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First-order phase transitions (FOPTs) are ubiquitous in physics beyond the Standard Model (SM).
Recently, models with no dimensionful parameters in the tree-level action have been attracting much
attention because they can predict a very strong FOPT with ultrasupercooling. In this paper, we study the
cosmological signatures of such a supercooling model. As a concrete model, we consider the SM with two
additional real scalars ϕ and S, which can realize the electroweak symmetry breaking via the Coleman-
Weinberg mechanism. One of the additional scalars S can naturally become a dark matter (DM) candidate
due to the Z2 symmetry of the action. We study the FOPTof this model and calculate the gravitational save
(GW) signals and the thermal relic abundance of S taking the filtered effects into account. Within the
envelope approximation, we find that the GW peak amplitude can reach ∼10−10 around the frequency
f ∼ 10−3 Hz for model parameters ðvϕ; λϕSÞ ∼ ð200 TeV; 1.6Þwhere vϕ is the vacuum expectation value of
ϕ and λϕS is the scalar mixing coupling. On the other hand, the filtered DM mechanism only works for

0.8≲ λϕS ≲ 1, where the GW peak amplitude is found to be quite small ≲10−17.

DOI: 10.1103/PhysRevD.105.103515

I. INTRODUCTION

Observational cosmology has rapidly progressed in the
past two decades, and it is now possible to explore new
physics by various observations of the Universe. For
example, the precise measurements of the cosmic micro-
wave background (CMB) [1,2] have revealed the magni-
tude of density fluctuations on large scales and the thermal
history of the Universe after the recombination epoch.
These observations place strong constraints on various
inflation models [3], and it is noteworthy that a few simple
inflation models with polynomial potentials are already
ruled out by the CMB observations, which indicates the
necessity to consider more nontrivial inflaton potentials.
Here, we should mention that inflation models in which the
Standard Model (SM) Higgs plays a role of an inflaton are
still viable and have been attracting much attention due to
their phenomenological richness [4–11].
Gravitational wave (GW) astronomy [12–14] has

recently become one of the most popular fields because
of the possibilities of probing very early universe physics
beyond the CMB era. GWobservations of compact binaries
[15–17] and the stochastic background [18–25] can test

new physics models and gravity theories. In particular, the
stochastic GWs from first-order phase transitions (FOPTs)
have been actively studied in recent years because many
new physics models predict them at the early universe.
Unfortunately, the electroweak (EW) phase transition in the
pure SM is crossover [26–28], although this motivates the
study of FOPTs and GWs in the context of new physics
models.
Among various extended models, models with no dimen-

sionful couplings in the tree-level action have been attracting
much attention recently [29–47] because they can naturally
realize the Coleman-Weinberg (CW)mechanism and predict
a very strong FOPT with ultrasupercooling [48–51]. In this
case, the resultant GW signals are largely enhanced, and they
can be detected by future detectors such as LISA [52–54],
BBO [55], DECIGO [56,57], Ultimate-DECIGO [58,59],
and SKA [60–62].
In this paper, we study cosmological signatures of such a

classical conformalmodel. As a concretemodel, we consider
the most economical model studied in Refs. [63,64], which
can simultaneously explain the EW scale and dark matter
(DM).1 This model has two additional real singlet scalars ϕ
and S, which is a minimum setup to realize the CW
mechanism as well as the classical conformal B − L model
[33,34,36,48]. From the assumption of the classical
conformality, this model can realize the FOPT with
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1In Ref. [65], we have also studied the critical Higgs inflation
by introducing heavy right-handed neutrinos.
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ultrasupercooling and predict strongGWsignals whose peak
amplitude can become as large as ∼10−10 at around the
frequency ∼10−3 Hz for some model parameters. For sim-
plicity, we focus on the parameter region where only ϕ (and
the SMHiggs) acquires thevacuum expectationvalue (VEV)
by the CWmechanism. In this case, S can naturally become a
DM candidate via the usual freeze-out mechanism because
its decay to SM particles is protected by the existence of Z2

symmetryS → −S. However, the existence of a strong FOPT
changes this picture dramatically [66,67]. Because of the
huge mass gap between the false and true vacua, only a few
particles with sufficient kinetic energies can penetrate the
bubble walls and survive the FOPT. Correspondingly, the
predictions of the thermal relic abundance of S are modified
significantly, and we find that only the small parameter
region 0.8≲ λϕS ≲ 1 is allowed for the coexistence between
FOPT and DM abundance. Here, λϕS denotes the mixing
coupling between ϕ and S. When λϕS ≳ 1, the relic abun-
dance of S is typically overproduced even though a strong
FOPTwith ultrasupercooling is realized. On the other hand,
when λϕS ≲ 0.8, it becomes difficult to complete the FOPT
because the bubble nucleation rate is too small. The resultant
GW peak amplitude is predicted to be very small≲10−17 for
such a coexisting region 0.8≲ λϕS ≲ 1. We summarize these
results in Fig. 5 and the lower panel of Fig. 6.
The organization of this paper is as follows. In Sec. II, we

briefly review the model introduced in Refs. [63,64]. In
Sec. III, we study the FOPT of the model. In particular, our
main focus is the calculations of the nucleation and
percolation temperatures. In Sec. IV, we calculate the
GW signals based on the fitting results in Ref. [53]. In
Sec. V, we discuss the impacts of the strong FOPT on the
relic abundance of S. Conclusions are given in Sec. VI.

II. MODEL

In this section, we briefly review the model introduced in
Refs. [63–65]. We start from the following classically
conformal action:

L ¼ LSM −
1

2
ð∂μϕÞ2 −

1

2
ð∂μSÞ2 − λHðH†HÞ2 − λϕ

4!
ϕ4

−
λϕS
4

ϕ2S2 −
λS
4!

S4 þ λϕH
2

ϕ2ðH†HÞ

−
λSH
2

S2ðH†HÞ; ð1Þ

where ϕ and S are real scalars and LSM is the SM
Lagrangian without the Higgs potential. As we will see
below, the mixing coupling λϕH is found to be very small
for the successful realization of the electroweak symmetry
breaking (EWSB), which justifies the neglect of the one-
loop contribution of H to the effective potential of ϕ. As
usual, we can choose the renormalization scale μ at
μ ¼ MCW where λϕ vanishes. As a result, all the coupling

constants in Eq. (1) are evaluated at μ ¼ MCW in the
following discussion. The one-loop effective potential of ϕ
at zero temperature in the MS scheme is

V0
ϕðϕÞ ¼

m4
SðϕÞ
64π2

log

�
m2

SðϕÞ
M2

CWe
3=2

�
þ ϵ; m2

SðϕÞ ¼
λϕS
2

ϕ2;

ð2Þ

where ϵ is a vacuum energy constant, which has to be
appropriately chosen in order to forbid the inflationary
expansion at the present Universe. The above potential has
a minimum at m2

SðvϕÞ ¼ M2
CWe, and we can eliminate

MCW by using this relation as

V0
ϕðϕÞ ¼

m4
SðϕÞ
64π2

log

�
m2

SðϕÞ
m2

SðvϕÞe1=2
�
þ ϵ

¼ m4
SðϕÞ
64π2

log

�
ϕ2

v2ϕe
1=2

�
þ ϵ; ð3Þ

which is the well-known form of the CW potential [68,69].
The mass of ϕ at the true vacuum is

m2
ϕ ¼ d2V0

ϕ

dϕ2

����
ϕ¼vϕ

¼ λϕS
16π2

m2
SðvϕÞ: ð4Þ

The vacuum energy constant ϵ is fixed to be2

ϵ ¼ m4
SðvϕÞ

128π2
: ð5Þ

In the following, we represents the Hubble scale deter-
mined by ϵ as

Hϵ ¼
�

ϵ

3M2
Pl

�
1=2

: ð6Þ

The corresponding temperature at which the radiation
energy becomes equal to ϵ is given by

Tϵ ¼
�
30ϵ

π2gϵ

�
1=4

¼ 151=4

23=2g1=4ϵ

mSðvϕÞ
π

¼ 0.07 ×

�
100

gϵ

�
1=4

mSðvϕÞ; ð7Þ

2To be precise, all the fields in the model contribute to the
vacuum energy, but the most dominant one is the contribution by
S as long as vϕ ≳ 1 TeV and λϕS ∼ 1. Note that the effect of the
vacuum energy on the expansion of the Universe is negligible
until T ∼ Tε because the radiation energy is dominant. For
simplicity, we also assume that the inflaton energy density is
much larger than ϵ.
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where gϵ is the effective number of degrees of freedom
(d.o.f.) at this moment.
The CW mechanism of ϕ triggers the EW symmetry

breaking via the ϕ2ðH†HÞ term as

v
vϕ

¼
ffiffiffiffiffiffiffiffi
λϕH
2λH

s
; ð8Þ

where v ≃ 246 GeV. This relation shows that λϕH is quite
small as long as vϕ ≳ 1 TeV.
In this model, the thermal relic abundance of S can

account for the whole DM abundance when the following
relation is satisfied [64]:

4λ2SH þ λ2ϕS ¼
�
mS

mth

�
2

; mth ¼ 1590� 40 GeV; ð9Þ

where mS is the mass of S,

m2
S ¼

λSH
2

v2 þ λϕS
2

v2ϕ: ð10Þ

The above relation provides a contour of vϕ in the mS vs
λSH plane. However, the relic abundance of S is drastically
modified when the Universe experiences an ultrasupercool-
ing epoch. We will discuss it in Sec. V.

III. FOPT WITH ULTRASUPERCOOLING

In this section, we study the FOPT in the model
introduced in the previous section. Thanks to the
assumption of the classical conformality, the effective mass
of ϕ around the origin is always positive at finite temper-
atures, which guarantees the existence of the potential
barrier even at T ≪ Tc, where Tc is the critical temperature.
As a result, the Universe experiences an ultrasupercooling
epoch, and very strong GWs can be produced. In Sec. III A,
we will discuss the finite temperature effective potential of
ϕ. Then, we will study the nucleation and percolation in
Sec. III B.

A. One-loop finite temperature potential

The dynamics of FOPT is determined by the effective
potential at finite temperatures. In general, the one-loop
finite temperature corrections are

V1loop
T ðϕÞ ¼

X
i

giT4

2π2

Z
∞

0

dxx2 log ð1 − e−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðmiðϕÞ=TÞ2þx2

p
Þ −

X
j

fjT4

2π2

Z
∞

0

dxx2 log ð1þ e−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðmjðϕÞ=TÞ2þx2

p
Þ ð11Þ

¼ T4

2π2

�X
i

giIBððmiðϕÞ=TÞ2Þ −
X
j

fjIFððmjðϕÞ=TÞ2Þ
�
; ð12Þ

where giðfiÞ represents the effective number of d.o.f. of boson (fermion) species i. In the present model,H and S contribute
to the one-loop effective potential of ϕ. However, the contribution by H is negligible because the mixing coupling λϕH is
small for vϕ ≳ 1 TeV. Thus, only the contribution by S is dominant:

Veffðϕ; TÞ ¼ V0
ϕðϕÞ þ

T4

2π2

Z
∞

0

dxx2 log ð1 − e−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðmSðϕÞ=TÞ2þx2

p
Þ: ð13Þ

At high temperatures, the perturbative calculations can break down, and it is necessary to sum up all the relevant diagrams
[70,71]. The so-called daisy resummation in the Parwani scheme [72] gives

Vdaisy
eff ðϕ; TÞ ¼ V0

ϕðϕÞ þ
T4

2π2

Z
∞

0

dxx2 log ð1 − e−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðmdaisy

S ðϕ;TÞ=TÞ2þx2
p

Þ; ð14Þ

where

mdaisy
S ðϕ; TÞ2 ¼ m2

SðϕÞ þ
λϕST2

2
I

�
m2

SðϕÞ=T2 þ λϕS
24

�
; ð15Þ

IðαÞ ¼ 1

π2
∂
∂α IBðαÞ ¼

1

12
−
α1=2

4π
þ � � � : ð16Þ
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In the supercooling case, however, the effect of the daisy
resummation is less important because the phase transition
occurs well below the critical temperature. One can actually
confirm this in the left panel in Fig. 1 where Veffðϕ; TÞ
(lines) and Vdaisy

eff ðϕ; TÞ (points) are plotted for different
values of T. The difference between VeffðϕÞ and Vdaisy

eff ðϕÞ
is less than 1% even when T=vϕ ¼ 0.4. Thus, we will
simply study the FOPT based on Veffðϕ; TÞ in the following
discussion.
It is convenient to introduce the normalized field ϕ̄ and

the coordinate ρ as follows:

ϕ̄ ¼ mSðϕÞ=T; r ¼
ffiffiffi
2

p
ρ

λ1=2ϕS T
: ð17Þ

The Oð3Þ symmetric (bounce) action can be written as

S ¼ 27=2π

λ3=2ϕS

Z
∞

0

dρρ2
�
1

2

�
dϕ̄
dρ

�
2

þ V̄effðϕ̄; bÞ − V̄effð0; bÞ
�

≔
27=2π

λ3=2ϕS

fðbÞ; ð18Þ

where

V̄effðϕ̄; bÞ ¼
ϕ̄4

64π2
log

�
b2

ϕ̄2

e1=2

�

þ 1

2π2

Z
∞

0

dxx2 log
�
1 − e−

ffiffiffiffiffiffiffiffiffiffi
ϕ̄2þx2

p 	
;

b ¼ T
mSðvϕÞ

: ð19Þ

One can see that the parameter dependence of the action
appears only through b except for the overall normaliza-
tion. In the following, the true VEVof V̄effðϕ̄; bÞ is denoted
by v̄ϕðbÞ. Then, the critical value of b is defined by

V̄effð0; bcÞ ¼ V̄effðv̄ϕðbÞ; bÞ; ð20Þ

and it is numerically found to be

bc ¼ 0.31 ⇔ Tc ¼ 0.31mSðvϕÞ: ð21Þ

See the right panel in Fig. 1 for examples, where we plot
V̄effðϕ̄; bÞ for different values ofb. Equation (21) allowsus to
rewrite b as b ¼ bc × T=Tc, which implies that fðbÞ is a
mere function of T=Tc. In addition, note that the orders of
magnitude ofTϵ [Eq. (7)] andTc are notmuch different in the
present model, which physically means that the Universe
undergoes de Sitter expansion soon after the critical
temperature.

B. Nucleation and percolation

The bubble nucleation rate per unit time per unit volume
is given by

ΓðTÞ ∼ T4 exp

�
−
S3ðTÞ
T

�
; ð22Þ

where S3ðTÞ=T is the Oð3Þ symmetric bounce action
Eq. (18) determined by the following EOM:

d2ϕ̄
dρ2

þ 2

ρ

dϕ̄
dρ

¼ ∂V̄eff

∂ϕ̄ ; ϕ̄ð∞Þ ¼ 0;
dϕ̄
dρ

����
ρ¼0

¼ 0:

ð23Þ
The probability of finding a point still in the false vacuum is
given by pðTÞ ¼ e−IðTÞ where

IðTÞ ¼
Z

t

tc

dt0Γðt0Þaðt0Þ3 × 4π

3
Rðt; t0Þ3;

Rðt; t0Þ ¼ vw

Z
t

t0

ds
aðsÞ ; ð24Þ

and vw is the bubble wall velocity. The calculation of vw is
one of the challenging issues in the field of phase

FIG. 1. Left: Comparison between Veffðϕ; TÞ (lines) and Vdaisy
eff ðϕ; TÞ (points). Right: The normalized effective potential V̄effðϕ̄; bÞ.
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transitions, and bubble walls are likely to run away; i.e.,
vw → 1 when a FOPT is extremely strong [73–75]. In this
section, we simply choose vw ¼ 1 to discuss the percola-
tion of the present model. As usual, the nucleation and
percolation temperatures are defined by

ΓðTnÞ ¼ HðTnÞ4; IðTpÞ ¼ 0.3; ð25Þ

respectively, where HðTÞ is the Hubble scale at finite
temperatures.3

During the de Sitter expansion aðtÞ ¼ aðt0ÞeHϵðt−t0Þ,
Rðt; ; t0Þ becomes

Rðt; t0Þ ¼ vw

Z
t

t0

ds
aðsÞ ¼ −

vw
Hϵ

�
1

aðtÞ −
1

aðt0Þ
�
; ð26Þ

where Hϵ is defined in Eq. (6). By using dT=dt ¼ −HϵT,
we obtain

IðTÞ ¼ 4πv3w
3H4

ϵ

Z
Tc

T

dT 0

T 0 ΓðT 0Þ
�
1 −

T
T 0

�
3

¼ 4πv3w
3H4

ϵ

Z
1

x

dx0

x0
Γðx0Þ

�
1 −

x
x0

�
3

; ð27Þ

where x ¼ T=Tc. In Fig. 2, we show S3ðTÞ=T (left) and
IðTÞ (right) for vϕ ¼ 1 TeV, where the different colors
correspond to the different values of λϕS. One can see that
IðTÞ is quite sensitive to λϕS because ΓðTÞ exponentially
depends on S3ðTÞ=T. This sharp parameter dependence of

IðTÞ is then reflected in the sharp parameter dependence of
Tn and Tp.
In Fig. 3, we show the contours of Tn (left) and Tp (right)

in the vϕ − λϕS plane. Here, the gray region is the parameter
region where the percolation condition IðTpÞ ¼ 1 cannot
be satisfied, and the blue region is theoretically excluded by
the perturbativity (i.e., the existence of the Landau pole
below the Planck scale). The orange region corresponds to
the parameter region where Tp ≤ TQCD ∼ 150 MeV, which
implies that the QCD phase transition occurs during the
FOPT. We can actually see the sharp parameter depend-
ences of these temperatures, and they are typically much
lower than the critical temperature Tc ∼mSðvϕÞ ∼ vϕ.
We should comment on the completion criterion of a

FOPT with supercooling. Even if the percolation criterion
IðTpÞ ¼ 1 is satisfied, this does not necessarily mean the
completion of a FOPT because false vacuum regions can
continue to expand exponentially even after Tp. In other
words, the physical volume of the false vacuum regions
Vfalse ∝ a3ðtÞe−IðtÞ must decrease at around T ¼ Tp

[74,77,78]. This condition is equivalent to

1

Vfalse

dVfalse

dt
¼ 3HðTÞ− dIðtÞ

dt
¼HðTÞ

�
3þ T

dIðTÞ
dT

�
< 0:

ð28Þ

We numerically checked that the above condition is always
satisfied in the present model at T ¼ Tp.

C. EWSB triggered by QCD phase transition

Thermal histories of the universe that undergo an ultra-
supercooling epoch are distinguished by whether Tp
becomes smaller or larger than the QCD temperature
TQCD ∼ 150 MeV [48,79,80].

(i) Tp ≳ TQCD
In this case, the FOPT is completed before the

QCD phase transition. In our model, most of the
parameter regions belong to this case as one can see

FIG. 2. Left (Right): Plots of S3=T − 4 logðT=TcÞðIðTÞÞ as a function of T=Tc.

3In the following calculations, we neglect the temperature
dependence of the effective number of d.o.f. geff because its effect
is always subdominant compared to the bounce action. In
particular, the variation of geff is negligible in the parameter
space where Tp > TQCD because all the fields are relativistic in
the false vacuum (i.e., symmetric phase). We have also numeri-
cally checked that the changes of Tn and Tp are less than 1% even
when geff ¼ 30 [76].
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from Fig. 3. One of the observational signals is the
production of strong GWs, and wewill study it in the
next section. After the FOPT, there is a reheating era
by the oscillations of ϕ, which plays a very im-
portant role to determine the GW signals and the
DM abundance below.

(ii) Tp ≲ TQCD
In this case, the QCD phase transition occurs

before the completion of percolation. At T ¼ TQCD,
chiral condensation occurs [81], and the Higgs
potential acquires the linear term via the top Yukawa
coupling as

−
ytffiffiffi
2

p ht̄tih ∼ −
ytffiffiffi
2

p Λ3
QCDh: ð29Þ

Then, the minimum of the Higgs potential is shifted
to

hhi ¼ vQCD ∼ ðytht̄ti=ð
ffiffiffi
2

p
λHÞÞ1=3 ∼ ΛQCD: ð30Þ

The history of the Universe after T ¼ TQCD is con-
trolled by the ϕ potential around the origin. By using
the high temperature expansion, it is given by

T2m2
SðϕÞ
24

−
λϕH
4

v2QCDϕ
2

¼ m2
SðvϕÞ
24v2ϕ

�
T2 − 6

�
mH

mSðvϕÞ
�

2

v2QCD

�
ϕ2; ð31Þ

where mH ¼ ffiffiffiffiffiffiffiffi
2λH

p
× v ¼ 125 GeV is the Higgs

mass. When mSðvϕÞ ≳
ffiffiffi
6

p
mH, the coefficient is

positive at T ¼ TQCD, which means that ϕ continues
to be trapped in the false vacuum until T ¼ Tp or

Tend ¼
ffiffiffi
6

p mH

mSðvϕÞ
vQCD; ð32Þ

at which the coefficient of quadratic term of ϕ
becomes negative. During such a trapping, the Uni-
verse continues to expand exponentially, and every-
thing is diluted. Such a dilution after the QCD phase
transition has a lot of implications in particle cosmol-
ogy. See [82,83] for examples. On the other hand,
when mSðvϕÞ ≲

ffiffiffi
6

p
mH, the scalar fields start to roll

down the potential right after T ¼ TQCD, which
implies that the phase transition becomes second
order in this case.

In the following sections, we will focus on the parameter
region where Tp > TQCD and discuss cosmological sig-
natures of the ultrasupercooled universe.

IV. GRAVITATIONAL WAVE SIGNALS

In this section, we study the GW signals produced by the
FOPT. Because the GW energy spectrum ΩGWðfÞ is a
function of various parameters of a FOPT, we first clarify
their definitions and how they are calculated in Sec. IVA.
Then, we calculate the GW signals in the present model
based on the fitting results in Ref. [53].4 Note that, unlike
moderate FOPTs, dilution effects by the reheating become
very important in the ultrasupercooling case.

No percolation
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FIG. 3. Left (Right): Contours of nucleation (percolation) temperature TnðTpÞ in the vϕ − λϕS plane.

4Calculating the GW energy spectrum in the (ultra)super-
cooling case is still a controversial problem as well as determin-
ing the wall velocity, and more dedicated studies are necessary to
predict it more accurately. See also Refs. [74,84,85] and
references therein.
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A. Various parameters

The GW energy spectrum ΩGWðfÞ produced by a FOPT
is a function of various parameters [53,54]: phase transition
strength parameters α and β, wall velocity vw, and energy
efficiency factors κϕ; κv. First, α is the ratio between the
latent heat energy and the radiation energy:

α ¼
�
ΔVeffðTÞ þ T

∂ΔVeffðTÞ
∂T

�
=ρRðTÞ; ð33Þ

where

ΔVeffðTÞ ¼ Veffðϕfalse; TÞ − Veffðϕtrue; TÞ: ð34Þ

In general, the strength of a FOPT is measured by α, and
ultrasupercooling corresponds to α > 1 [74]. The other
strength parameter is defined by

β ¼ −HðTÞT ∂ lnΓðTÞ
∂T ; ð35Þ

which determines the duration of the FOPT and the
characteristic frequency of the GWs. In general, these
parameters are functions of T, which gives rise to the T
dependence of the GW wave spectrum. In this paper, we
evaluate ðα; βÞ at T ¼ Tp, as is commonly accepted in
many literatures [50,53,54]. Note that the nucleation
temperature Tn is also frequently used as the temperature
at which GWs are supposed to be produced, but both
choices give qualitatively the same results as long as a
FOPT is mild, α ≪ 1; β=H ∼ 100. On the other hand,
significant differences can arise in the ultrasupercooling
case because of the large hierarchy between Tn and Tp

[50,74,85]. In Fig. 4, we show the contours of α (left) and
β=H (right) in the vϕ − λϕS plane in the present model. One

can see that our model typically predicts ultrasupercooling
α ≫ 1; β=H ¼ Oð1 ∼ 30Þ, and α can even reach Oð1014Þ
for λϕS ∼ 1.
In principle, the wall velocity vw [or corresponding

Lorentz factor γ ¼ ð1 − v2wÞ−1=2] is determined by the
balancing condition between the vacuum energy pressure
and the friction pressure [84]. In this paper, we simply take
the Jouguet detonation [86]

vw ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αð2þ 3αÞp þ 1ffiffiffi

3
p ð1þ αÞ ð36Þ

as a benchmark and leave more detailed study for future
investigation. As for the efficiency factors, we rely on
the following runaway picture [53]. As α is increased, the
terminal velocity quickly increases and finally becomes the
speed of light at some point α ¼ α∞, which is given by [73]

α∞ ≃
30

24π2

P
iciΔm2

i

gðTÞT2
: ð37Þ

Here, the sum runs over all particle species i that are light in
the false vacuum and become heavy in the true vacuum,
Δm2

i is the difference of their squared masses, gðTÞ is the
total effective number of d.o.f. at T, and ci is equal to
ð1=2Þgi for boson (fermion) with gi the effective number of
d.o.f. For α > α∞, the fluid profile no longer changes and
the surplus energy is transferred to the motion of bubble
walls, and its energy fraction is represented by

κϕ ¼ 1 −
α∞
α

: ð38Þ

Then, the efficiency factor κv, which is defined by the ratio
of the bulk kinetic energy over the vacuum energy, is given
by [53]
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FIG. 4. Contours of α (left) and β (right) in the vϕ − λϕS plane.
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κv ¼
α∞
α

α∞
0.73þ 0.083

ffiffiffiffiffiffi
α∞

p þ α∞
ðrunawayÞ: ð39Þ

In the present ultrasupercooling case, Eq. (39) typically
becomes

κv ∼
α∞
α

∝
v2ϕT

2

ϵ
≪ 1; ð40Þ

which shows that the contributions from the bulk kinetic
motion are negligible. As a result, the main contribution to
the GW spectrum is the collisions of bubble walls in the
ultrasupercooling case.

B. Gravitational wave spectrum

As we have discussed above, the main contribution to the
GW spectrum is the collisions of bubble walls. In this
paper, we use the numerical fitting results [53]

h2ΩenvðfÞ ¼ 1.67 × 10−5
�
HðTpÞ

β

�
2
�

κϕα

1þ α

�
2
�
100

g�

�
1=3

�
0.11v3w

0.42þ v2w

�
SenvðfÞ; ð41Þ

where

SenvðfÞ ¼
3.8ðf=fpeakenv Þ2.8

1þ 2.8ðf=fpeakenv Þ3.8
: ð42Þ

Here, g� is the effective number of d.o.f. at T ¼ Tp. The peak frequency fpeakenv is also numerically given by [53]

fpeakenv ¼ 1.65 × 10−5 Hz

�
0.62

1.8 − 0.1vw þ v2w

��
β

HðTpÞ
��

Tp

100 GeV

��
g�
100

�
1=6

: ð43Þ

Note that the above results are based on the assumption that there is no additional entropy productions after T ¼ Tp. In the
present model, we have to take the reheating era after the FOPT into account. By considering such effects, the GW spectrum
and the peak frequency at the present Universe become

h2Ω̄envðfÞ ¼ ρ−1c h2
�
aðTRÞ
aðT0Þ

�
4
�
aðTpÞ
aðTRÞ

�
4

× ρenvðfÞjT¼Tp

¼
�
g�T3

p

gRT3
R

�
4=3�π2gRT4

R=30
ϵ

�
4=3

× h2ΩenvðfÞjfpeakenv →f̄peakenv
; ð44Þ

f̄peakenv ¼
�
aðTRÞ
aðT0Þ

��
aðTpÞ
aðTRÞ

�
× fpeakenv

����
T¼Tp

¼
�
g�T3

p

gRT3
R

�
1=3�π2gRT4

R=30
ϵ

�
1=3

fpeakenv ; ð45Þ

where TR is the reheating temperature and gR is the
effective number of d.o.f. at this moment. In general, TR
is determined by the decay and scattering of ϕ. When such
processes are fast enough, we have π2gRT4

R=30 ∼ ϵ, and the
suppression factor by the oscillation of ϕ disappears. More
detailed calculations of TR are presented in the Appendix.
We now have all the necessary inputs to calculate the

GW signals from the FOPT. All the parameters in Eqs. (44)
and (45) are functions of λϕS and vϕ, which allows us to
plot the contours of fpeakenv and the peak energy density
h2Ωpeak

env ¼ h2Ω̄envðfpeakenv Þ in the same way as Figs. 3 and 4.
In the upper panels in Fig. 5, we show the contours of fpeakenv

(left) and h2Ωpeak
env (right) in the vϕ − λϕS plane. One can see

that the peak amplitude can become as large as Oð10−10Þ
around ðvϕ; λϕSÞ ¼ ð200 TeV; 1.6Þ with the frequency
∼10−3 Hz. Note that even though the FOPT becomes
stronger with decreasing λϕS, the GW signals are getting
weaker due to the suppressions by reheating. This is also
one of the interesting consequences of ultrasupercooling.
In the lower panel of Fig. 5, we show the GW energy

spectra for a few different values of model parameters
where the sensitivity curves of future detectors are also
shown in different colors [87,88]. In particular, the blue line
corresponds to the parameters ðvϕ; λϕSÞ ¼ ð200 TeV; 1.6Þ
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that produce the maximum amplitude. It is also noteworthy
that there exists a small parameter region around
ðvϕ; λϕSÞ ¼ ð1 TeV; 1.1Þ that might be tested by SKA,
as seen from the red line.

V. DARK MATTER

In our model, S is a natural DM candidate because it
cannot decay into SM particles due to the Z2 symmetry.
Without a FOPT, the relic abundance of S is determined by
the usual freeze-out mechanism. However, the presence of
a strong FOPT significantly changes this picture, as first
discussed in Refs. [66,67] in order to surpass the Griest-
Kamionkowski bound [89].5 In the following, we represent
the temperature-dependent VEV (mass) of ϕðSÞ as vϕðTÞ
(mSðTÞ) to distinguish it from that at zero temperature
vϕ (mSðvϕÞ).

During the supercooling, mSðTÞ is typically much larger
than the kinetic energy ∼T. For example, when Tn=Tc ¼
10−3 and λϕS ∼ 1, we have mSðTnÞ=Tn ∼ vϕ=Tn∼
Tc=Tn ¼ 103. In this case, S particles can experience
filtering-out effects such that some of them are reflected
by bubble walls [66,67]. The average number density of S
particles in the true vacuum is given by [66,67,92]

ntrueS ðTÞ ¼ 1

vwγ

Z
d3p
ð2πÞ3

−pz

jpj
1

eẼðpÞ=T − 1
Θð−pz −mSðTÞÞ

ð46Þ

∼ −
T3

4π2

�
γð1 − vwÞmSðTÞ=T þ 1

γ3ð1 − vwÞ2
�
e−γð1−vwÞ

mSðTÞ
T ;

ð47Þ

where

FIG. 5. Upper: Contours of fpeakenv (left) and h2Ωpeak
env (right) in the vϕ − λϕS plane. Lower: Plots of GW energy spectra and detector

sensitivities.

5The heavy DM can also be produced by the bubble expansion
with relativistic bubble wall velocity [90]. See also Ref. [91] for
applying the same mechanism to baryogenesis.
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γ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − v2w

p ; ẼðpÞ ¼ γðjpj þ vwpzÞ; ð48Þ

and ΘðxÞ is the Heaviside step function. In the left panel in
Fig. 6, we plot Eq. (46) as a function of mSðTÞ=T for
different values of vw in the case of the Jouguet detonation.
The dashed black lines correspond to the analytical ones,
Eq. (47). Qualitatively, ntrueS is determined by the competi-
tion between γð1 − vwÞ and mSðTÞ=T as we can see from
the exponent in Eq. (47). It is also useful to define the
trapping fraction as

Ftrap
S ¼ 1 −

ntrueS

nfalseS

; ð49Þ

where nfalseS ¼ ζð3ÞT3=π2 is the number density of S in the
false vacuum. In the upper right panel in Fig. 6, we show

the contours of Ftrap
S in the vϕ − λϕS plane. From this panel,

one can see that 15%–20% of S particles penetrate the
bubble walls.
Penetrated S particles can no longer maintain thermal

equilibrium because they are too heavy compared to the
temperature, and they will survive until today. By taking
the reheating era after the phase transition into account, the
relic abundance of S at the present Universe is evaluated as

ΩSh2 ¼
mSðvϕÞntodayS

ρc=h2
∼
mSðvϕÞ
ρc=h2

g0T3
0

gRT3
R

×

�
aðTpÞ
aðTRÞ

�
3

× ntrueS ðTpÞ ð50Þ

∼
mSðvϕÞ

3M2
PlH

2
0=h

2

g0T3
0

gRT3
R
×
π2gRT4

R=30
ϵ

× ntrueS ðTpÞ; ð51Þ

103

102

10

analytical

0 200 400 600 800 1000

0.000

0.002

0.004

0.006

0.008

mS T T

n S
tr
ue

T
3

No percolation

Perturbativity

Tp TQCD

0.85

0.80

0.793

0.792

1000 104 105 106 107 108

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

v GeV

S

FS
trap

No percolation

Perturbativity

Tp TQCD

109

107

105

103

10
0.1

10 3

1000 104 105 106 107 108

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

v GeV

S

Sh
2

FIG. 6. Upper left: Number density of S in the true vacuum as a function of mSðTÞ=T. Upper right: Corresponding trapping fraction
Ftrap
S . Lower: Contours of ΩSh2 in the vϕ − λϕS plane.

KIYOHARU KAWANA PHYS. REV. D 105, 103515 (2022)

103515-10



where T0¼ 2.73K, g0¼ 3.9, ρc ¼ 3M2
PlH

2
0, and H0 ¼

100h km · s−1 · Mpc−1. When the reheating process is fast
enough, TR takes the maximum value

TR ¼ Tϵ ¼
�
30ϵ

π2gR

�
1=4

¼ 0.07 ×

�
100

gR

�
1=4

mSðvϕÞ ≪ mSðvϕÞ; ð52Þ

which guarantees that the thermal productions of S after the
reheating are negligible. More detailed calculations of TR
are presented in the Appendix. In the lower panel in Fig. 6,
we show the contours of ΩSh2 in the vϕ − λϕS plane.
Because the filtering effects are not much stronger, the relic
abundance of S is typically overproduced, and only the
small parameter region λϕS ≲ 1 is allowed by the current
DM abundance. Note that in principle there is also a
parameter region that is excluded by the XENON experi-
ment [93], but it is not visible in Fig. 6 because such a
region exists in vϕ < 1 TeV as long as λHS ≲ 0.6 [65].
We should comment on the fate of trapped particles. After

T ¼ Tp, the false vacuum remnants continue to shrink due to
the inward vacuum energy pressure, and the corresponding
timescale is τshrink ∼HðTpÞ−1=vw ∼MPl=T2

p. On the other
hand, the trapped scalar particles annihilate into SMparticles
via SS → HH and ϕϕ → HH, and the typical timescale of
them is τanni ∼ 16πλ−2ϕðSÞHT

−1
p , which is always much shorter

than τshrink in the present model.6 Therefore, all the trapped
scalar particles are rapidly annihilating into the light (SM)
particles, and no false vacuum remnants can survive.7 On the
one hand, this result is phenomenologically desirable
because only the penetrated particles can contribute to the
DM abundance. On the other hand, it is also a little
disappointing because there aremany interesting phenomena
such as the formation of solitonic objects based on the above
filteringmechanism [92,94–97].Wewant to investigate these
possibilities in future publications.

VI. CONCLUSIONS

We have studied the cosmology in the minimal extended
model that can realize the EW scale and DM [63–65]. In
this model, the Universe can remain trapped in the false
vacuum for a very long period of time due to the

assumption of classical conformality. One of the observa-
tional signatures of such a strong FOPT is the stochastic
GWs, and we have calculated the GW energy spectrum by
taking the entropy productions via reheating into account.
We found that the peak amplitude can become as large as
10−10 around f ∼ 10−3 Hz for some model parameters
under the envelope approximation. Then, we have calcu-
lated the thermal relic abundance of additional scalar S.
Contrary to the usual freeze-out mechanism, S particles can
experience the filtering-out effects due to the huge mass
gap between the false and true vacua, and only a small
fraction of S particles can penetrate the bubble walls. As a
result, we found that only the small parameter region 0.8≲
λϕS ≲ 1 is allowed for the coexistence between FOPT and
DM abundance. Although we have not investigated in this
paper, there are many other interesting phenomena induced
by a strong FOPT such as formation of primordial black
holes or solitonic objects, nonthermal productions of DM,
and EW baryogenesis. We would like to study these
possibilities in the future.
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APPENDIX: REHEATING TEMPERATURE

We represent the decay (interaction) rate of ϕ as Γϕ in
general. When Γϕ ≫ Hϵ, the inflaton energy is immedi-
ately transferred to the decayed particles, and the reheating
temperature is determined by

π2gR
30

T4
R ¼ ϵ ∴ TR ¼

�
30ϵ

π2gR

�
1=4

¼ Tϵ; ðA1Þ

where gϵ is the effective number of d.o.f. at the reheating.
On the other hand, when Γϕ ≪ Hϵ, the reheating process is
very slow and completed at round t ∼ Γϕ. Since the
radiation energy becomes equivalent to that of ϕ at this
moment, we have

HðTRÞ2 ¼
2ρR
3M2

Pl

∼ Γ2
ϕ ∴ TR ∼

�
45

π2gR

�
1=4

ðMPlΓϕÞ1=2:

ðA2Þ

See also Ref. [98] for more detailed calculations of the
reheating temperature. Let us now consider our model. In
the following, we represent the masses of scalar particles at
zero temperature simply as mϕ; mS;mh. Because
mϕ ≪ 2mS, the main decay mode of ϕ is H, and the decay
rate is qualitatively given by

6In fact, when vϕ ¼ 108 GeV, λϕH becomes ∼10−6 [see
Eq. (8)], and τanni can become comparable to τshrink if a FOPT
is moderate Tp ∼ vϕ. In our case, Tp is much smaller than vϕ,
which implies τanni ≪ τshrink.

7These evaporation processes can also inject entropy to the
plasma in the true vacuum, which can further reduce the relic
abundance of S. Note also that similar trappings can happen for
the SM particles with masses ≥ TQCD when Tp ≲ 100 GeV. But
they rapidly annihilate or decay into light SM particles that can
penetrate the bubble walls.
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Γdecay
ϕ ∼

ðλϕHvϕÞ2
16πmϕ

¼ 1

16π

m4
h

mϕv2ϕ
; ðA3Þ

where we have used Eq. (8). From Eqs. (5) and (6), the
condition Γdecay

ϕ ¼ Hϵ is written as

MPlm4
h ¼

1

4π

�
2λϕS
3

�
1=2

m3
Sv

2
ϕ; ðA4Þ

which determines the boundary value of vϕ as

vRϕ ∼ ðλ−2ϕSMPlm4
hÞ1=5 ∼ λ−2=5ϕS × 2 × 105 GeV: ðA5Þ

Namely, when vϕ ≲ vRϕ, TR is given by Eq. (A1) while it

becomes Eq. (A2) when vϕ ≳ vRϕ. By substituting Γdecay
ϕ

into Γϕ in Eq. (A2), we have

Td
R ¼ 1

4π

�
20

gR

�
1=4

�
MPl

mϕ

�
1=2m2

h

vϕ
: ðA6Þ

Note that the decay ϕ → HH is kinematically forbidden
when T > mϕ because the Higgs thermal mass ∼ytT
exceeds mϕ. To summarize, the reheating temperature
determined by the decay is

Tdecay
R ¼


TI
R for vϕ ≲ vRϕ

minfTd
R;mϕg for vϕ ≳ vRϕ

: ðA7Þ

In addition to the decay process, we also have to consider
the scattering process ϕH → ϕH, which is always kine-
matically allowed. The corresponding interaction rate is
qualitatively given by

ΓScat
ϕ ∼

λ2ϕH
16π


T for T ≳mϕ

T3=m2
ϕ for T ≲mϕ

: ðA8Þ

By substituting this into Γϕ in Eq. (A2) and solving it as a
function of TR, we have

TScat
R ∼

8<
:

λ2ϕH
π2

ffiffiffiffiffiffiffi
5

32gR

q
MPl ≔ TH

R for T ≳mϕ

π2

λ2ϕH

ffiffiffiffiffiffiffi
32gR
5

q
m2

ϕ

MPl
¼ mϕ

�
mϕ

TH
R

�
≔ TL

R for T ≲mϕ

:

ðA9Þ
We can see that only the T ≳mϕ case is physically
meaningful because TL

R automatically exceeds mϕ when
TH
R < mϕ, and this is inconsistent with the assumption

T ≲mϕ. Moreover, TH
R has to satisfy

TH
R > mϕ ↔ MPlm4

h > π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2λϕSgR

5

r
v4ϕmSðvϕÞ; ðA10Þ

which is qualitatively the same condition as vϕ ≲ vRϕ as
long as λϕS ¼ Oð1Þ. Therefore, the scattering effects are
always irrelevant in our case, and the reheating temperature
is determined by Tdecay

R .
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