD theory will be discussed, and the Higgs
field will be assigned as a fundamental field in the formation and evolution of the

universe. The Planck mass in Einstein’s theory is defined by

1
M? = .
p 87TGN

(4.1)

On the other hand, Jordan Brans Dicke theory extends General Relativity by
introducing a dynamical scalar field ¢ that couples to the Ricci scalar R, thereby
promoting the gravitational “constant” to a spacetime-dependent quantity. The JBD

action reads

S = / dz /=g {@R - %g‘“’@ugo ayol | (4.2)

where the Brans-Dicke parameter, w, governs the kinetic coupling of the scalar field.
Although this form is concise, its kinetic term is non-canonical, and the gravitational
coupling appears linearly in ¢. To bring the theory closer in form to standard scalar
field theories, one may perform a field redefinition that reshapes the action into one with
a canonical kinetic term and a non-minimal coupling to curvature. This is achieved by
introducing a new scalar field ¢ via the relation ¢ = igb{ a transformation. Under
this change of variables, the scalar field kinetic term transforms into the canonical form
%g“”@uqb 0,¢, while the coupling to gravity becomes non-minimal and takes the form

—SiwngR. The action is thus recast as
4 1 v 1 2

This formulation is dynamically equivalent to the original JBD action but offers several
advantages. The canonical structure of the kinetic term facilitates quantization and the
study of perturbations, while the non-minimal coupling term ¢?R appears naturally
in various contexts, including inflationary cosmology and scalar-tensor extensions of

gravity [51,77]. Moreover, this term enables a more transparent unification of Einstein’s
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General Relativity with scalar-tensor modifications such as Brans—Dicke theory.

A modified theory of gravitation is considered in which Einstein’s theory is hy-
bridized with Jordan-Brans-Dicke theory. In order to describe the effective Newtonian

constant of gravitation, one can propose the following relation:

1 1, 1

87TGN + 4w¢ - 87TGeff

(4.4)

where the effective Newtonian gravitational constant, G.ss, depends on cosmological
time [78]. Tt is important to note that a theory with a negative Brans-Dicke parameter,
w < 0, which will be discussed in Section (4.2) suggests that there may be two instants
of time in the early universe that can be interpreted as two Big Bangs. In the first
Big Bang, the universe starts from zero scale size, a = 0, and evolves with a negative
gravitational constant, which increases in magnitude and passes to positive values
from infinity. One should remark that for positive w, as ¢* increases, Gy decreases ,

whereas for negative w, as ¢? decreases, G,y increases.

In the present era, the value of the Higgs field is much smaller than the Plank
mass. This implies that the second term in the left hand side of (4.4) is negligible.

This equation may also be interpreted as

2 1

M = — 4.5
peff 87TGeff ( )

where M,y is effective Planck mass, which is time-dependent.

Based on these motivations, the hybridized action is given by
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S[O,g" = Lwgeine-(eior™\r —a—ve))ds (@6
©.9"]= | Vg | 59"0.0'0, o010+ = (©) ) d'z  (4.6)

where g is the metric, w is the dimensionless Brans-Dicke parameter, M, is the Planck

mass, A is the cosmological constant, R is the Ricci scalar, V(©) is the quartic potential

1
V(©) =~ m*e'6 + 2(@*@)2.

and, O is the weak isospin Higgs doublet with four real components

@:i o1 + i (47)

V2 ¢3 + iy

where ¢, corresponds to scalar fields with a = 1,2, 3, 4.
One sees that Einstein’s theory is obtained in the limit © — 0, whereas standard

JBD theory is obtained when Planck mass is zero. Regarding the Higgs multiplet, ©,

as the fundamental field, one notices that the action (4.6) takes the form

5[0, ¢ = / /3 (%guvau@fay@ V00, R)) & (4.8)

where effective potential, V., is curvature dependent

L otgr My 1 20te .+ Moto)?
%ff(@,R): 8—w@@+7 R+A—§m@@+z(@®) (49)

One can choose the direction of the cosmological expectation value of the Higgs
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field, so that the three components of the Higgs multiplet, (4.7), are

o1 =2 =1 =0 (4.10)

as in the Standard Model. Thus, we identify the scalar field in JBD theory with one

chosen real component of the Higgs doublet.

In Minkowski space-time which is static, the Higgs field, ¢, has to be time inde-
pendent. However, in the Friedmann—Lemaitre—Robertson—Walker universe which is

dynamic, it is natural to expect that ¢ can depend on cosmological time

¢3 = ¢(1). (4.11)

which has dimension of mass.

The Robertson-Walker metric that emphasizes ¢ is necessarily spatially homoge-

neous, given by

2 2 2 di*
ds* = dt* —a* (t) ———— (4.12)
[1+§27]
where k is the curvature parameter, with £ = —1, 0, 1 corresponding to hyperbolic,

flat, and spherical universes, respectively, and a(t) is the scale factor of the universe.

For the FLRW metric, three equations are obtained from the action (4.6). Two
of these, namely (4.15) and (4.16), are derived by variation with respect to the metric,

where the stress-energy tensor T}, is assumed to take the perfect fluid form, defined in
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an orthonormal basis as

p 000
0 p 00

7,=| " . (4.13)
00 p o0

000 p

On the other hand, the last equation can be found by variation with respect to ¢

s _
5p

After substituting the metric, the equations [79] can be written as

0. (4.14)

1, 2\ [(a* Kk Lo, 1 5, 1., 3 a .
— M —4+—=]—-= — — = A" —A+—— = 4.1
3<4w¢+ p> (a2+a2) SO oM =1 AP too 9o =p (415)

2

(L) (08 kY Ya 1 (1 1N s b by
<4w¢ +Mp) <2a+ + ) wa®9 5,0 (2+2w>¢ p OO HA =D,

@ a?
(4.16)
The equation derived by varying the Higgs field is
- a 3 (a a® k
¢+3—¢—{m2+—(—+—2+—2)1q§+)\¢3:0. (4.17)
a 2w \a a a
where, p is density, P is pressure, and the dot denotes %. Scale factor a depends on

time so it can be used as an independent variable. For the sake of clearly examining
the fate of the scale size of the universe, one may change the independent variable from

time t to scale factor a. The relations are given
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¢ = Hag, (4.18)

¢ = H**¢" + (H'Ha + H%a)¢, (4.19)
a= Ha, (4.20)

i = H' Ha* + H?a, (4.21)

H is the Hubble parameter, which depends on the scale factor a and the prime denotes
4 After substituting (4.18), (4.19), (4.20) and (4.21) into (4.15), (4.16), and (4.17),

they become

Loy 2 2, K Lo 1 o0 1 4 3 2y
— M H+—=|—--H = ——A¢p"—A+—H =
3<4wgb+ p>( +a2 5 a“¢ +2mgb 1 o +2w ag'd = p,
(4.22)

k 1 1
— icf +M? ) (H'Ha+3H>+ — | — — (H'Hd’* +3H%a) ¢'¢ — —Ha*¢"¢
4w p 2w 2w

a2
1 1 1 1
(2 ) H20282 — S22 - SN LA =
(4.23)
k
H2a2¢" + [H'Ha?® + 4H%) ¢/ — [mQ + 23 (H’Ha+2H2 + _2)] o+A¢" =0, (4.24)
w a

respectively.
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4.2. Dynamics of the Universe

The energy density of the universe, p, is the key parameter for understanding the

dominance of various components of the universe. It may be expanded as

p=—f+ S+ +—L4A, (4.25)

where R,, M,, S,, W,, A, are dimensional constants for radiation, matter, cosmic
string, cosmic wall and cosmological constant dominated cases, respectively. Note
that each term in the expansion corresponds to a potential source of energy density
that can influence cosmic evolution. While some of these (e.g., strings and walls) are
speculative or constrained observationally, including them allows for a more general
and flexible approach to modeling the universe’s dynamics—especially in extended or

modified gravity frameworks.
4.2.1. Cosmological Solution

Equations (4.22), (4.23) and (4.24) contain the Hubble parameter which has
crucial properties of the universe including its expansion, evolution, and structure, as
well as linking cosmological observations to theoretical models. Its dimension is @,

then a simple ansatz that one can formulate which is compatible with both the early

universe and the late universe is

hi  hs

H?> = — + - hs (4.26)

a?
where hy, hy, and hz are constants. +/h; can be interpreted as the velocity of the

expanding early universe.

In the Standard Model, the solution of the potential for a constant scalar field
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is compatible only with Minkowski spacetime. However, if one adds the Standard
Model to General Relativity, it would be natural to include a Brans-Dicke term to the
action due to the scalar field. Upon examining the solution, one obtains a constant
cosmological density parameter, (4.22). One sees that it cannot be possible for the

4

constant scalar field, because radiation, a=*, and matter, a2, terms are then zero. In

addition to this, if the scalar field goes as a!, its density parameter, (4.22), has zero

matter, a2, term. Therefore, one can propose

Tt h (4.27)

where f;, and fy are constants. This is the simplest behaviour of the scalar field, ¢,

which could be consistent with this model.

Anzatzes (4.26) and (4.27) can be substituted into the field equation(4.24), which

can be expanded in the inverse power of a

AL B  Cp

0= g-l—?‘l'?‘l'DL, (4'28)
where
3 3k
AL:fl[ hl(_‘l’l)_Q_"’)‘fJ (4.29)

3

b= —h[am(a +1)] = falos(ha +8) = 30, (130

= —fi[2 (_ +1)hs — 3\ f5 + m?] — fz%hz, (4.31)
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L = —f2 [%h;), — )\f22 + mQ} . (432)

In a similar manner, coefficients of the energy density (4.25) can also be expressed as

3 1 3k
Rp:ff[—hl(a+2)+4———f1} (4.33)
k
My =~ fiha[ 2+ 1]+ fi [~ Af2) (434

9 3 1 m? 3 9
W, = fi[- hg(ﬂ + 5) + 5 —] +f2[ (h1 + k) — —)\fl] +3M}(hy + k), (4.35)
Sy = fufam® + B[ oohe = AR ) + 3Mhs, (4.36)
2
A, = f2[ Shs o - f§] +3M2hy + A. (4.37)

2

The weak energy condition (WEC), which is a crucial concept in general relativity,
implies that the energy density has to be non-negative, p > 0 in any frame. It can
be assumed that the partial energy densities [80] are also non-negative. Therefore, the

coefficients in (4.25) have to be non-negative as well.

In the early universe, the Robertson-Walker scale factor, a(t), is so small that
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higher order terms in the field equation(4.28) and energy density(4.25) become negli-
gible. Under this condition, they turn into

Al=hle+ ) =g +MF] | —hil5he (a5 + )] = folaa(f + k) = 3A7]

0~
a3 a?

)

(4.38)

b Flm(E+3)+ 837 ~ftha[d +4] + Al - A7)
P a?

) (4.39)
The Brans-Dicke parameter can be found to be positive for the closed FLRW
universe. In contrast, a negative Brans-Dicke parameter has been obtained for the open
FLRW universe, with w = —3/2 indicating the presence of a singularity. However, no
solution that satisfies WEC exists for the flat universe within this framework. Note
that when the Higgs field takes the value
wMg
4 )

P* — — (4.40)

the effective Newtonian constant of gravitation , Geys, goes to infinity. This situation

may be referred to as the second Big Bang.

In the Standard Model of particle physics, which is formulated in Minkowski
spacetime, the value of the quartic coupling constant, A, has been measured to be
approximately 0.13 [81]. Because of this value, f; in (4.27) becomes imaginary, which is
incompatible in this model when one tries to solve equation (4.28) as a whole such that
energy density (4.25) is partially non-negative. The condition for the field ¢ to be real
can only be satisfied if A is large, which indicates an unstable universe [82]. On the other
hand, an exact solution can be obtained for negative partial energy densities [83-87]
or for a scalar-field dependent Brans-Dicke parameter [88,89]. Moreover, this solution

indicates nonzero string and cosmic wall contributions to the expanding universe. For
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the late universe, standard cosmological results are recovered as expected.
4.2.2. Higgs mass

The curvature dependent effective potential can be written in terms of the Higgs

field

2

M
Vers(0, R) = (Siw ¢* + 7”)1% +A-— %m%z + gqf*. (4.41)

The minimum of the effective potential is given by

v=—(m?- —)%. (4.42)

After performing a perturbative calculation, the Higgs mass is given by

~—
(S

(4.43)

2
M Higgs = (4m —

€=

Note that Higgs mass depends on the Ricci scalar and the Brans-Dicke parameter.
At present time, it’s value should be compatible with the Standard Model. However,
this idea has not yet been successfully incorporated into the present chapter in a con-

sistent manner.

4.3. SO(4) invariance

The weak isospin doublet in Equation (4.7) constitutes an SO(4) symmetric scalar

field space. Moreover, the closed FLRW universe possesses SO(4) symmetry. In the
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Standard Model, ¢3 and ¢4 are neutral, whereas ¢; and ¢ correspond to charged

particles that absorbed by the W, bosons during symmetry breaking.

Instead of annihilating three of the four scalar fields in the Higgs doublet as in
the Standard Model, it may be considered to take the norm of all field components

which is defined as

6] = \/63(0) + G3(8) + B3(1) + S3(0). (4.44)
where
0’0 = |¢|. (4.45)

On the other hand, if only ¢, is different than zero, the action can be written as

2

Slg, g™ = /\@(%gﬂ”aﬂgbayqs — <8iw ¢° + %) R—A— %m2¢2 + %qzﬁ‘l) dt. (4.46)

By using closed FLRW metric in Euclidean coordinates [90], field equations sim-
ilar to Equations (4.15), (4.16), and (4.17) were obtained. However, this idea does not

satisfy the continuity equation,

p=—32+0) (4.47)

This incompatibility may be caused because the field equations are satisfied when they
are written in terms of ¢1, ¢, ¢3, ¢4, but not written in terms of the norm of the

complex Higgs doublet.
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5. ANGULAR MOMENTUM IN THE INTERNAL S0O(3)
SYMMETRY SPACE RELATING THE SIZE OF THE
UNIVERSE AND THE HIGGS MASS

In the Standard Model, the Higgs field, by adding a tachyonic negative mass
squared term to the Lagrangian density, induces spontaneous symmetry breaking. On
the other hand, it will be demonstrated in this chapter that symmetry breaking can
occur even in the absence of a negative mass squared term [51,52]. Note that SU(2) and
SO(3) are locally isomorphic [91]. We consider the simplest non-Abelian Higgs model
with the SO(3) symmetry. Thus, in our model, the new quantum number j associated
with the internal SO(3) invariance of the field space is conserved and may lead to
spontaneous symmetry breaking which results in a Higgs mass inversely proportional
to the size of the universe. Such a mass can be useful in cosmological models and in

explaining the neutrino mass. The Minkowski metric is defined as

N = (+1,—-1,-1,-1)

The Lagrangian density of the Higgs triplet

L= 8H@T8“@ - V(0), (5.1)
o

with © = | ¢, | , where ¢, corresponds to scalar fields and a = 1,2, 3. Furthermore,
?3

the potential term is usually defined as
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1 A
V(©) =—5n 20’0 + Z(@*@)2, (5.2)

where dimensionless constant, A, is bigger than zero and the scalar fields have the

dimension of mass,
[0a] = mass.

In terms of the fields ¢,, the Lagrangian density can be written as

L= %ap¢a(t7ﬁaﬂ¢a(t,m - 2(¢a(t7 F)%(@ﬁ)% (53)

where m = 0.

The system can be quantized by imposing the commutation relation

gba(t,F),m,(t,ﬁ)] — 03 (7 — )0, (5.4)

where 7,(t,7) is the canonical momentum conjugate of the Lagrangian density (5.3).

By the way, in homogeneous and isotropic cosmology, ¢, may depend on only time

Pa(t,T) = ba(t). (5.5)

The Universe is assumed to be a torus that is flat, but finite, then the spatial volume

3

of the universe is a°. After integrating the commutation relation overall space, the

spatial volume of the universe appears

/ [6a(t), T ()] &Pr = i, / 537 — 7)dPr, (5.6)
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[6a(t), T ()] @° = i, (5.7)

where a is the size of the universe. Actually, it is changing with time, but a is assumed

to be constant in this chapter.

The analogue of angular momentum density in the field space can be written as

ja - Eabcqbbéc (58)

and, its dimension is mass>.

a® can be plugged into the commutation(5.7) and distribute evenly

da(t)a?, m(t)a? | = idu (5.9)

and one may define ¢,(t)as and m,(t)a2 as

ba(t) (5.10)

I, (t) = a2my(t) (5.11)

) ) 1 1
whose dimensions are mass—2 and massz,

[D,] = mass?,
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[IL,] = mass”?.

In terms of new fields, the quantization of the system can be imposed by the commu-

tation relation,

[(I)a(t), Hb(t)] = 10qp- (512)

By definition, the integral of the Lagrangian density over whole space gives the La-

grangian of the system,

L = /ﬁd%. (5.13)

The Lagrangian density is independent of position variables because of

isotropy and homogeneity of the universe, and the Lagrangian can be expressed as

L= Lad’ (5.14)

Therefore, we can investigate the system in the perspective of a SO(3) invariant internal

space,

L= §<i>a(t)<i>a(t) — —(Da(t)Da(t))? (5.15)
where ®,(t) is the time derivative of ®,(t), A is defined as
A=a?)\ (5.16)

3

and, its dimension is mass®. Moreover, in the picture of the SO(3) symmetry, the
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analogue angular momentum in internal field space may be written as

Ja = 6abc(I)b(I)c; (517)

and, from (5.12), it satisfies

[Jm Jb] = _ieabcjca (518)

which is the commutation relation of analogue angular momentum components.

After some algebraic calculations, the Hamiltonian becomes

H = STL(TTL(0) + 5 (@a() ()" (5.19)

One can write this Hamiltonian in terms of ® = /®% + &3 4+ & and II = /112 + 113 + 113

in the space that has the SO(3) symmetry

1 J? A
H=IP(t) + ——— + —®*(t 5.20
where J is the analogue angular momentum operator of the internal field space in
the aspect of the conserved quantity associated with the SO(3) symmetry. Here, the

effective potential for our dynamical system is given by

J? A
Vers = 5o + 7@

ot 1 (5.21)

where the eigenvalue of J? is j(j + 1). Then, its minimum is given by
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o, - (120)° 52

Furthermore, the field, ®, may be expanded pertubatively as

D = Oy + e(Ae™™ + A*e™™) + O(€?). (5.23)

Here, A and A* are annihilation and creation operators for the time dependent back-
ground expectation value. They satify the cannonical commutation relation. After
performing a perturbative calculation neglecting higher powers of €, we find that for

consistency the mass m and frequency in (5.23) should be given by

=

m = \/Eﬁ@. (5.24)

Note that A = a3\ and ] has to be big enough to find non-trivial Higgs mass. In
other words, there must be an internal analogue angular momentum quantum number

of unprecedented magnitude to obtain the measured Higgs mass.
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6. CONCLUSION

This thesis synthesizes results from four companion papers, each illuminating
a complementary facet of a scalar-field approach to cosmology: (i) the idea that the
time-dependent Higgs vev imprints a conformal contribution on the metric and thus on
expansion; (ii) an embedding of the Higgs framework into JBD scalar—tensor dynamics;
(iii) a GR-JBD-Higgs hybrid model spanning the early and late eras including a two
Big Bang scenario for negative w; and (iv) an internal-symmetry reformulation of scalar
mass generation based on SO(3). The concluding narrative below weaves these strands

into a single, coherent picture.

Firstly, this work has presented a cosmological framework in which the expansion
of the universe is governed by the time evolution of the vacuum expectation value
(vev) of the Higgs field. Inspired by a reinterpretation of time-dependent inertial mass,
it has been proposed that the temporal dynamics of the Higgs field can be absorbed
into the fabric of spacetime itself, effectively contributing to the metric as a conformal
factor. In this approach, the Higgs field becomes dynamically linked to the FLRW
scale factor, offering a unified view where mass generation and cosmological expansion

are interwoven.

To place this idea within a more Machian gravitational setting, attention has been
focused on the scalar mode of Jordan—-Brans—Dicke (JBD) theory. By assuming that
both the scale factor a(t) and the scalar field depend solely on time, a bridge has been
constructed between JBD cosmology and the Higgs mechanism via a transformation
in field space. While solar system tests constrain the Brans-Dicke parameter w to
be large and positive, a wide range of cosmological models remain viable for negative
w, particularly in effective string-theoretic contexts [52]. In this framework, small
oscillations around the vacuum state have been studied and shown to be quantizable,

lending additional physical support to the theory.
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Moreover, a hybrid model combining General Relativity, Brans—Dicke theory, and
the Higgs sector of the Standard Model has also been proposed. The resulting field
equations, though too complex for exact solutions, have been explored through simple
ansatze that capture key features of the radiation- and matter-dominated eras. Both
positive and negative values of the Brans—Dicke parameter are found to be compatible
with the model. Interestingly, in the early universe, negative w values lead to a scenario
with two Big Bangs, while the model smoothly reduces to standard cosmology at late
times. By analyzing the effective potential, expressions for the Higgs mass have been

obtained in terms of the Ricci scalar and the Brans—Dicke parameter.

In extensions with non-minimal curvature couplings and /or scalar—tensor dynam-
ics, the Higgs field acquires small, cosmology-induced shifts to its effective mass through
the FLRW curvature and background scalars. These effects can be significant in the
early universe, but are strongly constrained at late times, where they must be tiny and

consistent with precision bounds.

Complementing these cosmological considerations, it is worth recalling that, with-
out spontaneous symmetry breaking, the Standard Model assigns scalar mass via a
dimensionful ghost term—an arbitrary constant with no deeper origin. In contrast,
the present framework replaces this with a dimensionless quantum number associated
with internal symmetry and a contribution from the inverse size of the universe. Spon-
taneous symmetry breaking has been reexamined from the perspective of an internal
SO(3) symmetric field space, leading to the emergence of a massive scalar field. The
starting point is a Lagrangian density that corresponds to an SO(3) reduction of the

scalar sector of the Standard Model, which in full admits SO(4) symmetry.

Taken together, these results reflect an ongoing effort to explore deeper connec-
tions between particle physics and gravity from a scalar field perspective. Future work
will continue in this direction, driven by the belief that the Higgs field holds untapped

cosmological significance.
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