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Gravitational wave (GW) is discovered!

properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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Can GW be a new probe of
physics beyond standard model ?

Yes !!



G
ravitational w

ave

photon

neutrino



Inflationary GW
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Preheating after inflation
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Various sources of stochastic GW background
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Various sources of stochastic GW background
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Various sources of stochastic GW background
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Various sources of stochastic GW background
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GWs from 1st order 
phase transition
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GWs from bubble collision
Kamionkowski, Kosowski, Turner (1994)

Important quantities are bubble size at collision
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2. Turbulence

For GW spectrum from turbulence we refer to [10]:

fpeak ≃ 2.6 v−1
b v0

(
β

H∗

)(
T∗

108 GeV

)( g∗
100

) 1
6

[Hz],

(29)

h2
0ΩGW(fpeak) ≃ 10−5

(
β

H∗

)−2

vbv
6
0

( g∗
100

)− 1
3

. (30)

Here, v0 is the typical velocity on the length scale v/β,
the largest scale on which the turbulence is driven. In
weak detonation limit v0 ∼ (κα)1/2 while in strong
detonation limit v0 ∼ 1, and therefore we simply use
v0 = Min[(κα)1/2, 1] in the following calculation.

E. Bounce calculation

Having explained the parameter dependence of the
peak frequency and amplitude of the GW spectrum, we
now illustrate how to calculate α and β from a given
potential and how to determine the transition time (or
temperature).

When the order parameter of the phase transition is a
real scalar field, the nucleation rate per unit volume Γ is
given by Γ = Γ0e−S , where S is the Euclidean action [47,
48]

S =
∫

dτd3x

[
1
2

(
dΦ
dτ

)2

+
1
2
(∇Φ)2 + V (Φ)

]
. (31)

Here τ is the Euclidean time and Φ denotes the scalar
field driving the transition. In finite temperature, the
action must be periodic in T−1 and the action must be
modified to be Γ = Γ0e−S3/T [49] where

S3(T ) =
∫

d3x

[
1
2
(∇Φ)2 + V (Φ, T )

]
. (32)

In our setup Φ corresponds to the (real) Higgs field, and
V in Eq. (32) is the same as Eq. (3). In order to calculate
the profile of the scalar field at the bubble nucleation, one
must find the O(3) symmetric solution of the equation of
motion

d2Φ
dr2

+
2
r

dΦ
dr

− ∂V

∂Φ
= 0, (33)

where r denotes the variable in the radial direction, with
the boundary conditions

Φ(r = ∞) = Φfalse, (34)
dΦ
dr

(r = 0) = 0. (35)

This solution corresponds to the one where Φ rolls down
the inverse potential −V from a point near the true vac-
uum to reach the symmetric false vacuum at r = ∞.

Then, the bounce action is calculated as

S3 =
∫

4πr2dr

[
1
2

(
dΦ
dr

)2

+ V

]
. (36)

Since β = Γ̇/Γ at the transition from its definition, one
has

β

H∗
= T

d(S3/T )
dT

∣∣∣∣
T=T∗

. (37)

In determining the other parameter α, one uses the ex-
pression for the latent heat density

ϵ∗ =
[
−Vmin(T ) + T

d

dT
Vmin(T )

]

T=T∗

. (38)

Here Vmin(T ) is the temperature-dependent true mini-
mum of the effective potential of the scalar field which
drives the phase transition. Note that the true minimum
of the potential must be set to zero by adding a constant
at each time.

In addition, the transition temperature T∗ is evaluated
by the condition [50]

S3

T

∣∣∣∣
T=T∗

= 137 + 4 log(100 GeV/T∗). (39)

III. ESTIMATE OF GRAVITATIONAL WAVES

In this section, we estimate the strength of GWs gener-
ated by the first order phase transition of the Higgs field.
We estimate the temperature dependent bounce action
S3(T ) by using the potential introduced in the previous
section,

V = −λ2v2
NP|H|2 +

λH(T )
2

|H|4 + VCW(H) + Vth(T,H).
(40)

We evaluate λH(T ) by using two loop renormaliza-
tion group equation with the Higgs mass mh =
125.09GeV [51, 52] and the top mass mt =
173.34GeV [53].

In the following, we first consider the situation where
the Higgs sector consists of the standard model Higgs
boson and φNP, i.e., there are no additional singlet fields
Si in Eq. (1). In this case we will see that the generated
GWs amplitude is too weak to detect. Then, we con-
sider singlet extensions as an example of the non-trivial
Higgs sector. The singlet(s) have basically two effects on
the strength of the Higgs phase transition: First, they
change the shape of the Higgs thermal potential around
the origin. Second, they change the running of the Higgs
quartic coupling. We investigate these possibilities in the
following.

Duration of phase transition

dS�
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Estimate of GWs
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transition is just the same as that of the SM: it
is a crossover transition, and hence no additional
GWs are produced. Thus we consider GWs pro-
duced at T ≃ TPT

H . This situation is realized if the
conditions TPT

H > TPT
φNP

and ϵ2 > 0 hold. And the en-
tropy injection caused by the transition of φNP can be
neglected if the condition ∆ >∼ 1 is satisfied. Through-
out this paper, we assume that these three conditions are
satisfied.

D. First Order Phase Transition and Gravitational
Waves

In this subsection, we briefly summarize the properties
of GWs produced by a first order phase transition.

In first order phase transitions, there are two main
sources for GW production: bubble collisions and tur-
bulence [10].c After bubbles are nucleated, they expand,
storing more and more energy in their walls in the form
of gradient and kinetic energy. These energy are con-
verted to GW radiation when these bubbles collide and
the spherical symmetry of each bubble is broken. On
the other hand, bubbles induce turbulent bulk motion of
the fluid, and this is known as another strong source for
GWs.

The frequency and amplitude of GWs from these two
sources takes different values depending on the combus-
tion mode of the bubble walls. Two different types of
combustion are known, detonation and deflagration. The
former occurs when the bubble front expands faster than
the sound speed, and the bubble front is followed by the
rarefaction front propagating with the sound speed. In
this case a relatively large amplitude of GWs is expected
from both bubble collision and turbulence, and we as-
sume the transition occurs via this combustion mode in
the following. On the other hand, when the speed of
bubble walls is slower than the sound speed, the bubble
front is preceded by the shock front. This is called de-
flagration, and the GW amplitude from bubble collisions
is thought to be relatively suppressed in this case [10].
However, also in this case, turbulent motion of the fluid
can be a source for GWs.

The most important parameters in determining the
properties of GW spectrum are the ones traditionally
called α and β. The former is defined as the ratio of
the latent heat density to the radiation energy density at
the transition, and is given by

α =
ϵ∗

π2

30 g∗T 4
∗

, (21)

where T∗ and ϵ∗ is the temperature and latent heat den-
sity at the transition, respectively. The other quantity β

c However, see [32, 33] for sound waves after bubble collisions as
another source. Here we simply consider the two sources ex-
plained in the main text.

is defined by the nucleation rate per unit volume

Γ = Γ0 exp(βt). (22)

We explain how to calculate α (especially ϵ∗) and β from
the scalar potential in the next subsection.

GW spectrum from first order phase transitions can
be expressed in terms of these parameters. Both ana-
lytical and numerical calculations of the GW frequency
and amplitude have been carried out in the litera-
ture [6, 7, 9, 10, 32–43].

1. Bubble collision

For GWs from bubble collisions, we refer to the expres-
sions in [40], which are applicable to detonation bubbles:

fpeak ≃ 17
(

f∗
β

)(
β

H∗

)(
T∗

108 GeV

)( g∗
100

) 1
6

[Hz],

(23)

h2
0ΩGW(fpeak) ≃ 1.7 × 10−5

× κ2∆
(

β

H∗

)−2 (
α

1 + α

)2 ( g∗
100

)− 1
3

,

(24)

where H∗ and g∗ are the Hubble parameter and the effec-
tive degrees of freedom in the themal bath at the phase
transition, respectively. Also, κ is the efficiency factor,
the fraction of the latent heat which goes into kinetic
energy of the fluid [10]

κ =
1

1 + 0.715α

[
0.715α +

4
27

√
3α

2

]
. (25)

In addition, ∆ andf∗/β are given by

∆ =
0.11vb

0.42 + v2
b

, (26)

f∗
β

=
0.62

1.8 − 0.1vb + v2
b

. (27)

Here vb is the bubble wall velocity, which has the follow-
ing expression in the strong phase transitions [44]d

vb =
1/
√

3 +
√

α2 + 2α/3
1 + α

. (28)

d See Refs. [45, 46] for more discussion on the bubble wall velocity.
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κ =
1

1 + 0.715α
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0.715α +

4
27

√
3α

2

]
. (25)

In addition, ∆ andf∗/β are given by
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, (26)
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Here vb is the bubble wall velocity, which has the follow-
ing expression in the strong phase transitions [44]d
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. (28)

d See Refs. [45, 46] for more discussion on the bubble wall velocity.

Frequency: f � �
a�
a0

redshift

Strength:
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transition is just the same as that of the SM: it
is a crossover transition, and hence no additional
GWs are produced. Thus we consider GWs pro-
duced at T ≃ TPT

H . This situation is realized if the
conditions TPT

H > TPT
φNP

and ϵ2 > 0 hold. And the en-
tropy injection caused by the transition of φNP can be
neglected if the condition ∆ >∼ 1 is satisfied. Through-
out this paper, we assume that these three conditions are
satisfied.

D. First Order Phase Transition and Gravitational
Waves

In this subsection, we briefly summarize the properties
of GWs produced by a first order phase transition.

In first order phase transitions, there are two main
sources for GW production: bubble collisions and tur-
bulence [10].c After bubbles are nucleated, they expand,
storing more and more energy in their walls in the form
of gradient and kinetic energy. These energy are con-
verted to GW radiation when these bubbles collide and
the spherical symmetry of each bubble is broken. On
the other hand, bubbles induce turbulent bulk motion of
the fluid, and this is known as another strong source for
GWs.

The frequency and amplitude of GWs from these two
sources takes different values depending on the combus-
tion mode of the bubble walls. Two different types of
combustion are known, detonation and deflagration. The
former occurs when the bubble front expands faster than
the sound speed, and the bubble front is followed by the
rarefaction front propagating with the sound speed. In
this case a relatively large amplitude of GWs is expected
from both bubble collision and turbulence, and we as-
sume the transition occurs via this combustion mode in
the following. On the other hand, when the speed of
bubble walls is slower than the sound speed, the bubble
front is preceded by the shock front. This is called de-
flagration, and the GW amplitude from bubble collisions
is thought to be relatively suppressed in this case [10].
However, also in this case, turbulent motion of the fluid
can be a source for GWs.

The most important parameters in determining the
properties of GW spectrum are the ones traditionally
called α and β. The former is defined as the ratio of
the latent heat density to the radiation energy density at
the transition, and is given by

α =
ϵ∗

π2

30 g∗T 4
∗

, (21)

where T∗ and ϵ∗ is the temperature and latent heat den-
sity at the transition, respectively. The other quantity β

c However, see [32, 33] for sound waves after bubble collisions as
another source. Here we simply consider the two sources ex-
plained in the main text.

is defined by the nucleation rate per unit volume

Γ = Γ0 exp(βt). (22)

We explain how to calculate α (especially ϵ∗) and β from
the scalar potential in the next subsection.

GW spectrum from first order phase transitions can
be expressed in terms of these parameters. Both ana-
lytical and numerical calculations of the GW frequency
and amplitude have been carried out in the litera-
ture [6, 7, 9, 10, 32–43].

1. Bubble collision

For GWs from bubble collisions, we refer to the expres-
sions in [40], which are applicable to detonation bubbles:

fpeak ≃ 17
(

f∗
β

)(
β

H∗

)(
T∗

108 GeV

)( g∗
100

) 1
6

[Hz],

(23)
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α

1 + α

)2 ( g∗
100

)− 1
3

,

(24)
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transition, respectively. Also, κ is the efficiency factor,
the fraction of the latent heat which goes into kinetic
energy of the fluid [10]

κ =
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set α β/H T∗ / GeV

1 0.03 1000 130

2 0.05 300 110

3 0.07 100 85

4 0.1 60 80

5 0.15 40 75

6 0.2 30 70

TABLE I: Sets of parameters used in Fig. 3.

sition [32]. This result is especially interesting in the light of recent investigations [7, 8]

that indicate that in the case of a first-order electroweak phase transition (obtained by a

singlet sector [14, 15] or higher dimensional operators [16, 17, 18]) the peak frequency of the

produced radiation is below the best sensitivity range of planed satellite experiments, such

as LISA and BBO [19, 20]. This effect is shown in Fig. 3 for several typical parameter sets

for the phase transition in the nMSSM [8]. Notice that the discussion in ref. [8] suggests

that stronger phase transitions in general lead to smaller peak frequencies due to a decrease

in the parameters β/H and T∗. This amplifies the importance of the high frequency part of

the gravitational wave spectrum. Notice also that a flatter spectrum simplifies the distinc-

tion from other sources of stochastic gravitational waves, such as turbulence [21, 22, 23, 24]

or preheating after inflation [25, 26, 27, 28, 29, 30]. Besides, we found that the peak fre-

quency slightly depends on the expansion velocity of the bubbles and decreases for higher

wall velocities. Our quantitative results are summarized by eqs. (19)-(23).

Finally, we would like to comment on the recent paper [31], where an analytic approach

to the GW production by collisions based on stochastic considerations was presented. In

this approach, assumptions have to be made about the time-dependence of unequal time

correlations of the velocity field. In their favored model, the authors obtain a scaling as

ω−2 for the high frequency part of the spectrum. We suspect that this disparity is due to

conceptual differences.

First, notice that the treatment presented here is based on two main ingredients: The

thin wall and the envelope approximations. Even though the stochastic approach in ref. [31]

does not require the thin wall approximation, the results are also valid in this limit, such that

9
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FIG. 3: Several spectra of gravitational radiation according to the old and new formulas. The

parameters are taken from ref. [8] and given in table I with α decreasing from top to bottom. In

the shaded region, the sensitivity of LISA and BBO is expected to drop considerably.

Notice that the peak frequency and amplitude agree reasonably well with the results pre-

sented in ref. [6] (our peak amplitude is about 50% larger for vb ≈ 1, while for small vb

both results agree within the statistical errors). In the light of the analysis presented in

ref. [13], the dependence of the peak frequency on the wall velocity has the following phys-

ical interpretation. For small velocities, vb ≪ 1, the phase transition lasts long compared

to the relevant distance scale that is given by the average bubble size. In this case, the

GW spectrum inherits the time scale of the source, f̃ ∼ β. If one used in eqs. (8)-(10) a

wall velocity much larger than the speed of light, vb ≫ 1, the phase transition would be

very short compared to the relevant distance scale and the GWs would inherit the distance

scale of the source, f̃ ∼ β/vb. This effect leads to a decrease in the peak frequency in the

transition region where the wall velocity is close to the speed of light.

IV. CONCLUSIONS

We reexamined the spectrum of gravitational wave radiation generated by bubble col-

lisions during a first-order phase transition in the envelope approximation. Using refined

numerical simulations, our main finding is that the spectrum falls off only as f−1.0 at high

frequencies, considerably slower than appreciated in the literature. This behavior is most

probably related to the many small bubbles nucleated at a later stage of the phase tran-

Huber, Konstandin (2008)

GW spectrum from bubble collision

See Jinno, Takimoto (2016) for analytic derivation of the spectrum

Another contribution to GW from turbulent fluid/acoustic waves [Hindmarsh et al.(2014)]

�GW � ��2�2
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Unfortunately, the electroweak phase transition 

in SM is NOT first order for mh = 125GeV

We need extension of SM to realize strong 1st order PT
and large amount of GWs

Kajantie et al. (1996)

T << Tc

T >> Tc

V(φ)
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Grojean, Servant (2006),
Espinosa, Quiros (2007),

Huber, Konstandin (2007),... 

Discovery of GW may 
indicate new physics in the 

Higgs sector!
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Gravitational waves as a probe of extended scalar sectors
with the first order electroweak phase transition

Mitsuru Kakizaki, Shinya Kanemura, Toshinori Matsui
Department of Physics, University of Toyama, Toyama 930-8555, Japan

We discuss spectra of gravitational waves which are originated by the strongly first order phase
transition at the electroweak symmetry breaking, which is required for a successful scenario of elec-
troweak baryogenesis. Such spectra are numerically evaluated without high temperature expansion
in a set of extended scalar sectors with additional N isospin-singlet fields as a concrete example
of renormalizable theories. We find that the produced gravitational waves can be significant, so
that they are detectable at future gravitational wave interferometers such as DECIGO and BBO.
Furthermore, since the spectra strongly depend on N and the mass of the singlet fields, our results
indicate that future detailed observation of gravitational waves can be in general a useful probe of
extended scalar sectors with the first order phase transition.

I. INTRODUCTION

After the discovery of the Higgs boson (h) at LHC Run-
I [1], the standard model (SM) of elementary particles
turned out to be a good description as the effective theory
at the electroweak scale. We have entered into a new
stage to explore physics behind the Higgs sector, which
can be related to the origin of phenomena beyond the SM,
such as baryon asymmetry of the Universe (BAU) [2],
dark matter, cosmic inflation and neutrino oscillation.
Among various scenarios of BAU, electroweak baryo-

genesis (EWBG) [3] is directly connected with physics of
the Higgs sector, requiring a strongly first order phase
transition (1stOPT) at the electroweak symmetry break-
ing (EWSB) and also additional CP violating phases. It
is known that new physics beyond the SM is necessary for
EWBG. Such a scenario can be tested by experimental
determination of the property of the Higgs sector. For
instance, the condition of the strongly 1stOPT can pre-
dict a significant deviation (order of several tens percent)
in the triple Higgs boson coupling (the hhh coupling)
from the SM prediction [4], and the required CP violat-
ing phases lead to appearance of electric dipole moments,
etc.
At the LHC experiment and its high luminosity one,

the measurement of the hhh coupling seems to be chal-
lenging. There is still a hope that in future the hhh cou-
pling could be measured by 13% accuracy [5] at the up-
graded version of the International Linear Collider (ILC).
As a possible alternative method to test the strongly

1stOPT, we may be able to utilize future observation
of gravitational waves (GWs) [6]. Currently, GWs re-
main unobserved directly, and a number of observato-
ries such as KAGRA [7], Advanced LIGO [8], Advanced
VIRGO [9] are trying to detect them at first. The target
frequencies of GWs correspond to those from astronomi-
cal phenomena such as the binary of neutron stars, black
holes, etc.. Once the GWs will be detected in the near
future, the era of GW astronomy will come true. Spec-
troscopy of GWs will make it possible to explore phe-
nomena at the very early stage of the Universe, such as
a strongly 1stOPT, cosmic inflation, topological defects

like cosmic strings, domain wall, etc.
GWs originated from the strongly 1stOPT have been

discussed in a model independent way in Refs. [10–14].
In the effective theory approach with higher order oper-
ators the possibility of detecting such GWs was studied
by Delaunay et al. [15]. Apreda et al. evaluated spectra
of GWs from the strongly 1stOPT due to thermal loop
effects in the minimal supersymmetric SM (MSSM) [16],
although such a scenario was already excluded by the
LHC data. Espinosa et al. studied spectra of GWs in ex-
tended scalar sectors with the O(N) symmetry [17, 18].
GWs from the non-thermal 1stOPT were investigated in
singlet extensions of the SM [19] and the MSSM [16] and
in the left-right symmetric model [20].
In this paper, we discuss the possibility that future

detailed observation of GWs is useful not only to test
the electroweak 1stOPT but also as a probe of extended
scalar sectors and further the physics behind. To this
end, we evaluate spectra of GWs from the strongly
1stOPT at the EWSB in a set of extended scalar sectors
with additional N isospin-singlet fields as an example
of renormalizable theories which can cause the 1stOPT
thermally. We find that the relic density of the produced
GWs can be so significant that they are detectable at
future GW interferometers such as DECIGO [21] and
BBO [22]. The spectra depend on N and the mass of
the additional scalar fields. We conclude that GWs can
be a useful probe of physics behind the Higgs sector.

II. O(N) SCALAR SINGLET MODEL

We consider a set of extensions of the SM with ad-
ditional N isospin-singlet scalars S⃗ = (S1, S2, · · · , SN )T

invariant under an O(N) symmetry,

V0(Φ, S⃗) = VSM(Φ) +
µ2
S

2
|S⃗|2 +

λS

4
|S⃗|4 +

λΦS

2
|Φ|2|S⃗|2,

where VSM is the Higgs potential of the SM. After the
EWSB, the SM Higgs doublet is parametrized as

Φ =

(
ω+

1√
2
(v + h+ iz)

)
,

Singlet extension
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ators the possibility of detecting such GWs was studied
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of GWs from the strongly 1stOPT due to thermal loop
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GWs from the non-thermal 1stOPT were investigated in
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In this paper, we discuss the possibility that future

detailed observation of GWs is useful not only to test
the electroweak 1stOPT but also as a probe of extended
scalar sectors and further the physics behind. To this
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FIG. 2: (Left) Spectra of GWs in the O(N) singlet model with expected experimental sensitivities at the future GW
interferometers, eLISA, DECIGO/BBO and Ultimate-DECIGO (U-DECIGO) are shown for

√

µ2

S
= 0. The bound from non-

observation of the energy density of extra radiation is indicated by ∆Nν ! 1 [2, 31], and the estimated foreground noise from
the white dwarf binaries is also shown. (Right) Predictions of the model on the (α, β̃) plane with various N and mS assuming
√

µ2

S
= 0 and Tt = 100 GeV are shown with regions of expected experimental sensitivity at the future GW interferometers.

There is a strong correlation between the strength of the

GWs and the value of ϕc/Tc (hence, ∆λO(N)
hhh /λSM

hhh).
In Fig. 2 (right), we show the predictions of the model

for N = 1, 4, 12, 24 and 60 with various mS with√
µ2
s = 0 on the (α, β̃) plane under the conditions of

ϕc/Tc > 1 and the complete phase transition. We set
Tt = 100 GeV, as the result is not very sensitive to Tt.
Regions of expected experimental sensitivity at eLISA,
DECIGO/BBO and Ultimate-DECIGO are also shown.
One can see that different sets of (N,mS) corresponds
to different points on the (α, β̃) plane. Therefore, future
GW observation experiments can be a probe of distin-
guishing various models of the electroweak 1stOPT.

IV. CONCLUSION

We have investigated spectra of GWs which come from
the strongly electroweak 1stOPT, which is required for a

successful scenario of EWBG in a set of extended scalar
sectors with additional N isospin-singlet fields as a con-
crete example of renormalizable theories. The hhh cou-
pling also has been evaluated at the one loop level in these
models. The produced GWs can be significant, so that
they are detectable at future GW interferometers such
as DECIGO and BBO. Furthermore, since the spectra
strongly depend on N and mS , we conclude that future
detailed observation of GWs can be generally useful as a
probe of extended scalar sectors with the 1stOPT. The
detailed analyses are shown elsewhere [27].
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FIG. 2: (Left) Spectra of GWs in the O(N) singlet model with expected experimental sensitivities at the future GW
interferometers, eLISA, DECIGO/BBO and Ultimate-DECIGO (U-DECIGO) are shown for

√

µ2

S
= 0. The bound from non-

observation of the energy density of extra radiation is indicated by ∆Nν ! 1 [2, 31], and the estimated foreground noise from
the white dwarf binaries is also shown. (Right) Predictions of the model on the (α, β̃) plane with various N and mS assuming
√

µ2

S
= 0 and Tt = 100 GeV are shown with regions of expected experimental sensitivity at the future GW interferometers.

There is a strong correlation between the strength of the

GWs and the value of ϕc/Tc (hence, ∆λO(N)
hhh /λSM

hhh).
In Fig. 2 (right), we show the predictions of the model

for N = 1, 4, 12, 24 and 60 with various mS with√
µ2
s = 0 on the (α, β̃) plane under the conditions of

ϕc/Tc > 1 and the complete phase transition. We set
Tt = 100 GeV, as the result is not very sensitive to Tt.
Regions of expected experimental sensitivity at eLISA,
DECIGO/BBO and Ultimate-DECIGO are also shown.
One can see that different sets of (N,mS) corresponds
to different points on the (α, β̃) plane. Therefore, future
GW observation experiments can be a probe of distin-
guishing various models of the electroweak 1stOPT.

IV. CONCLUSION

We have investigated spectra of GWs which come from
the strongly electroweak 1stOPT, which is required for a

successful scenario of EWBG in a set of extended scalar
sectors with additional N isospin-singlet fields as a con-
crete example of renormalizable theories. The hhh cou-
pling also has been evaluated at the one loop level in these
models. The produced GWs can be significant, so that
they are detectable at future GW interferometers such
as DECIGO and BBO. Furthermore, since the spectra
strongly depend on N and mS , we conclude that future
detailed observation of GWs can be generally useful as a
probe of extended scalar sectors with the 1stOPT. The
detailed analyses are shown elsewhere [27].
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High-scale EWPT & GW
Suppose that there is a scalar field whose VEV is 

much higher than EW scale

�NP Peccei-Quinn field, B-L / GUT Higgs field etc.

EW Higgs can have huge mass term: V � |�NP|2|H|2

EW scale is generated by tuning:

V � (|�NP|2 � v2)|H|2 = �m2
H |H|2 mH � 100 GeV

Before �NP gets VEV, SM Higgs has huge mass term.

V � �v2|H|2

The scale of PT can be much different from EW scale!

R.Jinno, KN, M.Takimoto (2015)
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FIG. 1: Schematic picture of the zero temperature potential.
First, both H and φNP sit at the origin. The phase transition
labeled as “1” in the figure occurs at T = TPT

H . Then the
next phase transition, labeled as “2” in the figure, occurs at
T = TPT

φNP,H ̸=0.

C. Thermal History

Let us consider the thermal history of this model. At
high temperature, both φNP and H obtain the ther-
mal masses, which we parametrize as y2

φT 2|φNP|2 and
y2

HT 2|H|2 respectively. The parameter yφ depends on
the coupling of φNP with other particles and we treat
it as a free parameter. On the other hand, yH is O(1)
parameter depending on the standard model gauge cou-
plings and Yukawa couplings. When the temperature of
the universe is high enough, both φNP and H are trapped
at the origins due to the thermal mass terms. At the ori-
gins with the temperature T , the effective masses of φNP

and H can be written as

m2
φNP,eff(T ) = y2

φT 2 − 2λ2
φv2

NP, (12)

m2
H,eff(T ) = y2

HT 2 − λ2v2
NP. (13)

From this expression, we can get the transition temper-
ature of φNP and H as

TPT
φNP

≃ λφvNP/yφ, (14)

TPT
H ≃ λvNP/yH . (15)

From now on, we consider the case with TPT
H > TPT

φNP
. If

the condition TPT
H > TPT

φNP
is satisfied, the phase transi-

tion of the Higgs field occurs at first. This corresponds
to the arrow labeled as “1” in Fig. 1. As the tem-
perature drops down further, the phase transition of φNP

occurs. This corresponds to the arrow labeled as
“2” in Fig. 1. After the phase transition of φNP, the
Higgs field will be trapped at the origin again until the
temperature becomes the electroweak scale. This final
electroweak phase transition proceeds just in the
same way as that of the SM.

Now let us consider the entropy injection caused by the
secondary phase transition of φNP, which might poten-
tially significantly dilute GWs produced by the preceding

phase transition of the Higgs field. After the phase tran-
sition of the Higgs field at TPT

H , the Higgs field settles
down to the temporal minimum |H|2 ≃ λ2v2

NP/λH and
φNP = 0, denoted by red circle between two arrows
in Fig. 1. The effective mass of φNP at the temporal
minimum can be written as

m2
φNP,eff = y2

φT 2 −
(

2λ2
φ − λ4

λH

)
v2
NP

≡ y2
φT 2 − ϵ2v2

NP. (16)

We need ϵ2 > 0 for ensuring that the present electroweak
symmetry breaking vacuum is the true vacuum. If this
condition is satisfied, φNP becomes tachyonic at the tem-
perature

TPT
φNP,H ̸=0 =

ϵ

yφ
vNP. (17)

The phase transition of φNP happens at around this tem-
perature and the system relaxes to |φNP| = vNP and
H = 0 until the temperature drops down to the elec-
troweak scale. We parameterize the ratio of the two phase
transition temperature as

TPT
φNP,H ̸=0

TPT
H

≡ η =
ϵyH

λyφ
< 1. (18)

On the other hand, the vacuum energy density of φNP

field, Vφ, after the phase transition of H is given by

Vφ = ϵ2v4
NP. (19)

The energy ratio between the vacuum energy Vφ and the
radiation component ρrad at the time of the phase tran-
sition of φNP can be written as

∆ ≡ ρrad

Vφ
=

g∗π2

30
η4λ4

y4
Hϵ2

, (20)

where g∗ denotes the effective degrees of freedom of rel-
ativistic particles. If the condition ϵ <∼ η2λ2/y2

H is sat-
isfied, ∆ becomes greater than one and the entropy in-
jection due to the phase transition of φNP is safely ne-
glected.b

To summarize this subsection, the thermal history we
consider is the following. When the temperature of the
universe becomes TPT

H , the phase transition of the Higgs
field occurs first. Then, the phase transition of φNP oc-
curs at T = TPT

φNP,H ̸=0. These phase transitions occur
at temperature much higher than the electroweak
scale. After these phase transitions, the Higgs field set-
tles down to the origin until the temperature becomes
the electroweak scale. The final electroweak phase

b After the phase transition, φNP starts to oscillate around φNP ∼
vNP. The φNP oscillation is supposed to dissipate very soon at
high temperature [31].

Model

�NP :  any scalar field having VEV of vNP

(Peccei-Quinn field, B-L Higgs, etc.)

T � vNP � vEW

GW frequency can be much 
higher: e.g. f~1Hz (DECIGO)

Phase transition happens at

At high temperature,

H = �NP = 0
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In a wide class of new physics models, there exist scalar fields which obtain vacuum expectation
values of high energy scales. We study the possibility that the standard model Higgs field has
experienced first-order phase transition at the high energy scale due to the couplings with these
scalar fields. We estimate the amount of gravitational waves produced by the phase transition, and
discuss observational consequences.

I. INTRODUCTION

Detection of gravitational waves (GWs) is one of the
promising tools to probe the early Universe. Possi-
ble cosmological sources for GWs include inflationary
quantum fluctuations [1], cosmic strings [2], and phase
transitions [3, 4]. Especially, if a first order phase
transitions occurs in the early Universe, the dynamics
of bubble collision [5–9] and subsequent turbulence of
the plasma [10] are expected to generate GWs. These
might be within a sensitivity of future space interferom-
eter experiments such as eLISA [11], Big-Bang Observer
(BBO) [12] and DECi-hertz Interferometer Observatory
(DECIGO) [13] or even ground-based detectors such as
Advanced LIGO [14], KAGRA [15] and VIRGO [16].

In this paper we focus on GWs from the first order
phase transition in association with the spontaneous sym-
metry breaking of the standard model Higgs boson. The
property of phase transition of the Higgs field has long
been studied in the literature both perturbatively [17–20]
and non-perturbatively [21–28] and it was found that the
first order phase transition within the standard model
does not occur unless the Higgs boson mass is smaller
than ∼ 80 GeV.

However, new physics beyond the standard model may
greatly change the situation. For example, in singlet ex-
tensions of the standard model, the new singlet scalar
changes the Higgs potential at the origin and it may in-
duce strong first order phase transitions. Actually in a
wide class of new physics models, there exists a scalar
field φNP which obtains a vacuum expectation value of
the new physics scale vNP. One of the well-known ex-
amples is the Peccei-Quinn scalar field [29], which solves
the strong CP problem elegantly and obtains a vacuum
expectation value vNP ∼ 1010 GeV [30]. In general, if
there exists a scalar field φNP, the quartic coupling term
λ2|φNP|2|H|2, where H is the standard model Higgs field,
exists. The coupling λ is naturally take a not too small
value since any symmetry does not forbid this quartic
coupling term.

In this paper, we take into account this quartic cou-
pling between the scalar field φNP and the standard
model Higgs field H, and study the cosmological conse-
quences, especially GW production. When the temper-

ature of the universe is higher than the scale of the new
physics, both φNP and H are supposed to be trapped at
the origins of their potential. As the temperature drops
down to the scale of the new physics, the first order phase
transition of the Higgs field may occur because the scale
of the Higgs potential becomes the new physics one. We
consider the standard model like Higgs sector and some
singlet extended models, and estimate the strength of
GWs generated by this transition. Our setup is rather
general and can be applied to many classes of new physics
models.

In Sec. II, we introduce our setup and briefly sum up
the effective potential. Then we show the thermal his-
tory of our scenario. The properties of GWs generated
by a first order phase transition are also summarized. In
Sec. III, we estimate the GWs generated by the first or-
der phase transition of the Higgs field. First, we consider
the situation where the Higgs sector is just the standard
model one. Even in such a case, the first order phase
transition of the Higgs field will occur due to the small-
ness of the quartic self coupling of the Higgs field at high
temperature. We see that the produced GWs are too
small to detect. Then, we consider the singlet extensions
as an example of non-trivial Higgs sector. In such a case,
the produced GWs become strong and can be detected.
Sec. IV is devoted to conclusions.

II. SETUP

A. Model

We consider the following scalar potential

V0 = λ2(|φNP|2 − v2
NP − δ2

EW)|H|2 +
λH

2
|H|4

+ λ2
φ(|φNP|2 − v2

NP)2 + VS

VS =
∑

i

λ2
SH

2
S2

i |H|2 +
∑

i

λ2
Sφ

2
S2

i |φNP|2, (1)

where φNP is a new scalar field which obtains the vacuum
expectation value vNP at zero temperature, H is the stan-
dard model Higgs field and δEW denotes the electroweak
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the origins of their potential. As the temperature drops
down to the scale of the new physics, the first order phase
transition of the Higgs field may occur because the scale
of the Higgs potential becomes the new physics one. We
consider the standard model like Higgs sector and some
singlet extended models, and estimate the strength of
GWs generated by this transition. Our setup is rather
general and can be applied to many classes of new physics
models.

In Sec. II, we introduce our setup and briefly sum up
the effective potential. Then we show the thermal his-
tory of our scenario. The properties of GWs generated
by a first order phase transition are also summarized. In
Sec. III, we estimate the GWs generated by the first or-
der phase transition of the Higgs field. First, we consider
the situation where the Higgs sector is just the standard
model one. Even in such a case, the first order phase
transition of the Higgs field will occur due to the small-
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temperature. We see that the produced GWs are too
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FIG. 5: The peak position and amplitude of the GW spectrum
for bubble collision (solid lines) and turbulence (dotted lines).
The Higgs and top masses are taken to be the same as in
Fig. 2.

and the detection possibility of GWs may be enhanced.
In the next subsection, we consider the singlet extended
Higgs sector as an example of such a new physics.

B. Singlet Extension

In this section, we consider the singlet extended Higgs
sector. In general, if the Higgs field couples to light scalar
fields, the generated GWs become stronger due to the
thermal effects. We consider the two situations depend-
ing on the vacuum mass of Si: m0

S ≃ λSφvNP. The
first case is m0

S ∼ TPT
H . In this case, the quartic self

coupling of the Higgs field λH(T ) is not affected by the
singlet sector and we can use the standard model value
of λH(T ) around the transition temperature. The sec-
ond case is m0

S ≫ TPT
H , where singlets contribute to the

running of the Higgs quartic coupling λH(T ), and as a
result λH(T ) becomes smaller at the transition. In such
a case the generated GWs can be significantly enhanced
as we show later.

1. The case with m0
S ∼ TPT

H

With additional singlets, the first order phase transi-
tion of the Higgs field can occur even below ∼ 106 GeV
if λH/λ2

SH is small enough. In order to show the typ-
ical strength of the GWs, we fix the peak frequency at
fpeak = 1 Hz. Fig. 6 and 7 show α and β/H∗ as a func-
tion of the number of singlets, respectively. Also, Fig. 8
shows the energy fraction ΩGW with fpeak = 1 Hz. The
blue, red and yellow lines correspond to the case with

10 15 20
NS

!1.8

!1.6

!1.4

!1.2

!1.0
log10Α

FIG. 6: α with fpeak = 1 Hz as a function of NS . Solid lines
correspond to bubble collision, while dotted lines correspond
to turbulence. λSH = 1 (blue), 1.5 (red) and 2 (yellow).

10 15 20
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3.6

3.8

4.0

4.2

4.4

4.6

4.8
log10Β

FIG. 7: β/H∗ with fpeak = 1 Hz as a function of NS . Solid
lines correspond to bubble collision, while dotted lines corre-
spond to turbulence. λSH = 1 (blue), 1.5 (red) and 2 (yellow).

λSH = 1, 1.5, 2, respectively.f It is seen that for large
enough NS

>∼ 20, ΩGW can become ∼ 10−18, which may
be within the sensitivity of future experiments [13]. g

2. The case with m0
S ≫ TPT

H

Now, let us consider the case with m0
S ≫ TPT

H . In this
case, the self quartic coupling of the Higgs field λH is
different from the standard model value at TPT

H . At zero
temperature, the running of the couplings is the same as
the standard model one for µ < m0

S with µ being the
renormalisation scale. On the other hand, when φNP is

f As long as Nλ4
SH/16π2 <∼ O(1) and there are no interactions

among Si’s, the higher order corrections on the potential are not
important.

g The calculation of the strength of the GWs in singlet extensions
are done in [55–58]. In these studies, the strength of the GWs
are more enhanced for large NS and λSH region. The difference
comes from the treatment of the zero temperature potential.
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FIG. 2: The temperature dependence of λH/g2. Black-dashed
line corresponds to λH/g2 = 0.18. Each color corresponds to
(mh, mt) = (124.77, 174.32) (blue), (125.09, 173.34) (red) and
(125.41, 172.36) (yellow), The left endpoints correspond to the
transition temperature at which λH/g2 = 0.18.

A. Standard Model Like Higgs Sector

In this subsection, we consider the situation where the
Higgs sector consists of the standard model Higgs and
φNP, i.e., there are no additional singlet fields Si. In this
case, whether the phase transition is the first order one
or not depends on the Higgs quartic coupling λH and the
gauge couplings g. It is shown that if the Higgs mass is
small enough: mh

<∼ 80 GeV, the electroweak phase tran-
sition becomes first order [26]. Since the parameter that
determines the strength the phase transition is λH/g2,
this implies that for λH/g2 <∼ 0.2, the first order phase
transition of the Higgs field will occur [26]. In our case,
the phase transition occurs at high temperature of the
new physics scale T ∼ φNP where the quartic coupling
λH is much smaller than the value at the electroweak
scale, and hence the condition λH/g2 <∼ 0.2 can be easily
realized.

For concreteness, we take the criteria of the first order
phase transition as

λH

g2
<∼ 0.18, (41)

which corresponds to the condition mh
<∼ 70 GeV at the

electroweak scale. Then, we estimate β/H∗ using the
potential (3).e Fig. 2 shows the temperature dependence
of λH/g2 with varying the top quark mass. It is seen that
for T >∼ 106 GeV, the condition λH/g2 <∼ 0.18 is satisfied
and the first order phase transition will occur.

e Strictly speaking, near the critical point (λH/g2 ∼ 0.18), the
strength of the GWs are supposed to be suppressed compared to
our simple estimation. For such a region, our calculation gives
an upper bound of the GWs, which is already far below the
observable strength.
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FIG. 3: α as a function of T∗. The Higgs and top masses are
taken to be the same as in Fig. 2.
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FIG. 4: β/H∗ as a function of T∗. The Higgs and top masses
are taken to be the same as in Fig. 2.

Fig. 5 shows the peak position and amplitude of the
GWs. The peak frequency is too high compared to the
observable frequency ∼ 1 Hz, therefore we need the low
frequency behavior to discuss observational possibilities.
The exponent nf in the expression

ΩGW(f < fpeak) ≃ ΩGW(fpeak)
(

f

fpeak

)nf

, (42)

is roughly nf,coll ≃ 2.6 − 2.8 for bubble collision (see
e.g. [40]), though the behavior slightly differs among lit-
erature. On the other hand, the exponent for turbulence
is nf,turb ≃ 2−3 [38, 54]. In any case, it is hard to detect
the generated GWs even by the designed future exper-
iments, e.g., ΩGW ∼ 10−18 at the frequency ∼ 1Hz for
ultimate DECIGO [13].

There are mainly three reasons for such a smallness of
ΩGW at f ∼ O(1)Hz. First, the parameter β/H∗ be-
comes O(105) in this case. Larger β/H∗ makes the peak
frequency higher and the energy fraction ΩGW lower.
Second, there exists a lower limit on the phase transition
temperature T∗ >∼ 106 GeV for the first phase transition
to take place as mentioned above, which also tends to
make the peak frequency high. The last reason is the
smallness of the parameter α.
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FIG. 2: The temperature dependence of λH/g2. Black-dashed
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A. Standard Model Like Higgs Sector

In this subsection, we consider the situation where the
Higgs sector consists of the standard model Higgs and
φNP, i.e., there are no additional singlet fields Si. In this
case, whether the phase transition is the first order one
or not depends on the Higgs quartic coupling λH and the
gauge couplings g. It is shown that if the Higgs mass is
small enough: mh

<∼ 80 GeV, the electroweak phase tran-
sition becomes first order [26]. Since the parameter that
determines the strength the phase transition is λH/g2,
this implies that for λH/g2 <∼ 0.2, the first order phase
transition of the Higgs field will occur [26]. In our case,
the phase transition occurs at high temperature of the
new physics scale T ∼ φNP where the quartic coupling
λH is much smaller than the value at the electroweak
scale, and hence the condition λH/g2 <∼ 0.2 can be easily
realized.

For concreteness, we take the criteria of the first order
phase transition as

λH

g2
<∼ 0.18, (41)

which corresponds to the condition mh
<∼ 70 GeV at the

electroweak scale. Then, we estimate β/H∗ using the
potential (3).e Fig. 2 shows the temperature dependence
of λH/g2 with varying the top quark mass. It is seen that
for T >∼ 106 GeV, the condition λH/g2 <∼ 0.18 is satisfied
and the first order phase transition will occur.

e Strictly speaking, near the critical point (λH/g2 ∼ 0.18), the
strength of the GWs are supposed to be suppressed compared to
our simple estimation. For such a region, our calculation gives
an upper bound of the GWs, which is already far below the
observable strength.
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Fig. 5 shows the peak position and amplitude of the
GWs. The peak frequency is too high compared to the
observable frequency ∼ 1 Hz, therefore we need the low
frequency behavior to discuss observational possibilities.
The exponent nf in the expression
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is roughly nf,coll ≃ 2.6 − 2.8 for bubble collision (see
e.g. [40]), though the behavior slightly differs among lit-
erature. On the other hand, the exponent for turbulence
is nf,turb ≃ 2−3 [38, 54]. In any case, it is hard to detect
the generated GWs even by the designed future exper-
iments, e.g., ΩGW ∼ 10−18 at the frequency ∼ 1Hz for
ultimate DECIGO [13].

There are mainly three reasons for such a smallness of
ΩGW at f ∼ O(1)Hz. First, the parameter β/H∗ be-
comes O(105) in this case. Larger β/H∗ makes the peak
frequency higher and the energy fraction ΩGW lower.
Second, there exists a lower limit on the phase transition
temperature T∗ >∼ 106 GeV for the first phase transition
to take place as mentioned above, which also tends to
make the peak frequency high. The last reason is the
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strength of the GWs are supposed to be suppressed compared to
our simple estimation. For such a region, our calculation gives
an upper bound of the GWs, which is already far below the
observable strength.

6.5 7.0 7.5 8.0
log10Μ!GeV"

"3.0

"2.5

"2.0

"1.5

"1.0
log10Α

FIG. 3: α as a function of T∗. The Higgs and top masses are
taken to be the same as in Fig. 2.

6.5 7.0 7.5 8.0
log10Μ!GeV"

4.2
4.4
4.6
4.8
5.0
5.2
5.4
5.6
log10Β

FIG. 4: β/H∗ as a function of T∗. The Higgs and top masses
are taken to be the same as in Fig. 2.

Fig. 5 shows the peak position and amplitude of the
GWs. The peak frequency is too high compared to the
observable frequency ∼ 1 Hz, therefore we need the low
frequency behavior to discuss observational possibilities.
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is roughly nf,coll ≃ 2.6 − 2.8 for bubble collision (see
e.g. [40]), though the behavior slightly differs among lit-
erature. On the other hand, the exponent for turbulence
is nf,turb ≃ 2−3 [38, 54]. In any case, it is hard to detect
the generated GWs even by the designed future exper-
iments, e.g., ΩGW ∼ 10−18 at the frequency ∼ 1Hz for
ultimate DECIGO [13].

There are mainly three reasons for such a smallness of
ΩGW at f ∼ O(1)Hz. First, the parameter β/H∗ be-
comes O(105) in this case. Larger β/H∗ makes the peak
frequency higher and the energy fraction ΩGW lower.
Second, there exists a lower limit on the phase transition
temperature T∗ >∼ 106 GeV for the first phase transition
to take place as mentioned above, which also tends to
make the peak frequency high. The last reason is the
smallness of the parameter α.
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In a wide class of new physics models, there exist scalar fields which obtain vacuum expectation
values of high energy scales. We study the possibility that the standard model Higgs field has
experienced first-order phase transition at the high energy scale due to the couplings with these
scalar fields. We estimate the amount of gravitational waves produced by the phase transition, and
discuss observational consequences.

I. INTRODUCTION

Detection of gravitational waves (GWs) is one of the
promising tools to probe the early Universe. Possi-
ble cosmological sources for GWs include inflationary
quantum fluctuations [1], cosmic strings [2], and phase
transitions [3, 4]. Especially, if a first order phase
transitions occurs in the early Universe, the dynamics
of bubble collision [5–9] and subsequent turbulence of
the plasma [10] are expected to generate GWs. These
might be within a sensitivity of future space interferom-
eter experiments such as eLISA [11], Big-Bang Observer
(BBO) [12] and DECi-hertz Interferometer Observatory
(DECIGO) [13] or even ground-based detectors such as
Advanced LIGO [14], KAGRA [15] and VIRGO [16].

In this paper we focus on GWs from the first order
phase transition in association with the spontaneous sym-
metry breaking of the standard model Higgs boson. The
property of phase transition of the Higgs field has long
been studied in the literature both perturbatively [17–20]
and non-perturbatively [21–28] and it was found that the
first order phase transition within the standard model
does not occur unless the Higgs boson mass is smaller
than ∼ 80 GeV.

However, new physics beyond the standard model may
greatly change the situation. For example, in singlet ex-
tensions of the standard model, the new singlet scalar
changes the Higgs potential at the origin and it may in-
duce strong first order phase transitions. Actually in a
wide class of new physics models, there exists a scalar
field φNP which obtains a vacuum expectation value of
the new physics scale vNP. One of the well-known ex-
amples is the Peccei-Quinn scalar field [29], which solves
the strong CP problem elegantly and obtains a vacuum
expectation value vNP ∼ 1010 GeV [30]. In general, if
there exists a scalar field φNP, the quartic coupling term
λ2|φNP|2|H|2, where H is the standard model Higgs field,
exists. The coupling λ is naturally take a not too small
value since any symmetry does not forbid this quartic
coupling term.

In this paper, we take into account this quartic cou-
pling between the scalar field φNP and the standard
model Higgs field H, and study the cosmological conse-
quences, especially GW production. When the temper-

ature of the universe is higher than the scale of the new
physics, both φNP and H are supposed to be trapped at
the origins of their potential. As the temperature drops
down to the scale of the new physics, the first order phase
transition of the Higgs field may occur because the scale
of the Higgs potential becomes the new physics one. We
consider the standard model like Higgs sector and some
singlet extended models, and estimate the strength of
GWs generated by this transition. Our setup is rather
general and can be applied to many classes of new physics
models.

In Sec. II, we introduce our setup and briefly sum up
the effective potential. Then we show the thermal his-
tory of our scenario. The properties of GWs generated
by a first order phase transition are also summarized. In
Sec. III, we estimate the GWs generated by the first or-
der phase transition of the Higgs field. First, we consider
the situation where the Higgs sector is just the standard
model one. Even in such a case, the first order phase
transition of the Higgs field will occur due to the small-
ness of the quartic self coupling of the Higgs field at high
temperature. We see that the produced GWs are too
small to detect. Then, we consider the singlet extensions
as an example of non-trivial Higgs sector. In such a case,
the produced GWs become strong and can be detected.
Sec. IV is devoted to conclusions.

II. SETUP

A. Model

We consider the following scalar potential

V0 = λ2(|φNP|2 − v2
NP − δ2

EW)|H|2 +
λH

2
|H|4

+ λ2
φ(|φNP|2 − v2

NP)2 + VS

VS =
∑

i

λ2
SH

2
S2

i |H|2 +
∑

i

λ2
Sφ

2
S2

i |φNP|2, (1)

where φNP is a new scalar field which obtains the vacuum
expectation value vNP at zero temperature, H is the stan-
dard model Higgs field and δEW denotes the electroweak
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FIG. 8: The energy fraction ΩGW with fpeak = 1 Hz as a
function of NS . Each line corresponds to λSH = 1 (blue-
solid), 1.5 (red-solid) and 2 (yellow-solid) for bubble collision
(24), and λSH = 1 (blue-dashed), 1.5 (red-dashed) and 2
(yellow-dashed) for turbulence (30).
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FIG. 9: Running of the Higgs quartic coupling λH . Param-
eters are taken to be mS = 107 GeV, and λH,min = 10−2

(blue-solid), 10−3 (red-dashed), 10−4 (yellow-dotted). The
black line corresponds to the running without singlet.

trapped at the origin at high temperature, the coupling
λSH affects the running of the couplings, especially λH .
At the one loop level, the renormalization group equa-
tions become (see e.g. [59])

dλH

d lnµ
= βSM

H +
NS

16π2
λ4

SH , (43)

dλSH

d lnµ
=

λSH

16π2

[
2λ2

SH + 3y2
t − 3

4
g′2 − 9

4
g2
2

]
, (44)

where βSM denotes the standard model contribution.
Fig. 9 shows the running of λH with λSH (black) and
without λSH (blue, red, yellow). We set m0

S = 107 GeV
and NS = 4, and λSH(m0

S) ≃ 1 is chosen so that the min-
imal value of λH becomes 10−2, 10−3, 10−4 in blue, red,
and yellow lines, respectively. Note that the strength of
the produced GWs become stronger for smaller λH .

In order to see the typical situation where the GW
amplitude is significantly enhanced, we assume that the
phase transition occurs at the point where λH takes its
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FIG. 10: α as a function of λH . Each line corresponds to
bubble collision (solid) and turbulence (dashed).
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FIG. 11: β/H∗ as a function of λH . Each line corresponds to
bubble collision (solid) and turbulence (dashed).

minimal value λH,min, i.e. at

dλH

d ln µ
= βSM

H +
NS

16π2
λ4

SH = 0. (45)

Fig. 10–12 show the parameter α, β/H∗ and the GW
energy fraction ΩGW at the frequency 1Hz, respec-
tively.h We have taken NS = 4 and fpeak = 1Hz.
For λH,min

<∼ 0.01, ΩGW can be greater than ∼ 10−15.
This is within a sensitivity of future experiments [13, 60].
Fig. 13 shows the GW spectrum from bubble collisions
for ΩGW(fpeak) = 10−12 and 10−14 with fpeak = 1Hz.
Together shown is the sensitivity of the DECIGO. Note
that there are huge foreground GWs from white dwarf
binaries below ∼ 0.1 − 1Hz [61], but still GWs from the
phase transition may be observable.

h Due to the smallness of λH , the field value of the Higgs field
after the transition becomes relatively large. In such a situation,
the density of Si particles are supposed to be suppressed. This
may cause subsequent transition of φNP field because the thermal
mass of φNP becomes small. In such a situation, the strength of
the GWs gets enhanced because the parameter α becomes larger.

Change Higgs quartic coupling through RGE:

At high T, �NP = 0

hence mS = 0

At T=0, m0
S = �S�vNP

RGE is not affected below
this scale. 

RGE changes Higgs 
coupling at T=T*

Si :  singlet scalar without VEV
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Fig. 10–12 show the parameter α, β/H∗ and the GW
energy fraction ΩGW at the frequency 1Hz, respec-
tively.h We have taken NS = 4 and fpeak = 1Hz.
For λH,min

<∼ 0.01, ΩGW can be greater than ∼ 10−15.
This is within a sensitivity of future experiments [13, 60].
Fig. 13 shows the GW spectrum from bubble collisions
for ΩGW(fpeak) = 10−12 and 10−14 with fpeak = 1Hz.
Together shown is the sensitivity of the DECIGO. Note
that there are huge foreground GWs from white dwarf
binaries below ∼ 0.1 − 1Hz [61], but still GWs from the
phase transition may be observable.

h Due to the smallness of λH , the field value of the Higgs field
after the transition becomes relatively large. In such a situation,
the density of Si particles are supposed to be suppressed. This
may cause subsequent transition of φNP field because the thermal
mass of φNP becomes small. In such a situation, the strength of
the GWs gets enhanced because the parameter α becomes larger.
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λSH affects the running of the couplings, especially λH .
At the one loop level, the renormalization group equa-
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where βSM denotes the standard model contribution.
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S = 107 GeV
and NS = 4, and λSH(m0

S) ≃ 1 is chosen so that the min-
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the produced GWs become stronger for smaller λH .

In order to see the typical situation where the GW
amplitude is significantly enhanced, we assume that the
phase transition occurs at the point where λH takes its

!3.5 !3.0 !2.5 !2.0 !1.5 !1.0
log10ΛH

!1.5

!1.0

!0.5

0.0

0.5

1.0

log10Α

FIG. 10: α as a function of λH . Each line corresponds to
bubble collision (solid) and turbulence (dashed).

!3.5 !3.0 !2.5 !2.0 !1.5 !1.0
log10ΛH3.0

3.2

3.4

3.6

3.8

4.0
log10Β

FIG. 11: β/H∗ as a function of λH . Each line corresponds to
bubble collision (solid) and turbulence (dashed).

minimal value λH,min, i.e. at

dλH

d ln µ
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Fig. 10–12 show the parameter α, β/H∗ and the GW
energy fraction ΩGW at the frequency 1Hz, respec-
tively.h We have taken NS = 4 and fpeak = 1Hz.
For λH,min

<∼ 0.01, ΩGW can be greater than ∼ 10−15.
This is within a sensitivity of future experiments [13, 60].
Fig. 13 shows the GW spectrum from bubble collisions
for ΩGW(fpeak) = 10−12 and 10−14 with fpeak = 1Hz.
Together shown is the sensitivity of the DECIGO. Note
that there are huge foreground GWs from white dwarf
binaries below ∼ 0.1 − 1Hz [61], but still GWs from the
phase transition may be observable.

h Due to the smallness of λH , the field value of the Higgs field
after the transition becomes relatively large. In such a situation,
the density of Si particles are supposed to be suppressed. This
may cause subsequent transition of φNP field because the thermal
mass of φNP becomes small. In such a situation, the strength of
the GWs gets enhanced because the parameter α becomes larger.
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FIG. 4: The peak position and amplitude of the GW spectrum
for bubble collision (solid lines) and turbulence (dotted lines).
The Higgs and top masses are taken to be the same as in
Fig. 1.

λSH = 1, 1.5, 2, respectively.f It is seen that for large
enough NS

>∼ 20, ΩGW can become ∼ 10−18, which may
be within the sensitivity of future experiments [13]. g

2. The case with m0
S ≫ TPT

H

Now, let us consider the case with m0
S ≫ TPT

H . In this
case, the self quartic coupling of the Higgs field λH is
different from the standard model value at TPT

H . At zero
temperature, the running of the couplings is the same as
the standard model one for µ < m0

S with µ being the
renormalisation scale. On the other hand, when φNP is
trapped at the origin at high temperature, the coupling
λSH affects the running of the couplings, especially λH .
At the one loop level, the renormalization group equa-
tions become (see e.g. [59])

dλH

d lnµ
= βSM

H +
NS

16π2
λ4
SH , (43)

dλSH

d lnµ
=

λSH

16π2

[

2λ2
SH + 3y2t −

3

4
g′2 −

9

4
g22

]

, (44)

where βSM denotes the standard model contribution.
Fig. 8 shows the running of λH with λSH (black) and
without λSH (blue, red, yellow). We set m0

S = 107 GeV

f As long as Nλ4
SH/16π2 <

∼ O(1) and there are no interactions
among Si’s, the higher order corrections on the potential are not
important.

g The calculation of the strength of the GWs in singlet extensions
are done in [55–58]. In these studies, the strength of the GWs
are more enhanced for large NS and λSH region. The difference
comes from the treatment of the zero temperature potential.

10 15 20
NS

!1.8

!1.6

!1.4

!1.2

!1.0
log10Α

FIG. 5: α with fpeak = 1Hz as a function of NS . Solid lines
correspond to bubble collision, while dotted lines correspond
to turbulence. λSH = 1 (blue), 1.5 (red) and 2 (yellow).
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FIG. 6: β/H∗ with fpeak = 1Hz as a function of NS . Solid
lines correspond to bubble collision, while dotted lines corre-
spond to turbulence. λSH = 1 (blue), 1.5 (red) and 2 (yellow).
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(24), and λSH = 1 (blue-dashed), 1.5 (red-dashed) and 2
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and NS = 4, and λSH(m0
S) ≃ 1 is chosen so that the min-

imal value of λH becomes 10−2, 10−3, 10−4 in blue, red,
and yellow lines, respectively. Note that the strength of
the produced GWs become stronger for smaller λH .
In order to see the typical situation where the GW

amplitude is significantly enhanced, we assume that the
phase transition occurs at the point where λH takes its
minimal value λH,min, i.e. at

dλH

d lnµ
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H +
NS

16π2
λ4
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Fig. 9–11 show the parameter α, β/H∗ and the GW en-
ergy fraction ΩGW at the frequency 1Hz, respectively.h

We have taken NS = 4 and fpeak = 1Hz. For λH,min
<∼

0.01, ΩGW can be greater than ∼ 10−15. This is within
a sensitivity of future experiments [13].

h Due to the smallness of λH , the field value of the Higgs field
after the transition becomes relatively large. In such a situation,
the density of Si particles are supposed to be suppressed. This
may cause subsequent transition of φNP field because the thermal
mass of φNP becomes small. In such a situation, the strength of
the gravitational waves gets enhanced because the parameter α
becomes larger.
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IV. CONCLUSIONS

In this paper, we have considered GWs generated by
the first order phase transition of the Higgs field at some
new physics scale. If the new physics contains scalar fields
(φNP), the couplings between the standard model Higgs
field and such scalars exist in general. These couplings
can cause the first order phase transition of the Higgs
field at the temperature of the universe around the new
physics scale, which is much higher than the weak scale.
Hence the peak position of the GWs as well as its strength
can take broad range of values depending on the new
physics scale.
We considered two types of models in the Higgs sector.

In the first model we have only the standard model Higgs
and φNP. In this case we have seen that the generated
GWs is too weak to detect by designed future exper-
iments. Second model contains additional singlet fields
Si and we have shown that the detection of the GWs may
be possible if the number of the singlets is O(10) or the
self quartic coupling of the Higgs field λH is small enough
<∼ 0.01 due to the coupling of the Higgs with additional
singlets.
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IV. CONCLUSIONS

In this paper, we have considered GWs generated by
the first order phase transition of the Higgs field at some
new physics scale. If the new physics contains scalar fields
(φNP), the couplings between the standard model Higgs
field and such scalars exist in general. These couplings
can cause the first order phase transition of the Higgs
field at the temperature of the universe around the new
physics scale, which is much higher than the weak scale.
Hence the peak position of the GWs as well as its strength
can take broad range of values depending on the new
physics scale.
We considered two types of models in the Higgs sector.

In the first model we have only the standard model Higgs
and φNP. In this case we have seen that the generated
GWs is too weak to detect by designed future exper-
iments. Second model contains additional singlet fields
Si and we have shown that the detection of the GWs may
be possible if the number of the singlets is O(10) or the
self quartic coupling of the Higgs field λH is small enough
<∼ 0.01 due to the coupling of the Higgs with additional
singlets.
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IV. CONCLUSIONS

In this paper, we have considered GWs generated by
the first order phase transition of the Higgs field at some

new physics scale. If the new physics contains scalar fields
(φNP), the couplings between the standard model Higgs
field and such scalars exist in general. These couplings
can cause the first order phase transition of the Higgs
field at the temperature of the universe around the new
physics scale, which is much higher than the weak scale.
Hence the peak position of the GWs as well as its strength
can take broad range of values depending on the new
physics scale.

We considered two types of models in the Higgs sector.
In the first model we have only the standard model Higgs
and φNP. In this case we have seen that the generated
GWs is too weak to detect by designed future exper-
iments. Second model contains additional singlet fields
Si and we have shown that the detection of the GWs may
be possible if the number of the singlets is O(10) or the
self quartic coupling of the Higgs field λH is small enough
<∼ 0.01 due to the coupling of the Higgs with additional
singlets.

As a final remark, in this paper we considered GWs as-
sociated with first order phase transition of the standard
model Higgs field which happens at much higher scale
than the weak scale. There are also possibilities that the
phase transition of some other scalar fields that do or do
not couple to the Higgs field is first order and generate
GWs strong enough to be detected. Since the scale of
phase transition of these fields need not be electroweak
scale, it may open up a new possibility for probing new
physics through GW detection.
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In a wide class of new physics models, there exist scalar fields which obtain vacuum expectation
values of high energy scales. We study the possibility that the standard model Higgs field has
experienced first-order phase transition at the high energy scale due to the couplings with these
scalar fields. We estimate the amount of gravitational waves produced by the phase transition, and
discuss observational consequences.

I. INTRODUCTION

Detection of gravitational waves (GWs) is one of the
promising tools to probe the early Universe. Possi-
ble cosmological sources for GWs include inflationary
quantum fluctuations [1], cosmic strings [2], and phase
transitions [3, 4]. Especially, if a first order phase
transitions occurs in the early Universe, the dynamics
of bubble collision [5–9] and subsequent turbulence of
the plasma [10] are expected to generate GWs. These
might be within a sensitivity of future space interferom-
eter experiments such as eLISA [11], Big-Bang Observer
(BBO) [12] and DECi-hertz Interferometer Observatory
(DECIGO) [13] or even ground-based detectors such as
Advanced LIGO [14], KAGRA [15] and VIRGO [16].

In this paper we focus on GWs from the first order
phase transition in association with the spontaneous sym-
metry breaking of the standard model Higgs boson. The
property of phase transition of the Higgs field has long
been studied in the literature both perturbatively [17–20]
and non-perturbatively [21–28] and it was found that the
first order phase transition within the standard model
does not occur unless the Higgs boson mass is smaller
than ∼ 80 GeV.

However, new physics beyond the standard model may
greatly change the situation. For example, in singlet ex-
tensions of the standard model, the new singlet scalar
changes the Higgs potential at the origin and it may in-
duce strong first order phase transitions. Actually in a
wide class of new physics models, there exists a scalar
field φNP which obtains a vacuum expectation value of
the new physics scale vNP. One of the well-known ex-
amples is the Peccei-Quinn scalar field [29], which solves
the strong CP problem elegantly and obtains a vacuum
expectation value vNP ∼ 1010 GeV [30]. In general, if
there exists a scalar field φNP, the quartic coupling term
λ2|φNP|2|H|2, where H is the standard model Higgs field,
exists. The coupling λ is naturally take a not too small
value since any symmetry does not forbid this quartic
coupling term.

In this paper, we take into account this quartic cou-
pling between the scalar field φNP and the standard
model Higgs field H, and study the cosmological conse-
quences, especially GW production. When the temper-

ature of the universe is higher than the scale of the new
physics, both φNP and H are supposed to be trapped at
the origins of their potential. As the temperature drops
down to the scale of the new physics, the first order phase
transition of the Higgs field may occur because the scale
of the Higgs potential becomes the new physics one. We
consider the standard model like Higgs sector and some
singlet extended models, and estimate the strength of
GWs generated by this transition. Our setup is rather
general and can be applied to many classes of new physics
models.

In Sec. II, we introduce our setup and briefly sum up
the effective potential. Then we show the thermal his-
tory of our scenario. The properties of GWs generated
by a first order phase transition are also summarized. In
Sec. III, we estimate the GWs generated by the first or-
der phase transition of the Higgs field. First, we consider
the situation where the Higgs sector is just the standard
model one. Even in such a case, the first order phase
transition of the Higgs field will occur due to the small-
ness of the quartic self coupling of the Higgs field at high
temperature. We see that the produced GWs are too
small to detect. Then, we consider the singlet extensions
as an example of non-trivial Higgs sector. In such a case,
the produced GWs become strong and can be detected.
Sec. IV is devoted to conclusions.

II. SETUP

A. Model

We consider the following scalar potential

V0 = λ2(|φNP|2 − v2
NP − δ2

EW)|H|2 +
λH

2
|H|4

+ λ2
φ(|φNP|2 − v2

NP)2 + VS

VS =
∑

i

λ2
SH

2
S2

i |H|2 +
∑

i

λ2
Sφ

2
S2

i |φNP|2, (1)

where φNP is a new scalar field which obtains the vacuum
expectation value vNP at zero temperature, H is the stan-
dard model Higgs field and δEW denotes the electroweak

UT-15-39

Gravitational Waves from the First Order Phase Transition of the Higgs Field
at High Energy Scales

Ryusuke Jinnoa, Kazunori Nakayamaa,b and Masahiro Takimotoa

aDepartment of Physics, University of Tokyo, Tokyo 113-0033, Japan
bKavli Institute for the Physics and Mathematics of the Universe,

UTIAS, University of Tokyo, Kashiwa 277-8583, Japan

In a wide class of new physics models, there exist scalar fields which obtain vacuum expectation
values of high energy scales. We study the possibility that the standard model Higgs field has
experienced first-order phase transition at the high energy scale due to the couplings with these
scalar fields. We estimate the amount of gravitational waves produced by the phase transition, and
discuss observational consequences.

I. INTRODUCTION

Detection of gravitational waves (GWs) is one of the
promising tools to probe the early Universe. Possi-
ble cosmological sources for GWs include inflationary
quantum fluctuations [1], cosmic strings [2], and phase
transitions [3, 4]. Especially, if a first order phase
transitions occurs in the early Universe, the dynamics
of bubble collision [5–9] and subsequent turbulence of
the plasma [10] are expected to generate GWs. These
might be within a sensitivity of future space interferom-
eter experiments such as eLISA [11], Big-Bang Observer
(BBO) [12] and DECi-hertz Interferometer Observatory
(DECIGO) [13] or even ground-based detectors such as
Advanced LIGO [14], KAGRA [15] and VIRGO [16].

In this paper we focus on GWs from the first order
phase transition in association with the spontaneous sym-
metry breaking of the standard model Higgs boson. The
property of phase transition of the Higgs field has long
been studied in the literature both perturbatively [17–20]
and non-perturbatively [21–28] and it was found that the
first order phase transition within the standard model
does not occur unless the Higgs boson mass is smaller
than ∼ 80 GeV.

However, new physics beyond the standard model may
greatly change the situation. For example, in singlet ex-
tensions of the standard model, the new singlet scalar
changes the Higgs potential at the origin and it may in-
duce strong first order phase transitions. Actually in a
wide class of new physics models, there exists a scalar
field φNP which obtains a vacuum expectation value of
the new physics scale vNP. One of the well-known ex-
amples is the Peccei-Quinn scalar field [29], which solves
the strong CP problem elegantly and obtains a vacuum
expectation value vNP ∼ 1010 GeV [30]. In general, if
there exists a scalar field φNP, the quartic coupling term
λ2|φNP|2|H|2, where H is the standard model Higgs field,
exists. The coupling λ is naturally take a not too small
value since any symmetry does not forbid this quartic
coupling term.

In this paper, we take into account this quartic cou-
pling between the scalar field φNP and the standard
model Higgs field H, and study the cosmological conse-
quences, especially GW production. When the temper-

ature of the universe is higher than the scale of the new
physics, both φNP and H are supposed to be trapped at
the origins of their potential. As the temperature drops
down to the scale of the new physics, the first order phase
transition of the Higgs field may occur because the scale
of the Higgs potential becomes the new physics one. We
consider the standard model like Higgs sector and some
singlet extended models, and estimate the strength of
GWs generated by this transition. Our setup is rather
general and can be applied to many classes of new physics
models.

In Sec. II, we introduce our setup and briefly sum up
the effective potential. Then we show the thermal his-
tory of our scenario. The properties of GWs generated
by a first order phase transition are also summarized. In
Sec. III, we estimate the GWs generated by the first or-
der phase transition of the Higgs field. First, we consider
the situation where the Higgs sector is just the standard
model one. Even in such a case, the first order phase
transition of the Higgs field will occur due to the small-
ness of the quartic self coupling of the Higgs field at high
temperature. We see that the produced GWs are too
small to detect. Then, we consider the singlet extensions
as an example of non-trivial Higgs sector. In such a case,
the produced GWs become strong and can be detected.
Sec. IV is devoted to conclusions.

II. SETUP

A. Model

We consider the following scalar potential

V0 = λ2(|φNP|2 − v2
NP − δ2

EW)|H|2 +
λH

2
|H|4

+ λ2
φ(|φNP|2 − v2

NP)2 + VS

VS =
∑

i

λ2
SH

2
S2

i |H|2 +
∑

i

λ2
Sφ

2
S2

i |φNP|2, (1)

where φNP is a new scalar field which obtains the vacuum
expectation value vNP at zero temperature, H is the stan-
dard model Higgs field and δEW denotes the electroweak

|H|

|�NP|

PT along the New Scalar
can source GWs

Bubble collision from 
1st order PT of �NP

Topological defects 
associated with �NP

KN, Takahashi, Yokozaki (2016)

Jaeckel et al (2016), Dev, Mazumdar (2016), 
Jinno, Takimoto (2016), Balazs et al (2016)



Domain walls
Simplest case:  �NPreal scalar

Domain walls are formed after         gets VEV�NP

This simple extension is motivated from the Higgs stability.
Lebedev (2012), Elias-Miro et al (2012)

We need small Z2 breaking (“bias”) to avoid DW domination

�NP

VGWs are produced
by the DW dynamics

bias



Dynamics of biased DWs
H�1

DW

V = 0 V�

V = 0

DW

DW energy density

is devoted to conclusions.

2 Gravitational waves from domain walls

2.1 Biased domain walls

Let us consider a real scalar � with a Z
2

-symmetric double-well potential:

V (�) =
��

4
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2. (1)

One can find a static solution of the equation of motion with a boundary condition such that
the two vacua are realized at x ! ±1,
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which represents a domain wall extending along the x = 0 plane. The typical width of
the domain wall � is given by the inverse of the mass of � at the potential minimum,
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where ⇢� = 1
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|r�|2 + V (�) is the (static) energy density of �.
When the Z

2

symmetry is spontaneously broken in the early Universe, domain walls are
formed, and they quickly follow a scaling solution such that there is about one domain wall
per Hubble horizon [5–8]. Then the energy density of the domain walls scales as ⇢

DW
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and its fraction to the total energy density is
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where H denotes the Hubble parameter and MP the reduced Planck scale and we have
defined
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. (5)

Thus, domain walls start to dominate the Universe at H ⇠ H
dom

, and the Universe will
be extremely inhomogeneous afterwards. This is the notorious cosmological domain wall
problem.

To avoid the cosmological domain wall problem, let us introduce a small Z
2

breaking
term, which induces an energy bias between the two vacua and thereby destabilize the walls.
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2.2 Gravitational waves from annihilating domain walls

The domain-wall annihilation is an e�cient source of GWs. The power emitted as GWs
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FIG. 1: The evolution of stable (✏ = 0: left) and unstable (✏ = 0.02: right) domain walls. The white surface corresponds to the
region where the value of � crosses the zero.

between the case with b = 25 and b = 50 may be due to the poor resolution in the simulation with b = 50. If the
wavelength of the scalar field radiations produced by the decay of domain walls is comparable or smaller than the
small scale cuto↵ (⇠ ⌘�1), the typical length scale over which the scalar field varies becomes shorter than the lattice
spacing. This makes the value of A/V inaccurate because we estimate the value A/V as a sum of the link of points
where � has di↵erent signs (see Appendix A 3). In the case with b = 50, the lattice spacing �x is larger than that
with b = 25 and it is likely to lose many links over which the scalar field changes its signs. Therefore, the oscillation
of the A/V in the case with b = 50 is less violent than that with b = 25, as we see in Fig. 2.

C. Spectrum of Gravitational Waves

By using the method described in Section III, we compute the spectrum of gravitational waves produced by domain
walls. The results are shown in Fig. 3. To take small b with fixed number of lattice points corresponds to increasing
the spatial resolution. Therefore, the frequency range computed in the case with b = 25 is higher than that in the case
with b = 50. The two figures shown in Fig. 3 seem to be di↵erent in spite of the fact that the two results are obtained
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2.3 E↵ects of friction

So far we have ignored possible domain-wall interactions with the environmental plasma.
In some realistic setup, e.g. the Higgs portal case to be discussed in the next section, the
domain wall interaction with thermal plasma can be significant. It causes a frictional force
on domain walls and can change the domain wall evolution in the early epoch.

Let us suppose that a � particle, which interacts with �, is reflected around the domain
wall with a probability close to be unity. If � is in thermal equilibrium, the frictional force
per unit area of domain wall is given by [4]

F� ⇠ n��p ⇠ T 4v, (21)

where n� ⇠ T 3 is the � number density, �p ⇠ Tv the average momentum transfer per
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In some realistic setup, e.g. the Higgs portal case to be discussed in the next section, the
domain wall interaction with thermal plasma can be significant. It causes a frictional force
on domain walls and can change the domain wall evolution in the early epoch.

Let us suppose that a � particle, which interacts with �, is reflected around the domain
wall with a probability close to be unity. If � is in thermal equilibrium, the frictional force
per unit area of domain wall is given by [4]
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Summary
• 1st order phase transition can happen at 

electroweak scale (or much higher scale) 
if there is physics beyond SM.

• Vacuum bubbles/topological defects can 
be good GW source in models with 
simply extended Higgs sector.

• Other GW source: inflation, reheating, 
etc.

GW as a probe of new physics!
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Bubble nucleation Coleman (1977), Linde (1983)

Vacuum decay rate � � T 4e�S3/T

S3 : Action of O(3) symmetric bounce solution

5

2. Turbulence

For GW spectrum from turbulence we refer to [10]:

fpeak ≃ 2.6 v−1
b v0

(
β

H∗

)(
T∗

108 GeV

)( g∗
100

) 1
6

[Hz],

(29)

h2
0ΩGW(fpeak) ≃ 10−5

(
β

H∗

)−2

vbv
6
0

( g∗
100

)− 1
3

. (30)

Here, v0 is the typical velocity on the length scale v/β,
the largest scale on which the turbulence is driven. In
weak detonation limit v0 ∼ (κα)1/2 while in strong
detonation limit v0 ∼ 1, and therefore we simply use
v0 = Min[(κα)1/2, 1] in the following calculation.

E. Bounce calculation

Having explained the parameter dependence of the
peak frequency and amplitude of the GW spectrum, we
now illustrate how to calculate α and β from a given
potential and how to determine the transition time (or
temperature).

When the order parameter of the phase transition is a
real scalar field, the nucleation rate per unit volume Γ is
given by Γ = Γ0e−S , where S is the Euclidean action [47,
48]

S =
∫

dτd3x

[
1
2

(
dΦ
dτ

)2

+
1
2
(∇Φ)2 + V (Φ)

]
. (31)

Here τ is the Euclidean time and Φ denotes the scalar
field driving the transition. In finite temperature, the
action must be periodic in T−1 and the action must be
modified to be Γ = Γ0e−S3/T [49] where

S3(T ) =
∫

d3x

[
1
2
(∇Φ)2 + V (Φ, T )

]
. (32)

In our setup Φ corresponds to the (real) Higgs field, and
V in Eq. (32) is the same as Eq. (3). In order to calculate
the profile of the scalar field at the bubble nucleation, one
must find the O(3) symmetric solution of the equation of
motion

d2Φ
dr2

+
2
r

dΦ
dr

− ∂V

∂Φ
= 0, (33)

where r denotes the variable in the radial direction, with
the boundary conditions

Φ(r = ∞) = Φfalse, (34)
dΦ
dr

(r = 0) = 0. (35)

This solution corresponds to the one where Φ rolls down
the inverse potential −V from a point near the true vac-
uum to reach the symmetric false vacuum at r = ∞.

Then, the bounce action is calculated as

S3 =
∫

4πr2dr

[
1
2

(
dΦ
dr

)2

+ V

]
. (36)

Since β = Γ̇/Γ at the transition from its definition, one
has

β

H∗
= T

d(S3/T )
dT

∣∣∣∣
T=T∗

. (37)

In determining the other parameter α, one uses the ex-
pression for the latent heat density

ϵ∗ =
[
−Vmin(T ) + T

d

dT
Vmin(T )

]

T=T∗

. (38)

Here Vmin(T ) is the temperature-dependent true mini-
mum of the effective potential of the scalar field which
drives the phase transition. Note that the true minimum
of the potential must be set to zero by adding a constant
at each time.

In addition, the transition temperature T∗ is evaluated
by the condition [50]

S3

T

∣∣∣∣
T=T∗

= 137 + 4 log(100 GeV/T∗). (39)

III. ESTIMATE OF GRAVITATIONAL WAVES

In this section, we estimate the strength of GWs gener-
ated by the first order phase transition of the Higgs field.
We estimate the temperature dependent bounce action
S3(T ) by using the potential introduced in the previous
section,

V = −λ2v2
NP|H|2 +

λH(T )
2

|H|4 + VCW(H) + Vth(T,H).
(40)

We evaluate λH(T ) by using two loop renormaliza-
tion group equation with the Higgs mass mh =
125.09GeV [51, 52] and the top mass mt =
173.34GeV [53].

In the following, we first consider the situation where
the Higgs sector consists of the standard model Higgs
boson and φNP, i.e., there are no additional singlet fields
Si in Eq. (1). In this case we will see that the generated
GWs amplitude is too weak to detect. Then, we con-
sider singlet extensions as an example of the non-trivial
Higgs sector. The singlet(s) have basically two effects on
the strength of the Higgs phase transition: First, they
change the shape of the Higgs thermal potential around
the origin. Second, they change the running of the Higgs
quartic coupling. We investigate these possibilities in the
following.
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FIG. 1: The parameters α and β characterizing the electroweak phase transition as functions of

ζ for several Higgs masses. A universal coupling ζ and NS = 12 scalar fields have been used. The

crosses mark the conformal case.

The latent heat is usually normalized to the energy density of the radiation in the plasma,

through the dimensionless parameter α

α =
ϵ

ρrad

=
30ϵ

π2g∗T 4
. (24)

Espinosa, Konstandin, No, Quiros (2009)

2

only renormalizable interaction of such scalars with the SM occurs via the Higgs sector,

which in this case serves as a portal to the hidden sector [1].

In this paper we are concerned with some of the possible cosmological implications of

hidden sector extensions of the SM. This is a continuation of the study of the electroweak

breaking and phase transition presented in Ref. [2] and we will provide some technical details

that were omitted there. In addition we will present an analysis of other cosmological

implications, namely gravitational wave production and dark matter abundance. We also

comment on the possibility of low-scale inflation and present a calculation of the bubble wall

velocity in case of a first-order electroweak phase transition. As in Ref. [2] we pay special

attention to the classically conformal case which, for a strong coupling between the hidden

sector scalars and the Higgs field, can be consistent with the mass bounds on the Higgs

particle.

The paper is organized as follows. In Section II, the model is presented, both at zero

and finite temperature. In Section III the cosmological implications of the model mentioned

above are discussed and we conclude in Section IV.

II. THE MODEL

A. Zero Temperature Potential

We consider a set of NS real scalar fields Si coupled to the SM Higgs doublet H with the

tree level potential

V0 = m2H†H + λ(H†H)2 +
∑

i

(

1

2
m2

Si
+ ζ2

i H†H

)

S2
i . (1)

We assume there are no linear or cubic terms in the hidden-sector scalar fields [this can

be enforced by some global symmetry, e.g. O(N)]. Besides, we assume that the squared

masses of the hidden scalars are semi-positive definite (m2
Si

), such that this global symmetry

remains unbroken and no quartic terms are necessary to stabilize the potential.

In the presence of a background Higgs field, ⟨H0⟩ = φ/
√

2, the one-loop effective potential

in Landau gauge and MS scheme is then given by

V1−loop = V0 + ∆V1−loop =
m2

2
φ2 +

λ

4
φ4 +

∑

α

NαM4
α(φ)

64π2

[

ln
M2

α(φ)

Q2
− Cα

]

. (2)

m2 = 0

m2 < 0

m2 > 0(A)

(B)

NS = 12, mSi = 0
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FIG. 8: Running of the Higgs quartic coupling λH . Param-
eters are taken to be mS = 107 GeV, and λH,min = 10−2

(blue-solid), 10−3 (red-dashed), 10−4 (yellow-dotted). The
black line corresponds to the running without singlet.
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FIG. 9: α as a function of λH . Each line corresponds to
bubble collision (solid) and turbulence (dashed).

and NS = 4, and λSH(m0
S) ≃ 1 is chosen so that the min-

imal value of λH becomes 10−2, 10−3, 10−4 in blue, red,
and yellow lines, respectively. Note that the strength of
the produced GWs become stronger for smaller λH .
In order to see the typical situation where the GW

amplitude is significantly enhanced, we assume that the
phase transition occurs at the point where λH takes its
minimal value λH,min, i.e. at

dλH

d lnµ
= βSM

H +
NS

16π2
λ4
SH = 0. (45)

Fig. 9–11 show the parameter α, β/H∗ and the GW en-
ergy fraction ΩGW at the frequency 1Hz, respectively.h

We have taken NS = 4 and fpeak = 1Hz. For λH,min
<∼

0.01, ΩGW can be greater than ∼ 10−15. This is within
a sensitivity of future experiments [13].

h Due to the smallness of λH , the field value of the Higgs field
after the transition becomes relatively large. In such a situation,
the density of Si particles are supposed to be suppressed. This
may cause subsequent transition of φNP field because the thermal
mass of φNP becomes small. In such a situation, the strength of
the gravitational waves gets enhanced because the parameter α
becomes larger.
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FIG. 10: β/H∗ as a function of λH . Each line corresponds to
bubble collision (solid) and turbulence (dashed).
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FIG. 11: GW energy fraction ΩGW as a function of λ∗ in the
case of m0

S ≫ TPT
H . Each line corresponds to bubble collision

(solid) and turbulence (dashed). See text for details.

IV. CONCLUSIONS

In this paper, we have considered GWs generated by
the first order phase transition of the Higgs field at some
new physics scale. If the new physics contains scalar fields
(φNP), the couplings between the standard model Higgs
field and such scalars exist in general. These couplings
can cause the first order phase transition of the Higgs
field at the temperature of the universe around the new
physics scale, which is much higher than the weak scale.
Hence the peak position of the GWs as well as its strength
can take broad range of values depending on the new
physics scale.
We considered two types of models in the Higgs sector.

In the first model we have only the standard model Higgs
and φNP. In this case we have seen that the generated
GWs is too weak to detect by designed future exper-
iments. Second model contains additional singlet fields
Si and we have shown that the detection of the GWs may
be possible if the number of the singlets is O(10) or the
self quartic coupling of the Higgs field λH is small enough
<∼ 0.01 due to the coupling of the Higgs with additional
singlets.
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IV. CONCLUSIONS

In this paper, we have considered GWs generated by
the first order phase transition of the Higgs field at some
new physics scale. If the new physics contains scalar fields
(φNP), the couplings between the standard model Higgs
field and such scalars exist in general. These couplings
can cause the first order phase transition of the Higgs
field at the temperature of the universe around the new
physics scale, which is much higher than the weak scale.
Hence the peak position of the GWs as well as its strength
can take broad range of values depending on the new
physics scale.
We considered two types of models in the Higgs sector.

In the first model we have only the standard model Higgs
and φNP. In this case we have seen that the generated
GWs is too weak to detect by designed future exper-
iments. Second model contains additional singlet fields
Si and we have shown that the detection of the GWs may
be possible if the number of the singlets is O(10) or the
self quartic coupling of the Higgs field λH is small enough
<∼ 0.01 due to the coupling of the Higgs with additional
singlets.
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