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Abstract: We study the properties of gravitational wave (GW) signals produced by first-order phase transitions
during the inflation era. We show that the power spectrum of a GW oscillates with its wave number. This signal can
be observed directly by future terrestrial and spatial GW detectors and through the B-mode spectrum in the CMB.
This oscillatory feature of the GW is generic for any approximately instantaneous sources occurring during inflation
and is distinct from the GW from phase transitions after inflation. The details of the GW spectrum contain informa-

tion about the scale of the phase transition and the later evolution of the universe.
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I. INTRODUCTION

Gravitational waves (GWSs), when produced, propag-
ate freely through the universe and can convey the in-
formation of their origin and the history of the universe.
They can be detected using many proposed detectors,
either terrestrial or space based [1-16]. Primordial GWs
can also provide clues on the cosmological microwave
background (CMB) and can be detected in the B-mode
power spectrum [17—19]. Possible sources of the primor-
dial GWs are inflation [20—24], first-order phase trans-
itions [25, 26], and cosmic strings [27-32].

It is highly plausible that the early universe had an in-
flationary era [33-35] (see Ref. [36]). The simplest infla-
tion model is driven by a slowly-rolling inflaton field. To
produce sufficient inflation, the typical excursion of the
inflaton field must be large. Thus, it may induce signific-
ant changes in the dynamics of the spectator fields. This
may occur through a direct coupling between the inflaton
field to other spectator fields (see, e.g., Ref. [37] and the
examples in the Appendix). In warm inflation scenarios
[38, 39], the change in temperature during inflation may
also induce first-order phase transitions. In some scenari-
os, inflation begins from a thermal bath. In these scenari-
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os, the universe's temperature decresses exponentially at
the beginning of the inflation. Such a dramatically chan-
ging temperature may also trigger first-order phase trans-
itions [40, 41]. The inflation era may also begin from a
first-order phase transition [42].

In this letter, we show that a GW produced by bubble
collisions in the first-order phase transition during infla-
tion can have a unique oscillatory signal in its power
spectrum, which contains information of both inflation
and the phase transition. It should be clear from the dis-
cussion below that the signal is generic for approxim-
ately instantaneous GW sources.

GWs from instantaneous sources. The equation of
motion for the transverse and traceless GW perturbation
/’l,‘ j is

v, 2d 2 2
hij+7hij—V h,»j=167rGNa Tij» (1)

where ’ indicates derivatives with respect to the conform-
al time 7, Gy is Newton's gravity constant, and o; is the
transverse, traceless part of the energy momentum tensor.
In this paper, we assume that the Hubble parameter (Hiy)
duringinflationisaconstant. Subsequently, we obtain a(r) =
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—1/Hiet. The problem contains several important time
scales: 7, is the time of bubble collision and generation
of the GW. The inflation ends at 7.,q. We denote the con-
formal time duration and the co-moving spatial spread of
the bubble collision event as A.,. A < |14| by assump-
tion of instantaneous and local sources that occurred dur-
ing inflation. The modes of interest to us are all outside
the horizon at the time when inflation ends, k|tenq| <1,
where £ is the co-moving momentum.

II. SPECTRAL SHAPE OF THE GW SIGNAL

We focus on three regimes with qualitatively differ-
ent features.

o [t.["' <k <AZl. In this regime, we can ignore the
spatial inhomogeneity caused by the bubbles and con-
sider the bubble collisions as instantaneous sources.
Therefore, the bubble collisions can be approximated as
delta function sources:

Fijx T a3 ()0 —14) 2)

where, in this regime, Tl.(l(.)) is independent of k [43].

During inflation and after the bubble collision, |r,|>
[7] > |Tendl, we have (after Fourier transformation and sup-
pressed i, j indices)

- 167G N Hype T© 1 1
ey~ — OOV T (1 L et
k kt kT,

+ (1 + kz(Tl‘r*))Sink(T_T*)] . 3)

In position space, when k*71, < 1, h(t,X) is approx-
imately 4Gy HineT Q4|7 O(1 — 74 — X — X4|), which is uni-
form over a density ball with radius ||, as shown in the
left panel of Fig. 1. At the end of inflation, the universe is
filled with such GW balls. In this regime, we can ignore
the terms suppressed by (k7,)~! in Eq. (3). After the GW
is produced at T ~ 74, it continues to oscillate until it exits
the horizon at k|r| ~ 1 when its phase begins to freeze.
The GW then evolves to the end of the inflation, and with
kTena — 0, its value is frozen to

1 67TGNHinfT(O)
R

il —
=

sinkr*) . @)

(coskr* - i
Since k|t,|> 1, we can neglect the term proportional to
sinkt, /kt.. Hence, ﬁi ~ coskt,, as shown in the right
panel of Fig. 1.

The GW begins to oscillate again after re-entering the
horizon, with izi as the initial condition. For example, if

Arg
hq AW
: A

|Tx|v .

Fig. 1. (color online) Left: configuration of bound state of
the GW in the inflation era. Right: Fourier modes of the GW
during inflation from 7, t0 7eng-
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Fig. 2.  (color online) Illustration of the shape of the GW
spectrum produced by an instantaneous source during infla-
tion.

we assume that the universe evolves into the radiation
domination (RD) immediately after inflation,

- ~¢ Sinkr
Tue() = I - 5)

Hence, 7 (1) o cos(kty). The energy density of the GW
has the form

1 &3k

a(r)J @2ny

0GW Iy (7). (6)

As aresult, deeply inside the horizon (kt > 1), we have

1
~ —cos2kTy . @)

d 1
oW —(COSkT* - T

Sinkty 2
dlogk &

kT,

We observe that the GW has a distinct oscillatory fea-
ture in the frequency space, with a period of n/7,. This
feature results from the instantaneous nature of the GW
production, which sets up a GW spectrum proportional to
cosk|t,| at the end of the inflation. The GW energy dens-
ity also has an overall factor of k=! [41], since the modes
with a longer wavelength redshift less before exiting the
horizon. An illustration of the GW spectrum is shown in
Fig. 2.

e k <7;'. In this regime, we can ignore the details of
the GW source and consider it as a delta function in
space-time. Hence, Eq. (3) still applies. In the limit k|7enq| <
klt«| < 1, from Eq. (4), h’; is independent of k at the lead-
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ing order. From Eq. (7), we have dpgw/dlogk « k*, also
shown in Fig. 2, which is similar to the case of producing
the GW from an instantaneous source in the RD [43, 44].

e k> A;L. In this regime, we have klr.|> 1. The de-
tails of the bubble collision become essential, and we re-
quire numerical simulations to obtain the shape of the sig-
nal. At such small scales, the curvature of the space-time
is not important when the GW is produced. However, the
inflation effect distorts the GW spectrum. As a result, the
energy density behaves as

d flat
—4 9PGw )

dlogk, ’

dpgw N
dlogk

where k, = k/a is the physical momentum. dpﬂGz{;, /dlogk,
is the GW spectrum produced from the same source in
the Minkowski space-time. The distortion factor k™* res-
ults from the k> factor in the denominator of Eq. (4).
dpga /dlogk, often decreases as k,”, with r=1 for
bubble collisions [45]. Therefore, for a GW produced by
approximately instantaneous sources during inflation, the
UV part of the spectrum decreases as k™.

Owing to the finite duration (of O(A.,)) of the
sources, the oscillatory pattern in the UV part, k> A7}
would be smeared out. This finite size effect should also
blunt the oscillation pattern in the regime |r.|™' <k <A7L.
A detailed simulation can determine precisely how the
spectrum is smeared. For an observer in today's universe,
the GWs originating from different directions correspond
to uncorrelated sources during inflation. Thus, we can
simply sum their strengths. Therefore, we can use a win-
dow function to mimic this effect by replacing the factor
(sinkr /kty —coskr,)? in Eq. (7) with 2A)~" [ dr,
(sink’, k7, —coskt’,)?, where A ~ A, embodies the dur-
ation of the source.

Combining the above analysis, the general form of the
GW spectrum when it is back into the horizon in the RD
can be expressed as

flat

dogw
S(kp)dlogk,, , 9

dpgw _ at (Tend)
dlogk  a*(1)

where S(k),) is

HY (1 cos(Ck,/His)sin(2k,A

Stky) = Z‘f{— 4 SO i) SinGy By)
ky 2 4kpAp
1 ( 1 —cos(2k,/Hint — 2k, )
+
4k,A, kp/Hint — kpAp

1 —cos(2k, /Hint + 2k, Ap) )}

kp/Hing + kA, ’

(10)

A, =a'(1,)A is the physical duration of the source.

III. DETECTABILITY OF THE GW SIGNAL

To determine the strength and the frequency of the
GW today, we must study a specific model. We assume
that the backreaction from the spectator sector that under-
went the phase transition to the evolution of the inflaton
field is negligible. For a signal to be detectable, the latent
heat density released during the phase transition should
be larger than Hﬁlf. Hence, the plasma, with an energy
density that can be estimated as T¢,, ~ H;./(2)*, is neg-
ligible. As a result, the production of the GW is domin-
ated by bubble collisions. A comprehensive description
of bubble collision and GW production is available in
Ref. [45]. During bubble collision, the parameter
B=-dS,/dt determines the size of the bubble and
wavelength of the GW, where S, is the action of the
bounce at the end of the phase transition. Here, we use S4
since the phase transition rate is dominated by quantum
tunneling. For the phase transition to complete during in-
flation, we assume B> Hj,y. When B8~ Hj,¢, a numerical
simulation is required, which is beyond the scope of this
paper. The discussions of models in which first-order
phase transition can occur during inflation and the pos-
sible range of B/H are presented in the Appendix.

For an instantaneous reheating and followed by RD,
all the energy of the inflaton field converts into the radi-
ation energy. Hence, today's relative abundance of GW
can be expressed as

fl
Ap vac dp G%V

Pinf Apvacdlogkp ’

QGW(kloday) =Qp X S(k) X (1 1)

where Qg is today's abundance of radiation, and Apy,. is
the latent energy density of the phase transition sector.
The last factor is the flat space-time spectrum of the GW:

dpﬂé&, _ K2 Apvac (Hinf

2
Apvachngp - Pinf 7) A(kP/:B) s (12)

where « =1 if the energy density of the plasma is negli-
gible, and the simulation result yields

7 1,28

3.8
73.8 - 3.8 (13)
B8 +2.8

Ak, /B) = Ax
where k, = 1.448 and A =0.077. In the calculation of the
GW spectrum, we use 8! to estimate A, in S. The sig-
nal strength is suppressed by the factor (Hins/k,)* owing
to the dilution during inflation as shown in Eq. (10). A
qualitative understanding of this factor is provided in the
Appendix.
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Finally, the observed GW frequency is

TcvmB
30 \(3H2 )"
¢®n2 )\ 871Gy

where the superscript (R) indicates the values of paramet-
ers at the reheating temperature. Owing to the distortion
induced by inflation, the position of the highest peak of
the spectrum corresponds to &, ~ Hinr. As a result, assum-

(14)

Sx B a ®)

0A\1/3
ftoday _ a(Ty) (gis)]
g*S

ing gf? = g™ ~ 100, the frequency of highest peak today
is
1/2
~ H
fioday = 1.1x 10" Hz(—f) (“—*) (15)
mp| aj
Using high scale inflation as an example,

(Hing/my1)'? ~ 1073 = 107*. Detectors based on the pulsar
timing technology, such as EPTA [9], IPTA [10], and
SKA [11], are sensitive to GWs with frequencies of ap-
proximately 10~ Hz. As shown in Eq. (15), they can
probe the GWs produced at the era of about 40 e-folds
before the end of inflation, as shown by the blue curves in
Fig. 3. The space-based detectors, such as LISA [2],
eLISA [1], DECIGO [3], BBO [7, 8], ALIA [6], TianQin
[4], and Taiji [5], are sensitive to frequencies at approx-
imately 1072 Hz, corresponding to about 20 e-folds be-
fore the end of inflation, as shown by the magenta and
red curves in Fig. 3. The proposed ground-based detect-
ors (e.g., the Einstein Telescope [15] and the Cosmic Ex-
plorer [16]) are sensitive to GWs with frequencies of
10— 10* Hz, which correspond to about 15 e-folds from

the end of inflation. They can detect the signal of the
phase transition if 8~ 2H;;;. However, as shown by the
purple dotted curve in Fig. 3, the oscillatory feature is ex-

: -1
pected to be smeared out since A, ~ H_;.

IV. SIGNALS ON CMB

If the phase transition occurs about 60 e-folds before
the end of inflation, it would leave an imprint on the
CMB B-mode power spectrum [40]. Since the strength of
the GWs depends on Hi,s only through the ratio Hiye/B,
as shown in Egs. (11) and (12), a sizable B-mode spec-
trum can be observed from the CMB even in low scale in-
flation models.

We simulate the B-mode power spectra induced by
first-order phase transitions using the class package [49].
The result is shown in Fig. 4, where 8/Hins and Apyac/Pint
are fixed to be 30 and 0.1, respectively. The frequency of
GW depends on Hi,y, which we have selected to be
Hipr = 1012 GeV. The solid, dashed, and dot-dashed
curves are the spectra for N, =59, 58, and 57, respect-
ively. Small wiggles induced by the oscillatory pattern
are observed in the GW power spectrum. Since the spher-
ical harmonics are not orthogonal to the Fourier modes,
the oscillatory pattern is smeared. The amplitude of the
oscillation is only about 10% of the total. As a comparis-
on, the black dotted curve in Fig. 4 shows the B-mode
power spectrum produced by quantum fluctuations dur-
ing inflation with the tensor-scalar ratio r = 0.003, which
can be reached by the CMB-S4 at the 50 level [19]. Of
course, the inflationary history in this era will also be
probed and potentially constrained by other CMB and
large scale structure observables. The search for the GW
signal discussed here will provide complementary in-
formation. We will provide a more detailed discussion in
a separate paper.

10710

§ 10-13

10—16

eLISA ™
Tiangin

£.210, N,=38

S
|‘z

=20, N,=38
=50, N, =38
=5, N,=25

=10, N,=25
=25, N,=25
=10, N, =21
=20, N, =21

=50, N, =21

[» £ F= £l £l = £ ffo Fo £

=2, N,=15

x
3

10710 1077 107"

1
100

f(Hz)

Fig. 3.

(color online) Qgw as a function of f. The blue, magenta, red, and purple curves are for N, =38, 25, 21, and 15, respectively.

The values of 8/H;, for each curve are shown in the legend. For all the curves, Hi,s = 10> GeV and Apyac/pins = 0.3. The curve for the
sensitivity of BBO phase 2 (BBO2) is obtained from [46]. Curves for sensitivities of other detectors are obtained from [47].
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Fig. 4. (color online) B-mode power spectra from the bubble

collision at N, =59,58,57 during inflation with B/Hj,s = 30and
Hine = 1012 GeV. Apyac/ping = 0.1. The spectrum generated from
quantum fluctuations for tensor-scalar ratio r=0.003 is also
shown. The orange dots and downward triangles are data from
the BICEP/Keck array [48].

V. SUMMARY AND OUTLOOK

The GW spectrum produced from instantaneous
sources during inflation has an oscillatory feature, as
shown in Figs. 3 and 4, and can be detected by future GW
detectors, whereas most of the spectra of GWs from
sources after inflation can be fit using power laws or
breaking power laws (a comprehensive review of the
properties of cosmically produced GW after inflation is
available in Ref. [50]). Therefore, this feature enables us
to distinguish it from GWs generated by sources after in-
flation. From the frequency of the oscillation in the spec-
trum, we can learn the energy scale of the phase trans-
ition in the unit of the Hubble expansion rate during infla-
tion. The information of the time the phase transition oc-
curred is encoded in the frequency of the GWs. Fig. 5
shows the future reaches of LISA, DECIGO, BBO, and
SKA projects for Apyae/pint = 0.3 and Hiyr = 102 GeV.

For the inflationary history outside the ten e-folds
around the CMB era, there is no direct measurement of
the power spectrum. Hence, the evolution there can dif-
fer significantly from the simple form assumed in this pa-
per. Moreover, if a first-order phase transition occurred at
approximately N, > 10, the details of the oscillatory spec-

Puac 03
100 Fint
Hipp=10'2GeV
% BBO1
x
g — BBO2
«Q — SKA
10
DECIGO
2 — LISA
10 15 20 25 30 35 40 45
Ne
Fig. 5. (color online) Reaches of the proposed DECIGO [3],

BBO [7], and SKA [11] projects. The reach is set by requir-
ingoursignaltobebelowtheirsensitivity curves,asshowninFig.3.

trum can aid us in mapping out this part of "missing his-
tory." A detailed investigation of this subject will be
presented in a separate paper.

If the phase transition occurred in the regime that can
be detected in the CMB, the mass of the fields in the
spectator sector must be larger than Hj, such that their
perturbations induced by the phase transition will decay
rapidly after evolving out of the horizon. In contrast, if
the phase transition occurs in the missing history and
light degrees of freedom exist in the spectator sector, the
perturbations may induce primordial black holes or dark
blobs, resulting in additional signals in the future.

APPENDIX

A. Models for first-order phase transitions
during inflation

In this section, we provide simple examples that first-
order phase transitions can occur during inflation. As dis-
cussed in the main text, the general scheme is that the
first-order phase transition occurs in a spectator sector,
which for simplicity, we take to be a scalar field 0. We
consider the following examples of the spectator poten-
tial together with a coupling to the inflaton field ¢:

1 A 1
Vi(g,0) =- E(,uz — Mo’ + ZG'4+ moﬁ

1 Pl 2
Va(g,0) =— E(/.l2 Mo’ + ZO'4 + 20'4 log %

1 A
Vi(¢,0) =— z(/xz 2P0t + 580'3 + 20'4 . (A1)

We assume that during inflation, the field value of ¢
becomes smaller. For 4?> >0, 1<0, and ¢ > 0, first-or-
der phase transition can occur. In the models in Eq. (A1),
we can define an effective mass square 12 = —(u? — c*¢?).
With the rolling the inflaton field, the effective mass
evolves from positive to negative. With A1<0, there
would be a barrier in the potential. Hence, the phase
transition would be first-order. Thus, the first-order phase
transition can occur in all three models, as shown in Fig.
Al. A detailed analysis of the potentials is in parallel to
the electroweak phase transition with the temperature T
replaced by c¢ and is provided in Ref. [S1]. There can
also be models in which the evolution of the inflaton field
changes the values of the couplings in the spectator sec-
tor. For example,

2
Ly = —(1 ¢—)LG“ G (A2)

A2 agr

where G is the field strength of some non-Abelian gauge
group. Such a change can trigger a phase transition.
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Vi(9.0)

Fig. Al.

Whether the phase transition is first-order depends on
other parameters such as number of colors and flavors. In
this paper, we indicate that if the phase transition is of
first-order, we may observe an oscillatory pattern related
to 1t.

B. Dynamics of phase transition and bubble collision

1. Condition for first-order phase transition to com-
plete during inflation

In this section, we provide estimates of the energy
scales and other parameters of the inflation and the spec-
tator sector to generate first-order phase transition while
preserving the success of the inflation. We also estimate
the size of the bubble, justifying the range assumed in the
main text.

Let us consider de Sitter inflation. The metric is

dr? = di? —e*1(dx? + dy? +d2?) . (B1)

The bubble nucleation rate per physical volume can
be written as

r
—— =Cmite™S, (B2)
Vphy

where m, is the typical energy scale of the spectating
sector, and S4 is the bounce action. Therefore, the bubble
nucleation rate per comoving volume at time # can be ex-
pressed as

r _
v eMemie™S .

(B3)

Now, let us assume the bubbles expand with the
speed of light. That means the point on the bubble wall
evolves along a null geodesic curve. We have dr = e"dr
for the bubble created at the origin of the space. Thus, we
easily observe that for a bubble nucleated at ¢, its comov-
ing radius at ¢ can be expressed as

R(t,7) = é(e—H” —e iy, (B4)

Va(¢,0)
A=-1, k=1

Vs(¢.0)
A=—4, k=1

Heit
£

(color online) Shapes of the potentials as a function of ¢ for different choices of ¢@.

Thus, the fraction of the space that remains at the
false vacuum at time # can be expressed as [52]

!
4
P(t):exp[—f dt'3—1_7IT3

x (e7H — e HN33H! Oyt =54 (B5)

Now, the necessary condition for the phase transition
to finish at ¢ is that the exponential part of P(r) can
achieve order of unity. Therefore, we require

!
4 , , ,
I wdr' —3;3 (e —e H3SH Ot e S« 0(1) . (B6)
The bounce action S4 at ¢ can be expanded as
, dSa(r) ,
54(l)=54(f)+d;4t(l -N=S40-pF" -n. (B7)

Therefore, the condition for the phase transition to
complete is

4 s, an t ZH(t-1)\3 —B(—1)
O() ~Crife™ O3 | dr (1-e ) e”

—00

Ot e=S:0 8

v BB+H)B+2H)(B+3H)

4
~8rCe S0 (B8)

where in the last step B> H is assumed. Therefore, the
requirement for first-order phase transition to complete at
I is
o
S4(ty) = log(ﬁ—j) . (B9)

The requirement that the phase transition is strong
first-order requires S4 > 1, which indicates
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ma > Bt (B10)

In contrast, the energy density in the spectating sec-
tor must be smaller than the total energy driven the infla-
tion. We have

my < MJH? . (B11)
Therefore, we require
B 4H2 H?> < m* < M H? (B12)
H o pl .

In the following, we can observe that the typical value
of B/H is about O(10)—O(100). Therefore, for reason-
able values of H, we always have

B < HM; . (B13)

As a result, we can always build a model for first-or-
der phase transition to complete during inflation as long
as the condition B/H > 1 is fulfilled. The evolution of
1-% is shown in Fig. B1, and we can observe that as

long as long as the condition S/H > 1 is fulfilled, the
phase transition can complete within less then one e-fold.

1-p

1.0
0.8}/

‘ s = B(t-t
-10 -5 5 10 Ptto)

Fig. B1.
occupied by the true vacuum.

(color online) Evolution of the fraction of the space

2. Typical values of B/H

In a first-order phase transition, the typical radius of
the bubbles at the end of the phase transition can be es-
timated as 87! =|dS4/df|"!. We have

g |04] | 45 ||duc
dt due || dt
ds du? 24
S| (el g |22 | (1)
dlogugﬁ ,ugﬁdt 2
¢

where

1
=3,

dS4
dlog,ugﬁ

1 , (B15)

can be calculated numerically using CosmoTransitions
[53], and the results show that the value of I; can vary
from 0.2 to 5.

Therefore, we obtain

M
§=11S4(26)1/2><—pl. (B16)

2
p- L

¢

In slow-roll single field models, we have the simple

relation [36]
PT d¢
= Ne )
‘Li \/2_6Mpl

where N, is defined as the number of e-folds before the
end of inflation. Therefore, if we use the range of ¢ to es-
timate the value of ¢ at the moment of the phase trans-
ition and assume € does not evolve much after the phase
transition, we have

(B17)

E N ds, y 1
~ 2 2
H dlogpuzg N1 - H
¢ 6‘2¢2

(B18)
I

In the phase transition region, since a small bounce is
usually required, a cancelation often occurs between the
two terms in ,ugff. For example, for V| and V,, during the
phase transition, the ratio yzﬁ /A? changes from order one
to about 10%. Therefore, it is very probable that in the
framework of slow-roll phase transition, the value of 8/H
is about O(10) to O(100).

3. Numerical illustrations

To illustrate the completeness of the phase transition,
we performed some numerical simulations of the expan-
sion of the bubbles in de Sitter space. We begin the simu-
lation of bubble nucleation at zy, when we have
['/Vphy = H*, namely, one bubble is nucleated at each
Hubble patch in one e-fold. The condition that S4 > 1 re-
quires that m* > H*. This condition is weaker than Eq.
(27) and therefore can be fulfilled as discussed in the last
subsection. Subsequently, we expand S4 as S4(tp)—
B(t—15). We then randomly generate bubbles according to
the nucleation rate. After nucleation, we assume that the
bubbles expand with the speed of light. The evolution of
the fraction occupied by the new vacuum is shown in Fig.
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B2, where the blue and green curves are for 8/H = 30 and
15. We can observe that in both cases the time durations
of the phase transition (from 10% to 90% as shown in
Fig. B2) are significantly smaller than H~'.

When the phase transition is about to complete (e.g.,
when the occupation faction of the new vacuum is ap-
proximately 90% at t~0.39H"! for B/H=30 and
t~0.6H"! for B/H = 15), the distribution of the physical
radius of the bubbles are shown in Fig. B3. We observe
that the peak positions of the radius distributions in both

1.0

0.8

0.6

new vacuum fracion

t(H")

Fig. B2. (color online) Numerical simulation of the occupa-
tion fraction of the new vacuum for B/H =30 (blue) and
B/H =15 (green).
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Fig. B3. (color online) Distributions of the physical radius

of bubbles when the occupation faction of the new vacuum is

about 90% for g/H =30 (left) and B/H = 15 (right). The vertic-

al axis shows the number of bubbles in a comoving volume of

8H3 in each radius bin.

Fig. B4.
completion of the phase transition for g/H =30 (left) and
B/H =15 (right) in the 2H~! x2H~! x2H~! comoving box.

(color online) Typical bubble configurations at the

cases are about S~!. The typical bubble configurations
when the phase transition is about to complete are shown
in Fig. B4. We observe that the size of the bubbles for
B/H =30 is significantly smaller than that for 8/H = 15.

C. Redshift of the signal strength

When the GW is generated, the subsequent evolution
is a known phenomenon. In the main text, we quote the
result of the solution of relevant equations of motion.
Here, we provide a scaling argument to understand the
parametric dependence of the signal strength on the relev-
ant scales of the model.

For a GW mode with physical momentum k, at the
moment it is produced, its energy density redshifts with
a~* before it exits the horizon when k, ~ H. When it is
outside the horizon before the end of inflation, the field
value h;; as defined in the manuscript remains constant,
while the momentum still redshifts as a~!. As a result, in
this period, the GW energy density redshifts as a=2. After
the end of inflation, when the GW mode is still outside
the horizon, for the same reason, the energy density be-
comes a~2. When it evolves back inside the horizon, its
energy density redshifts as a™* again. Therefore, the en-
ergy density of the GW when it returns into the horizon
can be expressed as
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osebr(Z) () (2] () e
PeWiD = Pow ky) \az) \asz) \a@®)] ’

where a; is the scale factor when the mode evolves out-
side the horizon, a, when inflation ends, as when the
mode reenters the horizon. After inflation, in the radi-
ation dominated era, the Hubble parameter is

T2
H~-—~a?.

M (C2)

Assuming H is a constant during inflation, we have

4G _R (C3)

ay as

The energy density can be rewritten as

& es? ><£4a_24£4
PGW PGw k,) \a3) \a@

_0 H\' a ¥
_pGWX(E) (%) . (C4)

In this paper, we study the case in which most of the
energy of the inflaton potential is converted into radi-
ation. Hence, after inflation, the energy of the radiation
evolves as

4
PR ~pinfx(%) | (©3)

Finally, today's abundance of GWs is

Q= Qp X

4
dogw (H) (C6)

prdlogk ~ \k,

Therefore, the GW signal is only diluted by a factor
of (H/k,)*. This factor is explicitly shown in the S factor
in Eq. (10) of the manuscript. During phase transition, the
typical value of k, is determined by the bubble radius f,
expressed in (9) for a given model.
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