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Abstract: It is widely believed that the screening mechanism is an essential feature for the modified gravity theory.

Although this mechanism has been examined thoroughly in the past decade, their analyses are based on a convention-

al fluid prescription for the matter-sector configuration. In this paper, we demonstrate a new formulation of the

chameleon mechanism in F(R) gravity theory, to shed light on quantum-field theoretical effects on the chameleon

mechanism as well as the related scalaron physics, induced by the matter sector. We show a possibility that the

chameleon mechanism is absent in the early Universe based on a scale-invariant-extended scenario beyond the stand-

ard model of particle physics, in which a realistic electroweak phase transition, yielding the right amount of baryon

asymmetry of Universe today, simultaneously breaks the scale invariance in the early Universe. We also briefly dis-

cuss the oscillation of the scalaron field and indirect generation of non-tensorial gravitational waves induced by the

electroweak phase transition.
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1 Introduction

Dark energy problem for the accelerated expansion of
the Universe is one of the biggest mysteries in modern
physics. Despite observational successes of the ACDM
model in the framework of the general relativity, this
model suffers from the cosmological constant problem,
so the cosmological constant is still a phenomenological
parameter. The modified gravity theories can provide us
with alternative explanations for the dark energy, instead
of ad hoc addition of the constant term. From the theoret-
ical and phenomenological viewpoints, a variety of modi-
fied gravity theories has been proposed so far (for ex-
ample, see [1, 2]), in which the new dynamics in the
gravity sector is responsible for the origin of the late-time
cosmological acceleration. Moreover, the challenges to
test the beyond-standard in gravitational physics have re-
ceived much attention [3-6].
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In order for the modified gravity theory to be realized
in nature, we have to pay attention to the phenomenon at
the smaller scale. Modifications of the cosmological scale
also affect the predictions of galaxy clusters, galaxies,
and the solar system, and they lead inconsistent results
with the observations. Thus, we require the screening
mechanism [7, 8] to restore the general relativity at cer-
tain scales, which suggests that the recovery of the gener-
al relativity must show the environment dependence.

The chameleon mechanism [9, 10] is one of the
screening mechanisms, and it appears in the scalar-tensor
theory and F(R) gravity theory that include an extra scal-
ar field which we call scalaron. The potential term of the
scalaron field includes the coupling to the trace of the en-
ergy-momentum tensor 7%,, which comprises the matter
fields other than the scalar field itself. Trace of the en-
ergy-momentum tensor controls the mass of the scalaron
field, which is very large in a high-density region at the
local scale and very small in a low-density region at the
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cosmological scale. If the mass of the scalar field is large
enough, the propagation is suppressed, and the modified
gravity theories restore the general relativity.

It should be noted that the chameleon mechanism
does not work if the trace of energy-momentum tensor
vanishes. In the previous research by two of the authors
[11], the chameleon mechanism in the F(R) gravity with
the energy-momentum tensor which consists of the stand-
ard-model-particles was examined. Based on the conven-
tional fluid approach where one can approximately com-
pute the energy density and pressure as free particles in
the grand canonical ensemble, we constructed the energy-
momentum tensor. We found that the trace of energy-mo-
mentum tensor is proportional to the mass-squared and
the temperature-squared, 7%, occm?T?, and that the
chameleon mechanism remains to work in the high-tem-
perature epoch if the particles have even a tiny mass
though they behave approximately as radiation.

Towards the complete understanding for the cosmic
history of the scalaron field, it is mandatory to take into
account the thermal history of the matter sector. Thus, the
formulation of the chameleon mechanism in the quantum
field theory has a potential significance for the cosmo-
logy, which may give us a powerful tool to study the
modified gravity in the early Universe. We also expect to
find the unique phenomena related to the chameleon
mechanism, which allows us to search the new physics
originated from the modified gravity.

Based on the previous result [11], the trace of energy-
momentum tensor monotonically increases as it goes
back to the past in the early Universe. Thus, the chamele-
on mechanism has a larger effect on the mass of the scal-
aron field in the earlier Universe. However, there is a cru-
cial room to discuss the weakened or disabled chameleon
mechanism in the early Universe, which was not evalu-
ated in the previous work: to our common knowledge in
particle physics and cosmology, the electroweak phase
transition (EWPT) is supposed to have taken place when
the temperature dropped to the EW scale of O(100[GeV]).
If we believe the scale invariance at the classical level of
a quantum field theory which we employ, and if it is to be
broken explicitly and spontaneously by the EWPT
through the dimensional transmutation and inclusion of
thermal loop effects, the potential of the scalaron field re-
ceives a sudden and gigantic effect through the chamele-
on mechanism. If we have a scale invariance, which im-
plies 7%, vanishes, before the EWPT, 7", changes from
zero to nonzero at the moment of the EWPT. Hence, the
scalaron would dramatically acquire a large mass after
the EWPT.

On the other hand, as was argued in [12] and [13, 14],
one might think that the chameleon mechanism may not
significantly be affected even at the quantum loop level
as long as the scale-symmetry breaking happens to be

only spontaneous, where an ad hoc explicit-scale break-
ing arising from the renormalization procedure could be
gone by a scale-invariant regularization method [15, 16],
hence T‘L =0 even after the EWPT. However, inclusion
of finite-temperature effects, which has not been ad-
dressed in the above literature, would necessarily cause
an explicit-scale breaking for the target-matter sector be-
cause the temperature is the physical scale, in contrast to
the renormalization scale. Thereby, we would anticipate
that the EWPT in the early hot Universe along classically
scale-invariant scenarios surely yields nonzero T%,, (at
least) by the explicit-scale breaking due to the presence of
the thermal bath, which keeps nonzero even after the
EWPT.

As a first step for such a completion of the chamele-
on mechanism in the early Universe, in this paper, we
discuss the scalaron dynamics coupled to a class of scale-
invariant two-Higgs doublet model (SI-2HDM), chosen
as a referenced realistic scenario in terms of thermal his-
tory in the early Universe. It has been shown in the SI-
2HDM [17] that the thermal effect arising from the pres-
ence of heavy Higgs bosons with the masses around the
EW scale (at the quantum loop level) successfully causes
a strong first-order PT for the electroweak (EW) sym-
metry as well as for the scale symmetry. Moreover, if we
do not impose a Z, parity on Yukawa sector, it is pos-
sible to have additional Yukawa couplings that induce the
charge-conjugation and parity (CP) violation and/or fla-
vor violation, which cannot be absorbed into the
Cabibbo-Kobayashi-Maskawa matrix. As a result, a real-
istic amount of the baryon asymmetry of Universe (BAU)
can be realized [18, 19] by the EW baryogenesis
(EWBG) [20] (for reviews, see, e.g., Refs. [21-24]), fol-
lowing the standard sphaleron-freeze out scenario
coupled with a chiral/CP violating transport mechanism.

Along such a cosmological scenario, we investigate
the chameleon mechanism around EWPT epoch with the
realistic setup for parameters in the SI-2HDM supported
by the particle phenomenology. Working on a static ana-
lysis of matter sector, which suffices to study the EWPT,
we explicitly compute the trace of energy-momentum
tensor arising from the SI-2HDM matter sector and dis-
cuss the effect on the scalaron surrounded by the strong-
first order EWPT environment in the early Universe. In
particular, our main focus will be on the scalaron mass
before and after the EWPT.

We also evaluate the time-evolution of the potential
coupled with the SI-2HDM Lagrangian, motivated by the
particle physics in the flat background, which is possible
because the potential structure does not depend on the
background of space-time, although several works [25,
26] had studied the time-evolution of the scalar field in
the cosmological background. We demonstrate that the
conventional fluid approximation is actually valid after
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the EWPT, as far as order-of-magnitude evaluation for
the trace of energy-momentum tensor, which leads to the
scalaron mass and the potential, is concerned.

We thus make a first attempt to evaluate the chamele-
on mechanism in the early Universe, explicitly based on
the Lagrangian formalism. An indirect generation of non-
tensorial gravitational waves induced by the strong-first
order EWPT is also addressed. Though being somewhat
specific to the choice of scenarios beyond the standard
model of particle physics, what we provide in this paper
involves the essential feature related to the PT for the
scale-symmetry breaking, which is applicable also to oth-
er similar models beyond the standard model.

This paper is organized as follows. We briefly intro-
duce the chameleon mechanism in F(R) gravity and ex-
plain the dependence on the trace of the energy-mo-
mentum tensor in Sec. 2. We review the SI-2HDM for the
EWPT in Sec. 3, and formulate and compute the trace of
the energy-momentum tensor relevant to the EWPT
epoch in Sec. 4. In Section 5, we demonstrate the
chameleon mechanism in a specific model of F(R) grav-
ity with SI-2HDM, to find the thermal history of the scal-
aron field in the EWPT environment. Summary and dis-
cussions are given in Sec. 6.

2 F(R) gravity and chameleon mechanism

In this section, we give a brief review of F(R) gravity
and chameleon mechanism for the scalar field. We also
introduce the specific model of F(R) gravity and its prop-
erties.

2.1 Action and Weyl transformation

The action of generic F(R) gravity is given as fol-
lows:

1
S = 2—K2 d4_x \/—_gF(R) + fd4.x \/—_g-EMatter[gﬂVs (D] ) (1)

where F(R) is a function of the Ricci scalar R, and
K* = 8xnG =1 /Mgl. My is the reduced Planck mass
~2x10"8[GeV]. Lyager denotes the Lagrangian of a mat-
ter field @, and the matter field @ follows the geodesics of
a metric g,y .

The variation with respect to the metric g, leads to
the equation of motion:

FRRIR— 3 F(R)gu + (80~ V) F(R) = T8, ).
(2)

Here, Fgr(R) means the derivative of F(R) with respect to

R, Fr(R) = 0rF(R), and the energy-momentum tensor 7,

is given by

-2 6( \/—_g.EMatter(gﬂva (D))

= o

T (8", @) =

We can look into the dynamics of the new scalar field
via the Weyl transformation. It is known that the F(R)
gravity is equivalent to the scalar-tensor theory via the
Weyl transformation of the metric, which is the frame
transformation from the Jordan frame g,, to the Einstein
frame g,,,:

8uv — guv = 62 mmpgpv = FR(R)guv~ (4)

Under the Weyl transformation, the original action Eq.
(1) is transformed as follows:

1 —
S :—2K2 fd4x aY; —gR
1

+ fd4x V-8 [—ENyv(aySD)(av‘P) - Vs(‘/’):|

+ fd4x _g 6_4 WK‘p-EMatter [62 \W/«,&gﬂv’ (I)] . (5)

We call ¢(x) the scalaron field and define its potential
as,
1 RFr(R)—F(R
= R( 2) ( )_ ©)
2 FX(R)

Note that through the Weyl transformation in Eq. (4), the
Ricci scalar R is given as a function of the scalaron field
¢, such as R = R(p).

By the variation of the action in Eq. (5) with respect
to the Einstein frame metric g,,, we obtain the Einstein
equation with the minimally coupled scalaron field. The
variation with respect to the scalaron field ¢ gives us the
equation of motion for the scalaron field,

d 6

Note that 7%, involves the scalaron field induced by the
nonlinear (dilatonic) coupling with matter fields,
Th, =T (¢,3",®), from Egs. (3) and (5). From Eq. (7),
we define the effective potential of the scalaron field as
follows:

av,
b= VD | K VITokeit (7

K
Vietn(9) = Vi) + f dpe T ()

We note that the effective potential of the scalaron in-
cludes the trace of energy-momentum tensor 7%,. In other
words, the matter distributions affect the potential struc-
ture of the scalaron, which leads the environment-de-
pendent mass in the scalaron dynamics. This feature is re-
lated to so-called the chameleon mechanism, which we
will see later in detail.

In general, T ﬁ‘, has a nontrivial dependence on ¢
(', =T',(¢)), which comes up from the metric g" =
e2 VI/6ke31v Given a certain type of the p-dependence, we
can find the matter-sector interactions with the scalaron
as well as the self-interactions. In the previous work by
two of authors [11], 7/, was assumed to be constant in ¢
by following the earlier works [25, 26], to give the sim-
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plified formula
Vier (9) = Vi) - e~ T8, ©)

Although one can observe the above formula in many lit-
erature, it is not a precise evaluation but just a modeled
one. As will turn out later, this modeled expression in Eq.
(9) is justifiable in the field-theoretical manner, which ac-
tually allows us to apply it directly to the evaluation of
chameleon mechanism influenced by a strong-first order
EWPT.

2.2 Chameleon mechanism and energy-momentum
tensor

Next, we discuss the minimum of the scalaron effect-

ive potential and the scalaron mass with the matter effect

T’f, included. The first derivative of the scalaron effective
potential is written in terms of the F(R) function:

aVseIT.(‘P) _ 1 [ZF(R)_RFR(R)-l‘KzTIL)
dp bk F2(R) '

The minimum of the potential at ¢ = ¢, should satisfy
the stationary condition that Eq. (10) vanishes, which
leads to

(10)

2F (Rmin) = Rinin FR Ruin) + K2 T, = 0. (11)

Note that Ry, is related to ¢min through the Weyl trans-
formation e2V1/6kém = F ®(Rmin). Moreover, the square of
scalaron mass m,, is defined as the value of the second de-
rivative of the effective potential at the minimum. The
second derivative of the effective potential is evaluated as
follows:

52 Vseff. (90) — 1
d¢? 3Frr(R)

RFe(R) 2(2F(R) +K*T",) Fr(R)

X1+
Fr(R) F(R)
(12)
Substituting Eq. (11) into Eq. (12), we obtain
1 RminF (Rmin)
2(THy = 1- RR . 13
") = 3 e Ron) ( Fr(Ronin) ()

Note that since the stationary condition Eq. (11) determ-
Ines ¢min Or Rmin, the scalaron mass changes according to
the trace of the energy-momentum tensor 77,.

As Egs. (8) and (13) show, the effective potential and
mass of the scalaron depend on the trace of the energy-
momentum tensor 7%,, which is a key part of the
chameleon mechanism. Now, we consider more on the
construction of the energy-momentum tensor. In the con-
text of the cosmology and astrophysics, various literature
has employed the fluid description to express the environ-
ment surrounding the scalaron field (for example, see
[27]), and the trace of the energy-momentum tensor is

computed as
T4, = ~(o=3p) (14)
where p and p are the energy density and pressure of the
fluid.
The simplest case is the pressure-less dust 7%, = —p,
which is a good approximation to describe the matters in
the current Universe, and the chameleon mechanism is

controlled by the energy density p. For instance, Eq. (7) is
reduced to

_ V@) _ Lpe“‘ N (15)

dp 6
If one can design the F(R) function so that the scalaron
mass becomes large enough in the high-density region,
the scalaron is screened because of its heavy mass. This
feature is called chameleon mechanism which is one of
the screening mechanism in the modified gravity. As a
consequence, for example, the scalaron becomes heavy in
the Solar System, where the scalaron field is screened,
and the F(R) gravity can be relevant to the observations.
On the other hand, in the low-energy density environ-
ment, that is, on the cosmological scale, the scalaron field

becomes dynamical dark energy.

Here, we emphasize that the trace of the energy-mo-
mentum tensor 77, is not necessarily evaluated in the
framework of the conventional fluid approximation, and
thus, one can utilize the other frameworks for the differ-
ent purpose. For instance, it is natural that one should
compute 7%, in framework of the quantum field theory in
the early and high-energetic epoch of the Universe. Be-
cause we are interested in the EWPT in the early Uni-
verse, we introduce the suitable model beyond the stand-
ard model of particle physics as the ingredient of the en-
ergy-momentum tensor. In the rest of paper, we formu-
late the trace of the energy-momentum tensor with the
field-theoretical techniques and compute 7%, for the mod-
el of our interest. Then, we substitute it into Egs. (8) and
(13) to study the scalaron physics and related chameleon
mechanism in the EWPT epoch.

3 EWPT in a SI-2HDM

In this section, we consider a scale-invariant embed-
ding for a scenario beyond the standard model of particle
physics and compute the effective potential of the matter
sector to discuss how the scalaron is affected by the
EWPT environment in the early Universe. As a reference
scenario beyond the standard model, we shall take a class
of general 2HDM which yields a realistic cosmic history
with realization of the right amount of BAU accompan-
ied with a desired strong-first order EWPT [17-19]. In the
present study, we shall apply such an EWBG scenario by
extending it to be scale-invariant (general SI-2HDM).
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3.1 A class of general SI-2HDM

We begin with introducing a general SI-2HDM,
defined by the following Lagrangian:

Vo(D,D,), (16)

where Vj is the tree-level Higgs potential and the two
Higgs doublets (O, ®,) are parametrized in terms of the
fluctuation fields in the broken phase as
oF
L [v +hl(x)+ia]
ﬁ 1 1 1
Their vacuum expectation values (VEVs) are character-
ized as v; = vcosB and v, = vsing, in which v ~ 246[GeV].
Hereafter, we work in the Higgs-Georgi basis, where
all the Nambu-Goldstone (NG) bosons do not show up in
the physical Higgs spectra, and the only one Higgs
doublet ®; acquires the VEV v ~246[GeV]. The two
Higgs doublet fields (®;,®,) in Eq. (17) are transformed
by the orthogonal-basis rotation with the angle B into
(H1,H>») as follows:

L= Loupmw/o v, —

D, =

], for i=1,2. (17)

G+

H = %[v+h’l+iG°] ’
H+

Hy = %[v+h’2+iA]]’

/4 c s h
i)l ) o

where ¢ = cosf and s = sinB. G*¥ denote the NG boson

fields to be eaten by W* and Z. The neutral Higgs fields

(hy1,hy) will be further orthogonally rotated by an angle «

to be mass eigenstate fields (4, H) in a similar manner.
The tree-level Higgs potential in the Higgs-Georgi

basis is deﬁned as

A2

Vo (Hy, Ho) =5 (] + 2

(HTHZ) + 43 (H} Hy ) (H} H)

m)+{5 (i)

+[ A6 (H]H\) + A7 (H3 Hy )| (H] Hy) + hec )

+ 4 (H| Hy) (H;

from which the tadpole conditions at tree-level are found
to be

A
A
?%3 =0. (20)
Therefore, for nonzero v, we find
/11=/l6=0, V()(V)ZO. (21)

The masses of the charged Higgs =, CP-odd Higgs
A, and CP-even Higgs (h, H) are evaluated as

P 1
mzizgvz, mi25(13+/14—/15)\12,
2 00
> (M 02 1 22
Meven = (0 m},) (0 5 s+ At sV ) @2)

Here the massless neutral Higgs (#) in the mass matrix

m2,., is called “scalon” [28] (not confused with scalaron),
which arises as the consequence of the classical-scale in-
variance in the present model. This massless scalon en-
sures the existence of a flat direction in the potential. We
will investigate the EW symmetry breaking along this flat
direction by assuming the scalon-Higgs mass to be zero at
some renormalization scale.

Regarding the choice of the potential parameters, we
further assume the custodial symmetric limit to protect
the possibly sizable contribution to the p parameter,
which is set as

. — 23)
and then, we obtain
2 2
ms, —m
=15 =~ 24)

In addition, we take my = my, for the benchmark point in
addressing the EWPT and baryogenesis. In this case, we
have

2m?
A3=—1, A4=25=0. (25)

Finally, for the benchmark point where mpy = my = mg-
and 75 = tang = 1, the Higgs potential in the present mod-
el is controlled only by the parameters A3 and A7:

e 1,01
V0(¢)_—(2¢h+¢ )(H H +§A2+§H2)

1 1
- 170H (H+H- + 5A2 + EHz) , (26)

where ¢ = /¢?+¢35 with ¢; beingthe constant back-
ground fields of the two Higgs doublets.

As long as the effective potential of the background
field ¢ is evaluated at the one-loop level, the second term
with the coupling 17 in Eq. (26) does not contribute to the
effective potential, but only the first term with the coup-
ling A3 does. It will be replaced by the heavy Higgs mass
coupling Eq. (25) and reduced to be the field-dependent
(common) masses for the H,H* and 4 as will be seen in
Eq. (28). Thus, we can straightforwardly quote the result
in the EWPT as well as the sphaleron freeze-out condi-
tion in [17] where the analyzed model has been set up in
the scale-invariant limit, but not generic due to the re-
quirement of a Z, symmetry among the two Higgs
doublet fields. In particular, the numerical values listed in
Table 1 of the reference can be directly applied even in
the general 2HDM-setup, as we will see them in the next
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subsection.

Note that the only one exception is on estimation for
the cutoff scale A regarding the present general SI-
2HDM: one can compute the one-loop renormalization
group equations for the potential couplings (for the expli-
cit expressions, see [29]). The straightforward one-loop
computation tells us that the present model has a Landau
pole (ALp) at the scale ~ 8.8[TeV] which is regarded as a
cutoff scale up to which the present model is valid. This
computation is based on the Higgs-Georgi basis with the
massless Higgs and other related inputs which are used in
the later subsection. i is determined by other inputs (See,
Eq. (33)). ALp ~8.8[TeV] in the present model is some-
what larger than that in the SI-22HDM with the Z, sym-
metry imposed (App ~ 6.3[TeV]) [17].

3.2 The one-loop effective potential at zero temperat-

ure: EW symmetry breaking

We follow the Gildener-Weinberg method [28] to
compute the one-loop effective potential at zero temperat-
ure, Vi(¢), along the flat direction at tree-level. In the
Gildener-Weinberg method, the NG bosons are exactly
massless along the flat direction, hence they do not con-
tribute to the one-loop effective Higgs potential, making
the potential gauge invariant. At finite temperature,
however, the NG bosons get thermal masses, rendering
the effective potential gauge dependent after thermal re-
summation [30] (see also Ref. [31]). Since there is no sat-
isfactory gauge-invariant perturbative calculation method
at present, we do not pursue this issue and take Landau
gauge in our numerical analysis. In this gauge, the NG
contributions are ¢ independent at leading order in re-
summed perturbation theory so that they do not appear in
the following calculations. Thus, we can readily compute
the one-loop effective potential by using the tree-level re-
lation A3 = 2m? /v* in Eq. (25) and the usual Yukawa and
gauge interaction terms in the standard model,

I B )
Z e (log - —ci], @27)

i=H,AH*\W=*Zt,b

Vi) =

where n; stands for the degree of freedom for each
particle (n.b., a minus sign appears for fermion loops):
ng=na=1, ng- =2, ny-=6, nz=3, n;=n, =-12, and
¢;=3/2(5/6) for scalars and fermions (gauge bosons).
They come in the potential due to the (MS) renormaliza-
tion procedure at one-loop level. In Eq. (27), the m(¢) de-
notes the field-dependent masses for the heavy Higgses
(H,A,H*) and the standard-model particles (with being
selected to be relatively heavy ones with the larger coup-
lings to the ¢, such as W*,Z,z,b), which are defined by

m; =m; — . (28)

Since the VEV v does not develop at the tree-level as

the consequence of the classically scale-invariant setup, v
emerges through the renormalization scale (i) at the one-
loop reflecting the dimensional transmutation, which is
usually called radiative-EW breaking-mechanism. The
tadpole condition at the one-loop level 0V (¢)/0¢ = Oly=,
leads to

1 A
2_ 2 L1 a4
vi=[ exp[ 3 B} ,
it n?
A= Z n; ’(fi(l l(;b)—ci),
itz OMTY v
=4
m.
= Y @ (29)
it f 2 OMTY
Then the vacuum energy becomes
B
Vi) = —v", (30)

2
which has to be negative (i.e. B> 0 since Vy(v) = 0 along
the flat direction) so as to realize the EW breaking at the
true vacuum. Eliminating the renormalization scale g by
using Eq. (29), the one-loop effective potential takes the
form

2

and the 125 GeV Higgs mass is thus radiatively gener-
ated as follows:

2 1
vl<¢>:B¢4(log‘f—2——), G31)

Vi(9)
d¢?

=8Bv.  (32)
¢=v

(125[GeV])> =m} =

3.3 The one-loop effective potential at finite temperat-
ure: EWPT

Including the finite temperature effect via the imagin-
ary-time formalism and applying the resummation pre-
scription [32-35], the one-loop potential Eq. (27) re-
ceives the corrections, and we obtain the effective poten-
tial Vye (4, T):

M@ T)(  MX$,T)
Vhett.(¢,T) = Z ni[ can ( = _Ci]

i=HAH W, i H

ZL,TJ/Lva

T4I M} $,T)

+o—=Ipr| ———||

o2 BF T2

(33)

where ny,, =2(4), nz,, = 12), cv,, =3/2(1/2) (V = W,Z).
The field-dependent masses at the finite temperature
M?($,T) are given by

My g @, T) = 1y 4 11 (@) + T a-(T), (34)

M, (9,T) = ity () + Ty (T), (35)
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- 11
My, ($,T) = 3 [Z(gg +g2)¢” + Iy (T) + T1(T)

1 ? gg
+ (Z<g§—g%>¢2+HW<T>—HB(T)) + 2Lt
(36)

and for each field [36],
2

T
Mpp-(T) = 5 (6m3 +3m3 +4m3, + 6m; +6m3) , (37)

y(T) = 2g57°7, (38)

p(T) = 2g7T?, (39

where g, and g; are the SU(2); and U(1)y couplings, re-
spectively. For the other species, M?(¢,T) = in?(¢). And,
I r(M2(¢,T)/T?) is defined by

Is.r(d®) = f docx? log(l Fe W) (40)
0

where the minus sign is applied for bosons and the plus
one for fermions. For the numerical evaluations of
Ig.r(a*) and their derivatives with respect to a®, we em-
ploy fitting functions used in Ref. [37]. Their errors are
small enough for our purpose.

With the effective potential in Eq. (33), we can ana-
lyze the EWPT and sphaleron freeze-out after we normal-
ize the effective potential to be 0 at ¢ =0, (i.e., making a
shift V(¢,T) - V(¢,T)-V(¢=0,T)). For successful
EWBG, one has to satisfy v/T > &pn(T) at a transition
temperature T (described below), where &pn(T) predom-
inantly depends on sphaleron energy [38, 39]. We take
m2, =m?% = m2%.(=382[GeV])* [17] as the benchmark
point. It turns out that all the results are the same as giv-
en in Table 1 of [17] except for the cutoff scale around 10
[TeV], as noted in the previous subsection.

Therefore, we can directly quote the successful
benchmark parameters relevant to the strong first-order
PT at the critical temperature (T¢) and the nucleation
temperature for the EW-broken phase bubble (Ty) [17]:

ve/Te =211[GeV]/91.5[GeV] = 2.31,
gsph(TC) =123,
v /Ty =229[GeV]/77.8[GeV] =2.94,
fsph(TN) =1.20,
Ea(Ty)/Tx = 151.7, (41)

for my, = 125[GeV], mpy = my = mpy- = 382[GeV], and 153 = 1.
veyw is the Higgs VEV at Ty, £spn(Tevy) denotes the re-
lated sphaleron decoupling parameter, and E.,(Ty) rep-
resents the energy of the critical bubble (three-dimension-
al bounce action) [40]. In calculating &, thermal effects
on the sphaleron configuration are also taken into ac-
count. This is the reason why &, is slightly greater than
a conventional rough criterion of &g = 1.

The parameters listed in Eq. (41) makes it possible to

accumulate the realistic amount of BAU by introducing a
moderate size of extra CP-violating Yukawa couplings in
the top-charm sector [18] or bottom-strange sector [19].
Actually, the benchmark value for the heavy Higgs mass
(382[GeV]) is somewhat smaller than those adopted in
[18] (500[GeV]) and [19] (600[GeV]), as well as the re-
lated quantities such as T¢,Ty and so on. In evaluating
the chiral/CP-violating transport process, however, such a
small range of the mass difference will not give a signi-
ficant effect on the (coupled) diffusion rates and the
thermal decay rates unless extra colored particles are
present.

Therefore, the generated BAU in the SI-2HDM is ex-
pected to be the same order in magnitude as that estim-
ated in [18, 19] (for theoretical uncertainties of the BAU
calculation, see [18, 19]). However, one crucial differ-
ence is that our scenarios do not suffer from any severe
experimental constraints, such as the electric dipole mo-
ment of electron whose upper limit has been improved
down to 1.1x107?° [ecm] by ACME Collaboration [41],
since so-called alignment limit, sin(8—a@) — 1, is natur-
ally realized in the current model.

4 Static 7, in the EWPT

In the previous section, we have introduced the SI-
2HDM to describe the EWPT in the matter sector. Now,
we consider the method to evaluate the trace of energy-
momentum tensor in a way relevant to such a PT environ-
ment. As will be addressed below, the key point is to note
that since the evolution of the vacuum state (as well as
the mass spectrum) during the EWPT can be described by
the free energy, namely an effective potential, the vari-
ation of the trace of energy-momentum tensor around that
epoch can be static. Such a static trace of the energy-mo-
mentum tensor, Tl;lstatic, can be computed in the field the-
ory, and we will apply this procedure to the SI-2HDM.
We also discuss the comparison of the (static) T%;s de-
rived from the proposed field-theoretical approach and
the conventional fluid approximation.

4.1 The static T‘;, and decoupling of scalaron

To achieve the complete evaluation of the trace of the
energy-momentum tensor, we have to take into account
the nonlinear coupling between the scalaron and matter
fields, which is technically hard to accomplish. Noting
characteristic features which we are generically faced
with in evaluation of the trace of energy-momentum
tensor, we demonstrate how the complexity of the issue
can be relaxed in the present case we mainly concern
about.

First of all, we note that in contrast to the fluid pic-
ture where the couplings to scalaron are implicit, we have
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to pay our attention to the interactions between the scal-
aron and the target-matter sector induced by the Weyl
transformation: The Lagrangian for the matter sector can
be read off from Eq. (5) as follows:

N Matter = fd4x _g 6_4 mk(pLMatter [62 \/mktﬂg/lv’ (I)] . (42)

That is, in addition to the overall exp[—4 v/1/6kg], we
need to consider couplings between the scalaron and mat-
ter sector induced by the metric through the kinetic terms,
which in general causes the non-trivial ¢-dependence of
the 7%, as in Eq. (8).

However, it is actually not such a complicated case as
far as the PT epoch is concerned: Because one can con-
sider that the evolution of the vacuum (including the mass
spectra) during the EWPT is (quasi-) static process, the
trace of the energy-momentum tensor can be identified
with the static one,

T, =T,| .  inthe EWPT epoch. (43)

By using this T‘L|staﬁc, we can safely ignore the nontrivial
¢-dependence in the trace of the energy-momentum
tensor 7%, arising from the kinetic terms. The static trace
of energy-momentum tensor can be simply evaluated by
the scale transformation of the effective potential for the
matter sector:

TI;"Ltatic = —6p VMatter (44)

up to total derivative. 6p represents the operation of the
infinitesimal scale (or dilatation) transformation. Note
that Eq. (44) implies that the static trace of the energy-
momentum tensor does not depend on the metric.
Moreover, in this case, the original expression for the ef-
fective potential of the scalaron in Eq. (8) is reduced to
the modeled one in Eq. (9).

Although the intrinsic ¢-dependence arising from the
Wely transformation is ignored, we still have the overall
exp[—4 V1/6k¢p], which leads to the interactions between
the scalaron and potential terms in the matter sector. As
the second step, we introduce a perturbative picture in the
scalaron field discussed in [42]. When we consider the
fluctuation mode of scalaron field

Kp — KPmin + K@, k| < 1, (45)
nonlinear exponential form of scalaron can be reduced in-
to the polynomial form:

e Q¥ 5 QP Okp — oOWpmin (1 4 Okp+---), (46)

where Q is an arbitrary coefficient. exp[Qxgmin] corres-
ponds to the difference between the Jordan and Einstein

frames.

One can find that the leading order does not include
interaction with the scalaron and that the contributions
from the scalaron couplings appear at the loop-order. Be-
cause such interaction terms are suppressed by the Planck
mass scale « oc 1/Mp,, we can neglect them at the EWPT
scale in which we work. Thus, the trace of the energy-
momentum tensor can be evaluated only with the origin-
al matter sector and without including the scalaron, up to
the frame difference. As we will see in the final section,
we will find exp[Qkgmin] ~ 1, and we can also ignore the
frame difference. We note that thermal loop corrections
by the SI-2HDM are included in itself in term of the ef-
fective potential V)¢ (¢, 7T), which does not include the
loop corrections by the scalaron.

Thereby, Eq. (9) is actually applicable directly to the
case in which the scalaron acts as a background field
overall coupled to matter-sector dynamics, as has been
discussed in the present analysisl). Thus, we can make the
scalaron completely decoupled from the dynamics of the
target matter sector, which allows us to compute the trace
of the energy-momentum tensor as we do in the Jordan
frame. We also note that the correspondence between the
fluid prescription and field theory is not so straightfor-
ward because there are many theoretical difficulties to re-
produce the fluid picture starting from the field-theoretic-
al viewpoint although we have derived Eq. (9) under the
several relevant assumptions.

4.2 The static T’L around the EWPT epoch in the SI-
2HDM

By incorporating the general SI-2HDM in the previ-
ous section into the targeted matter Lagrangian, we can
evaluate the 77, as

T = T oo = =00 [Viet (@ Dllp=vry.  (47)
where Vj,.x(¢,T) is given in Eq. (33), and 6% expresses the
infinitesimal operator 6 with respect to the Higgs field ¢,

L . . b3)
which is constant in the space-time: 5%90 =¢ 7. Eq. (47)
can be computed as follows:

[T MA@.T)
5?)[Vheﬁ(¢,T)]|¢—v(T):Z”imiz(@[ 1672 (1 s
_c,+1)+T_2,/ [Mﬂ

o) 20T My

(48)

0
where I}, F(az) = ﬁl&p(az). Here, the temperature de-
’ a

1) It should be noted that Eq. (44) works only in the static analysis on the T’;, to be reliable in an environment such as PTs, as in our concern in the present study.
When the matter sector is evaluated as a dynamical bulk, in general, loop corrections yield a nontrivial dependence on the metric coming along with derivatives, to show
up in the dynamical effective action to be transferred into the trace of energy-momentum tensor, which accompanies the non-minimal couplings with scalaron fields.

2) Here, we note again that the effective potential Vje(¢p, T) does not involve the scalaron field due to the metric-independence. When we handle the effective ac-
tion, the non-minimal couplings between the scalaron and fields in SI-2HDM are generated. However, Eq. (47) is valid as far as the effect from the EWPT environment

on the scalaron is concerned.
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pendence of the Higgs VEV w(T) is completely determ-
ined by the potential analysis in the previous section.

The scalaron ¢ couples to the 7%, as in Eq. (9) (with
the 77, replaced by the static one in Eq. (47)), with the
dilatation variance given in Eq. (48), so that the scalaron
dynamics gets significantly affected by the matter sector,
the SI-2HDM, after the EWPT at T = T¢. There, the ex-
plicit scale symmetry breaking is provided by introduc-
tion of the renormalization scale i as well as the temper-
ature T transported from the one-loop effective potential
of the Higgs ¢ field, as clearly seen from Eq. (48). To be
more explicit, we expand the Higgs field ¢(T) in Eq. (48)
around the VEV w(T) (T < T¢) by introducing the fluctu-
ating field ¢ via a shift v > v+¢. We can read off the
coupling terms between the Higgs ¢ and the scalaron ¢ in
the scalaron effective potential (in Eq. (9) with the 77, re-
placed by the static one in Eq. (47), together with the
dilatation variance given in Eq. (48)) as follows:

1
Vien(g) =Vi(p)+ ze™ VIToke

M (¢, T) M} (,T) 1
XZ 2(¢)[ T (og [ﬂ —Ci+§]

T2 (M,-z(dﬁ, T))]

+_
w2 B T2

¢=w(T)

1 2
=Vi(p) + Ze_4 Viory [4B¢4 log ¢—2
1%

L, TY  (MXe.T)
S, (297

¢=w(T)
(49)
and
Vier(@) = Vil + gt T [4B¢ 1n¢ + (1)’
12
¢2
—4B¢* ln —3ET¢> + Ar¢* +-
¢=v(T)

= V() + Ze“‘ V76 [Ty (TY((T) + 6)°

—2ET((T)+ )’ + dr((T) +¢)* +---] .
(50)
In arriving at the second equality from the first one in Eq.
(49), we have used the tadpole condition 0Vj,efr/0¢lg=v1)=0.
In reaching the last expression in Eq. (50), we have cur-
ried out the high-temperature expansion (for the unre-
summed potential), to make the temperature dependence

clearer” . We also made the VEV w(T) developed to have
the fluctuating Higgs field ¢, and the ellipses denote
higher order terms with respect to the ¢ field. In Eq. (50),
the IT,(T), £ and Ar are defined as

2 2 2 2
m; T m; T
qu(T)—' Z M Z Lo ye
i=bosons i=fermions
3
m:
E= i
D, Mg
i=bosons
m? m?
Ar =4B— ) nji—L—1o L 51
r Z 1672v* ga/B,pT2 D

where the definitions of @ and af being in the footnote 2.

Note that the ¢-tadpole terms in Eq. (50) should be
eliminated by imposing the tadpole condition
OVper/Ov = 0. Obviously, the scale symmetry is not re-
spected in the induced scalaron-coupling form, which has
been spontancously (radiatively) broken by the Higgs
VEV v and explicitly broken by the renormahzatlon (i.e.
the Higgs VEV) and introduction of temperature . As
expected from Eq. (50), it implies that the chameleon
mechanism will be influenced by the coupling with the
Higgs potential with those net scale-symmetry breaking-
effects encoded, as will clearly be seen later soon.

A similar discussion of the chameleon mechanism af-
fected by the Higgs potential term has been made in [43]
at zero temperature, in which the scalaron plays a role of
compensator for the scale invariance in the matter sector
(i.e. the standard model) and develops its VEV at the
tree-level of the standard model to trigger the scale-sym-
metry breaking and subsequently breaking the EW sym-
metry. In comparison with the earlier work, in the present
our case, the scale symmetry is spontaneously (radiat-
ively) broken by the matter-sector dynamics (SI-2HDM)
at the one-loop level, and explicitly broken by introduc-
tion of the renormalization scale and temperature, which
gives the significant effect on the chameleon mechanism
at around the EWPT epoch (T ~ T¢) as we will explicitly
demonstrate in the next subsection. A distinct difference
from the earlier work can also be observed in the target-
Higgs potential form of logarithmic type including the fi-
nite temperature terms in the present scenario.

Nevertheless, one might simply suspect that the
chameleon mechanism may not significantly be affected
as was indicated in [12] and [13, 14], unless the scale-
symmetry breaking is supplied by emergence of non-de-
rivative couplings (i.e. potential terms); for instance, the
Higgs portal coupling [43]. Going beyond the tree-level,

ap

1) The following high-temperature expansions of the thermal functions have been used: Ig(a?) = — 45+ 12“ —g(uz)z——(log——f)+()(a6)

2 2
(@) = 20 = £ — 2@} - 5 log &£ 1)+ 0, Ir(@) = 5 - Fra

logap =2log(4r)—2yg =391 and logar =2logn—2yg ~ 1.14.

2

——(log———)+0(a6) (@)= "’5;;’ ) = %—7(10g%—1)+0(a4) where

2) One could absorb those explicit breaking effects by introducing the running coupling constants regarding the renormalization scale and temperature, into a mani-

festly renormalized form for the effective potential.

105101-9



Chinese Physics C Vol. 43, No. 10 (2019) 105101

this observation might still be operative even including
radiative corrections if they are regularized by a scale-in-
variant dimensional regularization [15, 16]. The scale-in-
variant dimensional regularization could wash out scal-
aron couplings to the Higgs potential independent of the
temperature 7, as displayed in Eq. (50). However, in the
present our scenario, the scalaron would still be left with
finite temperature terms as seen in Eq. (50), which serve
as another explicit-breaking source.

Note also that such a temperature-dependent part will
not be moved away in contrast to an artificial renormaliz-
ation-scale dependence, which manifests the fact that the
scale symmetry for the matte sector is explicitly broken
once it is put in the the thermal bath with the characterist-
ic temperature. Moreover, its breaking effect arises to be
seen at the loop level of the thermal field theory.

4.3 Comparison with conventional fluid picture

Now we evaluate the 7%, in Eq. (47) in the SI-22HDM
based on Eq. (48) with respect to the temperature 7, to
obtain the plot in Fig. 1. The 77, has been set to exactly
zero before the EWPT because of the potential conven-
tion for the sphaleron freeze-out analysis (i.e.
V(g,T) — V(¢,T)— V(¢ =0,T) as was done in Sec. 3.3), in
which thermally-driven vacuum-energy terms, possibly
present in the EW symmetric phase, have been dropped.
That is, the scale-invariant limit has been achieved in the
symmetric phase. Here, we have applied two different
ways (the dashed red and dot-dashed blue lines) in taking
into account the resummation prescription. In both two
cases, the SI-2HDM model predicts a sharp dump at
around 80-90[GeV], which indeed reflects the strong-

Temperature T [GeV]

Fig. 1. (color online) The dashed red and dot-dashed blue
lines show the trace of the energy-momentum tensor with
and without the resummation prescription, respectively. The
solid black line shows the trace of the energy-momentum
tensor constructed only from the Standard Model particles
in the conventional fluid approach. The similar magnitude
of the solid black and other curves implies the validity of
the approximation and the thermal decoupling of the heav-
ier Higgs with mass above 100 [GeV].

first order EWPT, and the trace of the energy-momentum
tensor becomes zero as we expected. We also plot the res-
ult in the previous study [11] where we calculate the trace
of the energy-momentum tensor comprised only by the
standard model particles in the conventional fluid approx-
imation (the solid black line).

Figure 1 clearly demonstrates that the SI-2HDM with
the exact analysis based on the quantum field theory does
not show a large deviation from the approximated fluid
description in the trace of energy-momentum tensor,
though they are somewhat different by a factor of order
one. Thus, it has been shown that the conventional ap-
proach actually works appropriately in the evaluation of
the chameleon mechanism although it cannot describe the
EWPT.

5 Chameleon mechanism over the EWPT

In this section, we formulate the chameleon mechan-
ism in the environment of the EWPT in the early Uni-
verse. Then, we apply it to the evaluation of the scalaron
mass and potential in the EWPT environment, where the
SI-2HDM plays a significant role as we introduced in the
previous section.

5.1 Model of F(R) gravity

In order to examine the chameleon mechanism in the
EWPT background, we consider the following model
[44],

R2\™"
F(R):R—,BRC[I—(1+F) +aR?. (52)

c

The R, is taken to be a typical energy scale, where the
gravitational action deviates from the Einstein-Hilbert ac-
tion, and one expects R. ~ A ~4x 107%[GeV?]. The in-
dex n and the parameter B8 are chosen to be positive con-
stants. The a expresses another high energy scale. It has
been known that the F(R) gravity models for the dark en-
ergy generally suffer from the curvature singularity prob-
lem [45]. This problem can be cured with R? correction
[46, 47], and the scalaron mass is upper-bounded and be-
comes finite in the high-density region [11, 48]. Note that
R? term is not necessarily identified with the part of g2 in-
flation model.

The curvature scale R should be larger than the dark
energy scale R. because the chameleon mechanism works
in the presence of matters. Therefore, we work in the
large curvature limit R. < R. In the large curvature limit,
the minimum of the potential is determined with Eq. (11)

—2n
R .
0 = Rmin — 28R, + 2(n+ 1)8R. ( ;11“) + T (53)
c
Note that the aR? does not affect the stationary condition.
The second and third terms in Eq. (53) are negligible in
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the large curvature limit R, < Ry;n, and one finds
Rinin ~ _KZTIL- (54)
As an illustration, we assume that the matter contribu-
tion is approximately expressed as the pressure-less dust,
T", = —p, where p is the matter energy density. Then, the

scalaron mass in Eq. (13) is evaluated in the large
curvature limit as

R. 2o\ 20D
g (F
6n(2n+1)B |\ R,
-1
R, 1
— —. (55)
n2n+1)B| 1+2ak%p

We find that the scalaron mass is given by the increasing
function of the energy density p, and thus, the scalaron
becomes heavy in the high-density region of matter as we
expected. In the following analysis, we use this F(R)
model to study the chameleon mechanism and effective
potential of the scalaron in the EWPT environment.

5.2 Chameleon mechanism in the EWPT environment

Next, we convert the trace of energy-momentum
tensor as in Fig. 1 into the temperature-dependence of the
scalaron mass. We show the result in Fig. 2. As an illus-
tration, we take the parameters in Eq. (52) asn=1, 8=2,
a=1[GeV~2]. Since the trace of energy-momentum
tensor is zero before the EWPT, the dashed red and dot-
dashed blue lines show that the scalaron mass is given by
the dark energy scale, my,~3x10733[eV]. After the
EWPT, the effective potential of scalaron achieves the fi-
nite trace of energy-momentum tensor, and the chamele-
on mechanism makes the scalaron mass heavy. The scal-
aron mass after the EWPT takes the constant value as in
[11], m, ~ 0.1[GeV], for the choice of @ = 1[GeV~2].

We note that the constancy of the scalaron mass is
due to R? term in the F(R) model Eq. (52). When we
work in a large curvature limit where R. <R < 1/a, we
find that the mass formula Eq. (55) is reduced to

2 L
m¢ = 6a .
This is why the scalaron mass m,, is approximately com-
puted to be ~0.1[GeV] when a=1[GeV~2]. It is also
noted that the scalaron mass becomes a trans-Planckian
scale without R? corrections, which is related to the sin-
gularity problem in the F(R) gravity.

(56)

5.3 Scalaron potential in the EWPT environment

Finally, we discuss the scalaron potential over the
EWPT environment created from the SI-2HDM. We con-
sider the effective potential of the scalaron field before
and after the EWPT. Right after the EWPT (T' < T¢ ~91.5
[GeV]) with and without the resummation prescription,
the trace of energy-momentum tensor keeps almost a con-

100F
1
1 1
i !
1078 I 1
i i
- P
3 107 i i
[©) ! 1
—_ 1 1
S ' 1
E 1 1
10—25 1 :
1 1
1
! 1
1 )
10-%8 i i
R S S
60 70 80 90 100
Temperature T [GeV]
Fig. 2. (color online) The dashed red and dot-dashed blue

lines show the scalaron mass for SI-2HDM with and
without the resummation prescription, respectively. The
solid black line shows the scalaron mass in the convention-
al fluid approach. The parameters of the F(R) function are
chosenasn=1,8=2,a=1[GeV~7].
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Fig. 3. The solid black line shows the effective potential of
the scalar field with n=1, =2, and « = 10%22[GeV~2]. The
potential is normalized to V= 2% ~pa , Where py is the
dark energy density. Before EWPT, SI-2HDM does not
generate the trace of the energy-momentum tensor, and thus

the chameleon mechanism does not work.

stant value (See Fig. 1). Hence, by inputting 7%, = 0[GeV*]
and T‘L ~4x107[GeV*], we plot the form of the effective
potential before and after the EWPT, given in Figs. 3 and 4.

In this analysis, we set @ = 10°2[GeV 2], which corres-
ponds to the experimental upper-bound from the fifth
forth experiment [49]. Before the EWPT (T > T¢), the ef-
fective potential does not receive the effect of the
chameleon mechanism because the trace of energy-mo-
mentum tensor vanishes. Then, the potential minimum
locates at around ¢ ~ —0.1. Immediately after the EWPT
(T < T¢), the chameleon mechanism starts to work due to
the non-zero trace of energy-momentum tensor induced
by the radiative breaking of the scale and EW symmet-
ries, and the effective potential is lifted by the SI-2HDM-
matter contributions. Then, the potential minimum loc-
ates at around g ~ 0.

From the potential analysis, we can conjecture the
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2.5x 108!
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Fig. 4. (color online) The same parameters as in Fig. 3. The
solid black line shows the effective potential and the blue
dashed line represents the original potential of the scalaron
field. The red dotted line shows the matter contribution.
After EWPT, the trace of the energy-momentum tensor has
a non-zero value, and affects the effective potential due to
the chameleon mechanism. Immediately after EWPT,
T', ~4x107[GeV*].

new thermal history of the scalaron field with taking into
account the EWPT; the scalaron field at the original po-
tential minimum is pushed away from the minimum by
the EWPT via the chameleon mechanism, and the scal-
aron field would locate around the new potential minim-
um. As the Universe expands, the matter effect is de-
creasing in the effective potential, and the potential form
is approaching to the original one. The above scenario
gives the nonperturbative effect to the time-evolution of
the scalaron field, and the behavior of the scalaron field
after the EWPT is nontrivial, but expected to be around
the potential minimum.

6 Conclusion and discussion

We have investigated the chameleon mechanism in
the early Universe, especially the EWPT epoch, with the
formulation based on the quantum field theory. We have
utilized a class of general SI-2HDM to describe the
EWPT and evaluated the one-loop effective potential as a
function of a constant background Higgs field. By inter-
polating the numerical results, we have confirmed that the
trace of energy-momentum tensor in the SI-2HDM shows
almost the same temperature-dependence as that in the
conventional fluid approach after the EWPT, as far as the
order of magnitude is concerned. Moreover, we have con-
verted the temperature-dependence of the trace of the en-
ergy-momentum tensor into that of the scalaron mass, to
find that the scalaron has tiny mass comparable to the
dark energy scale, m, ~ 10723[eV], due to the absence of
the chameleon mechanism before the EWPT. This is re-
flected by the drastic change of the scalaron potential
caused by the suddenly increased trace of energy-mo-

mentum tensor as we have shown in the shape of the scal-
aron potential before and after the EWPT.

A couple of comments and discussions on future pro-
spects regarding what we have clarified in the present pa-
per are as follows. Two of authors have studied the scen-
ario that the scalaron can be dark matter [42]. When we
quantize the excitation or perturbation around the poten-
tial minimum of the scalaron field, we have the particle
picture of the scalaron field. This scenario relies on the
assumption that the scalaron field keeps the harmonic os-
cillation to act as a dust in the cosmic history, and thus,
the initial condition for the oscillation seemed to be giv-
en by hand in analogy with the harmonic oscillation of
the axion dark matter.

Regarding the origin of the harmonic oscillation, we
could find the species of the oscillation in the present pa-
per. For the scalaron, the matter sector works as an ex-
ternal field, and the scalaron field would receive the non-
linear effect to start the forced oscillation when the ex-
ternal field suddenly changes. Because the EWPT in the
matter sector “kicks ” the scalaron field through the
chameleon mechanism, we can expect that such a kick
generates the harmonic oscillation of the scalaron field.
We also expect that the initial condition for the scalaron
field at the original potential minimum would be wiped
out by the matter effect, to avoid the fine-tuning for the
harmonic oscillation of the scalaron.

The kick solution had been already argued in [25, 26].
This is induced by the comparison to the Hubble friction
term in the cosmological background, which causes the
continuous change of potential form. On the other hand,
the kick by the EWPT is not the continuous one, and thus,
we can conclude that we have found another possibility
of the kick solution in the early Universe. We also em-
phasize that the PT does not happen in the scalaron sec-
tor because the scalaron field decouples from the thermal
equilibrium due to the Planck-suppressed couplings to the
other fields. Thus, the discrete change of the potential
shape in the chameleon sector should be regarded as a
transition-like phenomena induced by the genuine EWPT
in the matter sector.

In relation to the oscillation of the scalaron, we might
find the intriguing effect in the phenomenology. As we
have mentioned, the EWPT deforms the potential shape
of the scalaron field, which may generate the oscillation
of the scalaron field. Since the scalaron field originates
from the gravity sector through the Weyl transformation,
the oscillation of the scalaron field would imply genera-
tion of an intrinsic gravitational wave. It has been sugges-
ted that the F(R) gravity predicts the scalar mode of the
gravitational waves [50, 51], which is described by the
fluctuation of the scalaron field around the potential min-
imum. Therefore, we may expect the origin of the non-
tensorial polarization of the gravitational waves induced
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by the EWPT. Besides the well-known fact that a strong-
first order PT can directly generate the gravitational
waves [52-55], our analysis gives another insight in that
the EWPT could indirectly generate the scalar mode of

the gravitationalt waves in the F(R) gravity. This specula-
tion would open the brand-new phenomenology to ex-
plore the beyond-standard-physics in both particle and
gravitational physics.
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