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In a singlet pseudoscalar extension of the two-Higgs-doublet model, we discuss spontaneous CP
violation electroweak baryogenesis via two different patterns of phase transitions (PTs): (i) two-step PTs
whose first step and second step are strongly first order; (ii) three-step PTs whose first step is second order
and the second step and third step are strongly first order. For the case of the two-step pattern, the first-step
PT takes place at a high temperature, converting the origin phase into an electroweak symmetry-broken
phase and breaking the CP symmetry spontaneously. Thus, the baryon number is produced during the first-
step PT. At the second-step PT, the phase is converted into the observed vacuum at zero temperature, and
the CP symmetry is restored. In both phases, the sphaleron processes are sufficiently suppressed, which
keep the baryon number unchanged. For the case of the three-step PTs, the pseudoscalar field first acquires
a nonzero vacuum expectation value (VEV), and VEVs of other fields still remain zero during the first-step
PT. The following PTs and electroweak baryogenesis are similar to the case of the two-step PTs. In
addition, the gravitational wave spectra can have one or two peaks through the two-step and the three-step
PTs, and we discuss the detectability at the future gravitational wave detectors.
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I. INTRODUCTION

The baryon asymmetry of the Universe (BAU) is one of
the long-standing questions of particle physics and cos-
mology. The observed BAU from big bang nucleosynthesis
is given by [1]

YB ≡ ρB=s ¼ ð8.2 − 9.2Þ × 10−11; ð1Þ

where ρB is the baryon number density and s is the entropy
density. Generating such an asymmetry dynamically needs
to satisfy the well-known Sakharov conditions: baryon
number violation, sufficient C and CP violation, and
departure from thermal equilibrium [2]. A theoretically
attractive mechanism is provided by the electroweak baryo-
genesis (EWBG) [3,4], which can be tested at current or
future colliders, because it generally involves new physics
around TeV. In the EWBG scenario, the baryon number is
violated by a sphaleron process at high temperatures, and the
out-of-equilibrium environment is realized by a strong first-
order electroweak phase transition (SFOEWPT). The

standard model (SM) contains the electroweak sphaleron
process, but it fails to provide the out-of-equilibrium and
sufficientCP violation. Therefore, a successful EWBG asks
for an extension of the SM with additional sources of CP
violation and extra particles coupling to the Higgs sector
producing a SFOEWPT, which can be realized in some
typical extensions of the SM, such as the singlet extension of
the SM (see, e.g., [5–18]) and the two-Higgs-doublet model
(2HDM) (see, e.g., [19–34]).
The explicit breaking of CP may appear in the scalar

couplings or Yukawa couplings, which can be severely
constrained by the nonobservation of electric dipole
moment (EDM) experiments [35]. Several cancellation
mechanisms are proposed to make the CP violation large
enough to achieve the EWBG while satisfying the EDM
data [33,34,36,37]. On the other hand, a finite temperature
spontaneous CP violation mechanism can naturally avoid
the constraints of the EDM data, where the CP symmetry is
spontaneously broken at the high temperature and it is
restored after the electroweak PT. The spontaneous CP
violation EWBG can be realized in the singlet complex
scalar extension of the SM [17,18] and the singlet pseu-
doscalar extension of 2HDM [38], in which the singlet field
first acquires a nonzero vacuum expectation value (VEV)
while the electroweak symmetry remains unbroken. Next, a
SFOEWPT takes place through the vacuum decay between
the singlet field direction and the doublet field direction in
which the net BAU is produced via the conventional
EWBG mechanism.
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In Ref. [38], the authors proposed the singlet pseudo-
scalar extension of 2HDM to achieve the EWBG in which
the spontaneous breaking of CP is driven by the VEV of
the pseudoscalar in the early Universe. In this paper, we
continue the study of Ref. [38] and discuss the spontaneous
CP violation EWBG via two-step PTs and three-step PTs
as well as the corresponding the gravitational wave (GW)
signal. For the two-step PTs, the first step and second step
are both strongly first order. For the three-step PTs, the first
step is second order, and the second step and third step are
strongly first order. The GW spectra could have one or two
peaks through the two-step and the three-step PTs [39–41],
and we discuss the detectability at the future GW detectors,
such as LISA [42], Taiji [43], TianQin [44], Big
Bang Observer (BBO) [45], Decihertz Interferometer

GW Observatory (DECIGO) [45], and Ultimate-DECIGO
(U-DECIGO) [46].
Our work is organized as follows. In Sec. II, we will give

a brief introduction on the model. In Secs. III and IV, we
discuss the possibility of explaining the BAU and detecting
the GW signal at the future space-based detectors. Finally,
we give our conclusion in Sec. V.

II. A SINGLET PSEUDOSCALAR
EXTENSION OF 2HDM

A singlet pseudoscalar S is introduced to the 2HDM, and
the Higgs potential includes two parts: V2HDM and VS.
They are, respectively, the pure potential of 2HDM and the
potential containing the pseudoscalar S. The V2HDM with a
softly broken discrete Z2 symmetry is written as

V2HDM ¼ m2
11ðΦ†

1Φ1Þ þm2
22ðΦ†

2Φ2Þ − ½m2
12Φ

†
1Φ2 þ H:c:� þ λ1

2
ðΦ†

1Φ1Þ2 þ
λ2
2
ðΦ†

2Φ2Þ2

þ λ3ðΦ†
1Φ1ÞðΦ†

2Φ2Þ þ λ4ðΦ†
1Φ2ÞðΦ†

2Φ1Þ þ ½λ5ðΦ†
1Φ2Þ2 þ H:c:�: ð2Þ

The Φ1 and Φ2 are complex Higgs doublets with hypercharge Y ¼ 1:

Φ1 ¼
 

ϕþ
1

1ffiffi
2

p ðv1 þ ϕ1 þ iηÞ

!
; Φ2 ¼

 
ϕþ
2

1ffiffi
2

p ðv2 þ ϕ2 þ ih3Þ

!
; ð3Þ

where v1 and v2 are the electroweak VEVs with v2 ¼
v21 þ v22 ¼ ð246 GeVÞ2 and the ratio of the two VEVs is
defined as tan β ¼ v2=v1.
The VS containing the singlet pseudoscalar S is given by

VS ¼
1

2
m2

0S
2 þ κS

24
S4 þ ½iμSΦ†

2Φ1 þ H:c:�

þ κ1
2
S2Φ†

1Φ1 þ
κ2
2
S2Φ†

2Φ2: ð4Þ

Here, we assume that all coupling coefficients and mass
terms are real, and the pseudoscalar S does not develop a
VEV at zero temperature. As a result, the Higgs potential
sector is CP conserved at zero temperature.
The potential minimization conditions require

m2
11 ¼ m2

12tβ −
1

2
v2ðλ1c2β þ λ345s2βÞ;

m2
22 ¼ m2

12=tβ −
1

2
v2ðλ2s2β þ λ345c2βÞ;

m2
0 þ

κ1
2
v2c2β þ

κ2
2
v2s2β > 0; ð5Þ

with the shorthand notations tβ ≡ tan β, sβ ≡ sin β,
cβ ≡ cos β, and λ345 ¼ λ3 þ λ4 þ λ5.

After spontaneous electroweak symmetry breaking, we
can obtain the mass matrices of the Higgs fields from the
scalar potential in Eqs. (2) and (4):

ðϕ1 ϕ2 Þ
� m2

12tβ þ λ1v2c2β −m2
12 þ λ345

2
v2s2β

−m2
12 þ λ345

2
v2s2β m2

12=tβ þ λ2v2s2β

��
ϕ1

ϕ2

�
;

ð6Þ

ð η h3 S Þ

0
B@

m̄2
12tβ −m̄2

12 −μvsβ
−m̄2

12 m̄2
12=tβ μvcβ

−μvsβ μvcβ m2
0 þ κ1

2
v2c2β þ κ2

2
v2s2β

1
CA

×

0
B@

η

h3
S

1
CA; ð7Þ

ðϕþ
1 ϕþ

2 Þ
�
m2

12 −
1

4
ðλ4 þ λ5Þv2s2β

��
tβ −1
−1 1=tβ

��
ϕ−
1

ϕ−
2

�
;

ð8Þ

with m̄2
12 ¼ m2

12 − 1
2
λ5v2s2β and s2β ¼ sin 2β.

The mass eigenstates are obtained from the original
fields by the rotation matrices:
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�
H

h

�
¼
�

cα sα
−sα cα

��
ϕ1

ϕ2

�
; ð9Þ

0
B@

G0

A

X

1
CA ¼

0
B@

1 0 0

0 cθ −sθ
0 sθ cθ

1
CA
0
B@

cβ sβ 0

−sβ cβ 0

0 0 1

1
CA
0
B@

η

h3
S

1
CA;

ð10Þ
�
G�

H�

�
¼
�

cβ sβ
−sβ cβ

��
ϕ�
1

ϕ�
2

�
; ð11Þ

where cα ≡ cos α, sα ≡ sin α, cθ ≡ cos θ, and sθ ≡ sin θ.
The G0 and G� are Goldstone bosons which are absorbed

as longitudinal components of the Z and W� bosons. The
remaining physical states are two neutral CP-even states h
and H, two neutral pseudoscalars A and X, and a pair of
charged scalars H�, and their masses are obtained by using
the rotation matrices in Eqs. (9)–(11) to diagonalize the
mass matrices in Eqs. (6)–(8). These scalar masses can
determine other relevant parameters:

μ ¼ m2
X −m2

A

v
sθcθ;

m2
0 ¼ m2

As
2
θ þm2

Xc
2
θ −

κ1
2
v2c2β −

κ2
2
v2s2β: ð12Þ

The couplings λi (i ¼ 1, 2, 3, 4, 5) are determined by

v2λ1 ¼
m2

Hc
2
α þm2

hs
2
α −m2

12tβ
c2β

; v2λ2 ¼
m2

Hs
2
α þm2

hc
2
α −m2

12t
−1
β

s2β
;

v2λ3 ¼
ðm2

H −m2
hÞsαcα þ 2m2

H�sβcβ −m2
12

sβcβ
; v2λ4 ¼

ðm̂2
A − 2m2

H�Þsβcβ þm2
12

sβcβ
;

v2λ5 ¼
−m̂2

Asβcβ þm2
12

sβcβ
; ð13Þ

with m̂2
A ¼ m2

Ac
2
θ þm2

Xs
2
θ.

The general Yukawa interactions are written as

−L¼ Yu2Q̄LΦ̃2uR þ Yd2Q̄LΦ2dR þ Yl2L̄LΦ2eR

þ Yu1Q̄LΦ̃1uR þ Yd1Q̄LΦ1dR þ Yl1L̄LΦ1eR þH:c:;

ð14Þ

where QT
L ¼ ðuL; dLÞ, LT

L ¼ ðνL; lLÞ, Φ̃1;2 ¼ iτ2Φ�
1;2, and

Yu1;2, Yd1;2, and Yl1;2 are 3 × 3 matrices in family space.
In order to avoid the tree-level flavor-changing neutral
current, we take the Yukawa interactions to be
aligned [47,48]:

ðYu1Þii ¼
ffiffiffi
2

p
mui

v
ðcβ − sβκuÞ; ðYu2Þii ¼

ffiffiffi
2

p
mui

v
ðsβ þ cβκuÞ;

ðYl1Þii ¼
ffiffiffi
2

p
mli

v
ðcβ − sβκlÞ; ðYl2Þii ¼

ffiffiffi
2

p
mli

v
ðsβ þ cβκlÞ;

ðXd1Þii ¼
ffiffiffi
2

p
mdi

v
ðcβ − sβκdÞ; ðXd2Þii ¼

ffiffiffi
2

p
mdi

v
ðsβ þ cβκdÞ; ð15Þ

where all the off-diagonal elements are zero. i ¼ 1, 2, 3 is the index of generation, and Xd1;2 ¼ V†
CKMYd1;2VCKM. From

Eqs. (10), (14), and (15), we can obtain the Yukawa couplings

−LY ¼ mf

v
yfhhf̄f þmf

v
yfHHf̄f − i

mu

v
κucθAūγ5uþ i

md

v
κdcθAd̄γ5dþ i

ml

v
κlcθAlγ5l

− i
mu

v
κusθXūγ5uþ i

md

v
κdsθXd̄γ5dþ i

ml

v
κlsθXlγ5lþHþūVCKM

� ffiffiffi
2

p
md

v
κdPR −

ffiffiffi
2

p
mu

v
κuPL

�
dþ H:c:

þ
ffiffiffi
2

p
ml

v
κlHþν̄PReþ H:c:; ð16Þ

where yfh ¼ sinðβ − αÞ þ cosðβ − αÞκf and yfH ¼ cosðβ − αÞ − sinðβ − αÞκf with f ¼ u; d;l.
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III. ELECTROWEAK PHASE TRANSITION AND
BARYOGENESIS

A. Relevant theoretical and experimental constraints

Before discussing the electroweak PT and EWBG, we
first introduce relevant theoretical and experimental con-
straints. We identify the lightest CP-even Higgs boson h as
the observed 125 GeV state and take sinðβ − αÞ ¼ 1 in
order to avoid the constraints of the 125 GeV Higgs signal
data, for which the tree-level couplings of h to the SM
particles are the same as the SM. The h is assumed to have
no exotic decay mode. In addition, according to the
Yukawa couplings of the extra Higgs fields (H, H�, A,
and X) as shown in Eq. (16), we assume κu, κd, and κl
to be small enough to suppress the cross sections of
gg → AðX;HÞ, gg → AðX;HÞff̄, gg → tbH−, and gb →
tH− at the LHC, so that benchmark points BP1 and BP2

can satisfy the exclusion limits of searches for additional
Higgs bosons at the LHC. Also, very small κu, κd, and κl
can satisfy flavor bounds like b → sγ. The other effects
induced by the three parameters are ignored in the follow-
ing discussions.
The scalar potential of the model includes the potential

of 2HDM and the potential involved with the singlet field S,
which are constrained by the vacuum stability, perturba-
tivity, and tree-level unitarity. There are detailed discus-
sions in Refs. [49,50], and we employ the formulas in
Refs. [49,50] to implement the theoretical constraints. The
model can give additional corrections to the oblique
parameters (S, T, U) via the self-energy diagrams exchang-
ing extra Higgs fields (H, H�, A, and X). For
sinðβ − αÞ ¼ 1, the expressions of S, T, and U in the this
model are approximately given as [51,52]

S ¼ 1

πm2
Z
½c2θFSðm2

Z;m
2
H;m

2
AÞ þ s2θFSðm2

Z;m
2
H;m

2
XÞ − FSðm2

Z;m
2
H� ; m2

H�Þ�;

T ¼ 1

16πm2
Ws

2
W
½−c2θFTðm2

H;m
2
AÞ − s2θFTðm2

H;m
2
XÞ þ FTðm2

H� ; m2
HÞ þ c2θFTðm2

H� ; m2
AÞ þ s2θFTðm2

H� ; m2
XÞ�;

U ¼ 1

πm2
W
½FSðm2

W;m
2
H� ; m2

HÞ − 2FSðm2
W;m

2
H� ; m2

H�Þ þ c2θFSðm2
W;m

2
H� ; m2

AÞ þ s2θFSðm2
W;m

2
H� ; m2

XÞ�

−
1

πm2
Z
½c2θFSðm2

Z;m
2
H;m

2
AÞ þ s2θFSðm2

Z;m
2
H;m

2
XÞ − FSðm2

Z;m
2
H� ; m2

H�Þ�; ð17Þ

where

FTða; bÞ ¼
1

2
ðaþ bÞ − ab

a − b
log
�
a
b

�
;

FSða; b; cÞ ¼ B22ða; b; cÞ − B22ð0; b; cÞ; ð18Þ

with

B22ða; b; cÞ ¼
1

4

�
bþ c −

1

3
a

�
−
1

2

Z
1

0

dxX logðX − iϵÞ;

X ¼ bxþ cð1 − xÞ − axð1 − xÞ: ð19Þ

Taking the recent fit results of Ref. [1], we use the
following values of S, T, and U:

S ¼ −0.01� 0.10; T ¼ 0.03� 0.12;

U ¼ 0.02� 0.11; ð20Þ

with the correlation coefficients

ρST ¼ 0.92; ρSU ¼ −0.80; ρTU ¼ −0.93: ð21Þ

B. Electroweak phase transition and bubble profiles

To analyze the electroweak PT, one needs the effective
potential of the model at the finite temperature. We
parametrize the neutral components of the two Higgs
doublets:

1ffiffiffi
2

p ðh1þ iηÞ¼ 1ffiffiffi
2

p A1eiφ1 ;
1ffiffiffi
2

p ðh2þ ih3Þ¼
1ffiffiffi
2

p A2eiφ2 :

ð22Þ

From Eqs. (2) and (4), one finds that the effective potential
depends on only the relative phase φ2 − φ1. Thus, we
choose to rotate φ1 to 0 and take h1, h2, h3, and S as the
field configurations. The complete effective potential at
finite temperature includes the tree-level potential, the
Coleman-Weinberg term [53], the finite temperature cor-
rections [54], and the resummed daisy corrections [55,56],
which is gauge dependent [57,58]. Here, we take a gauge
invariant approximation, which keeps only the thermal
mass terms in the high-temperature expansion in addition to
the tree-level potential. Then the effective potential is
written as
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Veffðh1; h2; a2; S1; TÞ ¼
1

2
ðm2

11 þ Πh1Þh21 þ
1

2
ðm2

22 þ Πh2Þh22 þ
1

2
ðm2

22 þ Πh3Þh23 −m2
12h1h2

þ λ1
8
h41 þ

λ2
8
ðh42 þ h43Þ þ

λ̄345
4

h21h
2
3 þ

λ345
4

h21h
2
2 þ

λ2
4
h22h

2
3

þ 1

2
ðm2

0 þ ΠSÞS2 þ μSh1h3 þ
κ1
4
S2h21 þ

κ2
4
S2ðh22 þ h23Þ þ

κS
24

S4; ð23Þ

with

Πh1 ¼
�
9g2

2
þ 3g02

2
þ 6λ1 þ 4λ3 þ 2λ4 þ κ1 þ 6y2t c2β

�
T2

24
;

Πh2 ¼
�
9g2

2
þ 3g02

2
þ 6λ2 þ 4λ3 þ 2λ4 þ κ2 þ 6y2t s2β

�
T2

24
;

Πh3 ¼ Πh2 ;

ΠS ¼ ½4κ1 þ 4κ2 þ κS�
T2

24
; ð24Þ

where λ̄345 ¼ λ3 þ λ4 − λ5 and yt ¼
ffiffi
2

p
mt
v .

In a first-order PT, bubbles nucleate and expand,
converting the high-temperature phase into the low-
temperature one. The probability of tunneling at the temper-
ature T per unit time per unit volume is given by [59–61]

Γ ≈ AðTÞe−S3=T; ð25Þ

whereAðTÞ ∼ T4 is a prefactor andS3 is a three-dimensional
Euclidian action.
The Euclidian action is calculated with Oð3Þ symmetric

solutions for the configurations h1, h2, h3, and S, which are
determined by differential equations [62]

d2φi

dr2
þ 2

r
dφi

dr
¼ ∂Veff

∂φi
ði ¼ 1; 2; 3; 4Þ; ð26Þ

with the boundary conditions dφi=drjr¼0 ¼ 0 and
φiðr ¼ ∞Þ ¼ φif with φif being the VEV of the phase
outside the bubble. Here, φi¼1;2;3;4 denote h1, h2, h3, and S,
and r is the spatial radial coordinate. The solutions are used
to determine the value of S3:

S3 ¼ 4π

Z
∞

0

drr2
�X4
i¼1

1

2

�
dφi

dr

�
2

þ Veff

�
: ð27Þ

At the nucleation temperature Tn, the thermal tunneling
probability for bubble nucleation per horizon volume and
per horizon time is of the order of one, and the conventional

condition is S3ðTÞ
T jT¼Tn

≈ 140.
The dynamics of the electroweak PTare characterized by

two key parameters β and α. β characterizes roughly the
inverse time duration of the strong first-order PT:

β

Hn
¼ T

dðS3ðTÞ=TÞ
dT

����
T¼Tn

; ð28Þ

where Hn is the Hubble parameter at the nucleation
temperature Tn. α is defined as the vacuum energy released
from the phase transition normalized by the total radiation
energy density ρR at Tn:

α ¼ Δρ
ρR

¼ Δρ
π2g�T4

n=30
; ð29Þ

where g� is the effective number of relativistic degrees of
freedom.
During the first SFOEWPT, the doublet fields develop

nonzero VEVs, namely, yielding a transition from (0, 0, 0)
to (hh1i, hh2i, hh3i). The CP violation comes directly from
the spatial evolution of hh3i, which renders the top quark
mass a complex-valued function of the spatial coordinate
across the bubble wall. The electroweak sphaleron proc-
esses [63–65] can bias the CP asymmetry produced
around the bubble wall into the baryon asymmetry. The
condition that guarantees the produced baryon asymmetry
inside the bubbles of the broken phase is not washed out by
the electroweak sphalerons leads to a bound on the PT
strength [66]:

ξn1
Tn1

> 1.0; ð30Þ

where ξn1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hh1i2 þ hh2i2 þ hh3i2

p
and Tn1 is the nucle-

ation temperature for the first SFOEWPT.
As the temperature drops down to the Tn2, the second

SFOEWPT takes place, in which the phase is converted
into the observed vacuum at zero temperature, and the CP
symmetry is restored. During the second SFOEWPT, the
sphaleron processes are sufficiently suppressed in both
phases, which keeps the baryon number unchanged.
In our calculations, we require that the potential has a

global minimum at the point of (hh1i ¼ v1, hh2i ¼ v2,
hh3i ¼ 0, hSi ¼ 0) at zero temperature, which is numeri-
cally calculated. Considering the constraints from theory
and the oblique parameters, we take benchmark point 1
(BP1) and benchmark point 2 (BP2) to provide detailed
discussions on the physical processes for the two-step PTs
and three-step PTs, respectively, which are shown in Table I.
Because of the constraints of the oblique parameters,mH and
mH� for BP1 and BP2 are favored to have a small mass
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splitting. From Eqs. (17) and (18), one can find that the
correction of the model to the T parameter tends to decrease
with jmH −mH�j and disappears for mH ¼ mH�. The
pseudoscalar with a mass of 124.6 GeV for BP1 is allowed
by the signal data of the observed 125 GeV Higgs signal at
the LHC, since its couplings toWW and ZZ are absent, and
the couplings to fermions are taken to be negligibly small.
The phase histories for BP1 and BP2 are, respectively,
exhibited in Figs. 1 and 2 on field configurations versus
temperature plane. The numerical package CosmoTransitions

[67] is used to analyze the PTs. As the Universe cools, there
appear three different phases, and they follow two-step PTs
for BP1. At very high temperatures, because of the con-
tributions of the thermal mass terms, the minimum of the
potential is at the origin and the electroweak symmetry is
restored, namely, ðhh1i; hh2i; hh3i; hSiÞ ¼ ð0; 0; 0; 0Þ GeV.
When the temperature decreases to 71.86 GeV, the system
tunnels to the second phase at (67.2, 28.1, 51.6, 28.5) GeV
via the first SFOEWPT. Because h3 and S acquire nonzero
VEVs, the CP symmetry is broken spontaneously. As the
temperature decreases, the system evolves along the second
phase until T ¼ 34.82 GeV and ðhh1i; hh2i; hh3i; hSiÞ ¼
ð123.5; 67.2; 85.4; 35.1Þ GeV. Then it tunnels to the third

phase at (161.1, 139.2, 0, 0) GeV, and the CP symmetry is
restored via the secondSFOEWPT.Next, the system evolves
along the third phase and ultimately ends in the observed
vacuum at T ¼ 0 GeV.
Figure 2 shows that the Universe undergoes three-step

PTs for BP2. At T ¼ 83 GeV, the S field acquires a
nonzero VEV, and the VEVs of h1, h2, and h3 still remain
zero via a second-order PT. When the temperature
decreases to 62.48 GeV, the system tunnels to a new phase
at (48.3, 25.8, 51.5, 39.8) GeV via the first SFOEWPT. As
the temperature decreases, the system evolves along the
phase until T ¼ 58.11 GeV and ðhh1i; hh2i; hh3i; hSiÞ ¼
ð63.4; 42.7; 59.2; 34.3Þ GeV. Then it tunnels to the
final phase at (93.4, 103.1, 0, 0) GeV via the second
SFOEWPT and ultimately ends in the observed vacuum
at T ¼ 0 GeV.
The bubble wall VEV profiles are determined by the

solutions of the bounce equations in Eq. (26), which are
approximately obtained by FindBounce [68]. The baryon
number is produced during the first SFOEWPT, and the
relevant calculation depends on the bubble wall profiles.
Therefore, in Fig. 3, we show the wall profiles of the first
SFOEWPT for BP1 and BP2.

FIG. 1. Phase histories for BP1.

TABLE I. Input and output parameters for BP1 and BP2 with mh ¼ 125 GeV and sinðβ − αÞ ¼ 1. Here, ξn2 and ξ0n2 denoteffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hh1i2 þ hh2i2 þ hh3i2

p
of phases at the interior and exterior of the bubble from the second SFOEWPT. The first SFOEWPT is from the

first step of two-step PTs and the second step of three-step PTs, and the second SFOEWPT is from the second step of two-step PTs and
the third step of three-step PTs.

tan β m2
12 ðGeVÞ2 mH (GeV) mA (GeV) mH� (GeV) mX (GeV) sθ κ1 κ2 κs

BP1 0.867 4628.4 463.3 124.6 478.2 539.2 −0.372 9.294 7.176 0.881
BP2 1.084 2864.9 481.6 161.5 494.4 412.6 −0.325 7.198 4.361 10.677

The first SFOEWPT The second SFOEWPT

Tn1 ðGeVÞ ξn1=Tn1 Tn2 ðGeVÞ ξn2=Tn2 ξ0n2=Tn2

BP1 71.86 1.24 34.82 6.11 4.72
BP2 62.48 1.20 58.11 2.39 1.66
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C. Transport equations and baryon asymmetry

We take the WKB method to discuss the CP-violating
source terms and chemical potential transport equations of
particle species in the wall frame with a radial coordinate z
[21,69,70]. The bubble wall is located at z ¼ 0, with z < 0
and z > 0 pointing toward the interior and exterior of the
bubble, respectively. In the model, the top quark plays the
most important role in generating the BAU during the first
SFOEWPT. It acquires a complex mass as a function of z
when passing through the bubble wall whose profiles
depend on the coordinate z. The mass of top quark is
given as

mtðzÞ ¼
ytffiffiffi
2

p eiφZðzÞðcβh1ðzÞ þ sβ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h22ðzÞ þ h23ðzÞ

q
eiφ2ðzÞÞ;

¼ ytffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðcβh1ðzÞ þ sβh2ðzÞÞ2 þ s2βh

2
3ðzÞ

q
eiθt ; ð31Þ

with

φ2ðzÞ ¼ arctan
h3ðzÞ
h2ðzÞ

;

θt ¼ φZðzÞ þ arctan
sβh3ðzÞ

cβh1ðzÞ þ sβh2ðzÞ
;

∂zφZðzÞ ¼ −
h22ðzÞ þ h23ðzÞ

h21ðzÞ þ h22ðzÞ þ h23ðzÞ
∂zφ2ðzÞ: ð32Þ

The addition phase φZðzÞ is from a local axial trans-
formation of the top quark which removes the CP-violating
force induced by the nonvanishing Zμ field in the case of
φ1 ¼ 0 [22].
The transport equations are derived for the top quark

with a complex mass term and include effects of the strong
sphaleron process (Γss) [21,71], W scattering (ΓW) [21,72],
the top Yukawa interaction (Γy) [21,72], the top helicity
flips (ΓM) [21,72], and the Higgs number violation (Γh)
[21,72]. The transport equations are given by

FIG. 3. The radial nucleation bubble wall VEV profiles of the first SFOEWPT for BP1 and BP2. Here, r ¼ 0 is the center of the
bubble.

FIG. 2. Phase histories for BP2.
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0 ¼ 3vWK1;tð∂zμt;2Þ þ 3vWK2;tð∂zm2
t Þμt;2 þ 3ð∂zut;2Þ

− 3Γyðμt;2 þ μtc;2 þ μh;2Þ − 6ΓMðμt;2 þ μtc;2Þ − 3ΓWðμt;2 − μb;2Þ
− 3Γss½ð1þ 9K1;tÞμt;2 þ ð1þ 9K1;bÞμb;2 þ ð1 − 9K1;tÞμtc;2�;

0 ¼ 3vWK1;tð∂zμtc;2Þ þ 3vWK2;tð∂zm2
t Þμtc;2 þ 3ð∂zutc;2Þ

− 3Γyðμt;2 þ μb;2 þ 2μtc;2 þ 2μh;2Þ − 6ΓMðμt;2 þ μtc;2Þ
− 3Γss½ð1þ 9K1;tÞμt;2 þ ð1þ 9K1;bÞμb;2 þ ð1 − 9K1;tÞμtc;2�;

0 ¼ 3vWK1;bð∂zμb;2Þ þ 3ð∂zub;2Þ − 3Γyðμb;2 þ μtc;2 þ μh;2Þ − 3ΓWðμb;2 − μt;2Þ
− 3Γss½ð1þ 9K1;tÞμt;2 þ ð1þ 9K1;bÞμb;2 þ ð1 − 9K1;tÞμtc;2�;

0 ¼ 4vWK1;hð∂zμh;2Þ þ 4ð∂zuh;2Þ − 3Γyðμt;2 þ μb;2 þ 2μtc;2 þ 2μh;2Þ − 4Γhμh;2;

St ¼ −3K4;tð∂zμt;2Þ þ 3vWK̃5;tð∂zut;2Þ þ 3vWK̃6;tð∂zm2
t Þut;2 þ 3Γtot

t ut;2;

0 ¼ −3K4;bð∂zμb;2Þ þ 3vWK̃5;bð∂zub;2Þ þ 3Γtot
b ub;2;

St ¼ −3K4;tð∂zμtc;2Þ þ 3vWK̃5;tð∂zutc;2Þ þ 3vWK̃6;tð∂zm2
t Þutc;2 þ 3Γtot

t utc;2;

0 ¼ −4K4;hð∂zμh;2Þ þ 4vWK̃5;hð∂zuh;2Þ þ 4Γtot
h uh;2: ð33Þ

The μi;2 and ui;2 are the second-order CP-odd chemical
potential and the plasma velocity of the particle
i ¼ t; tc; b; h, respectively. The source term St is defined as

St ¼ −vWK8;t∂zðm2
t ∂zθtÞ þ vWK9;tð∂zθtÞm2

t ð∂zm2
t Þ: ð34Þ

The functions Ka;i and K̃a;i (a ¼ 1 – 9) are defined in
Ref. [70], and the Γtot

i denotes the total reaction rate of the
particle i [21,70]. We treat the wall velocity vW as an input
parameter and take vW ¼ 0.1.

The WKB method of calculating the source terms and
transport equations is valid for LWTn ≫ 1 with LW being
the width of bubble wall. We evaluate LW by fitting the
profile of the VEV with the hyperbolic tangent function:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h21ðzÞ þ h22ðzÞ þ h23ðzÞ

q
¼ vn

2

�
1 − tanh

z
LW

�
: ð35Þ

Using this approach, one obtains LWTn1 ≃ 3.13 and
LWTn1 ≃ 3.68 for the bubble wall of the first SFOEWPT
of BP1 and BP2, respectively.

FIG. 4. For BP1 and BP2, the solutions to the transport equations for μi and ui as functions of the coordinate z transverse to the
bubble wall.
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One solves the transport equations with the boundary
conditions μi ðz ¼ �∞Þ ¼ 0 (i ¼ t; tc; b; h) and obtains
the chemical potentials μi of each particle species. Using
local baryon number conservation, the chemical potential
of the left-handed quarks is then given by [69]

μBL
¼ 1

2
ð1þ 4K1;tÞμt;2 þ

1

2
ð1þ 4K1;bÞμb;2 − 2K1;tμtc;2:

ð36Þ

Next, the weak sphalerons convert the left-handed quark
number into a baryon asymmetry, which can be calculated
with

YB ¼ 405Γws

4π2vwg�Tn1

Z
∞

0

dzμBL
ðzÞ exp

�
−
45Γws

4vW

�
; ð37Þ

where Γws ≃ 1.0 × 10−6Tn1 is the weak sphaleron rate
inside the bubble [73]. Figure 4 shows the solutions to
the transport equations for μi and ui for BP1 and BP2,
which give rise to the BAU, YB ≃ 8.4 × 10−11 for BP1 and
YB ≃ 8.3 × 10−11 for BP2.
Notice that the effective potential Veff has a Z2 symmetry

under which

h3 → −h3; S → −S: ð38Þ

Therefore, there will not be a bias between transitions to
ðhh1i; hh2i; hh3i; hSiÞ and ðhh1i; hh2i;−hh3i;−hSiÞ from
the origin (0, 0, 0, 0) GeV. Thus, there are two kinds of
bubbles relating to θt and −θt, which produce baryon
asymmetry of opposite signs. Eventually, the averaged
baryon number is zero in the whole region due to their
opposite signs. A soft Z2 symmetry-breaking term −μ3S3
can be introduced to solve the problem. For BP2, the
temperature of the Z2-breaking PT is significantly higher
than Tn1 of the electroweak PT, and the regions with −hSi
can vanish when the electroweak PT takes place. The
needed condition is ΔV=T4 > 10−16 with ΔV being the
potential difference between the vacua with �hSi [74,75].
The μ3 with a value of Oð10−14Þ GeV can realize the
condition for BP2. Unlike BP2, the vacua with �hSi for
BP1 are still around at the time of the electroweak PT, but
the volumes occupied by the �hSi phases can be signi-
ficantly different. One can approximately estimate the ratio
between the number densities of bubbles with a positive
baryon number (Nþ) and a negative baryon number (N−)
[76,77]:

Nþ
N−

¼ expð−ΔS3=TÞ; ð39Þ

with ΔS3 being the S3 difference between two types of
bubbles. The global baryon density is given by

YB ¼ Yþ
B
Nþ − N−

Nþ þ N−
; ð40Þ

where Yþ
B is the BAU generated from the bubble withþhSi.

For BP1, YB ∼ Yþ
B
2

needs μ3 ∼Oð10−1Þ GeV, and such a
value seems to be incompatible with the expected sponta-
neous CP violation, since the μ3S3 term breaks the CP
symmetry explicitly.

IV. GRAVITATIONAL WAVE

There are three sources of GW production at a first-order
PT: bubble collisions, sound waves in the plasma, and
magnetohydrodynamic turbulence. We will focus on the
GW spectrum from the sound waves in the plasma, which
typically is the largest contribution among them. In
addition to the two parameters β and α describing the
dynamics of the PT, the GW spectra depends on the wall
velocity with respect to the plasma at infinite distance, ṽW .
Note that ṽW can be significantly different from vW [78],
which is the relative wall velocity to plasma in front of the
wall and relevant for baryogenesis. We take ṽW ¼ 0.6 in
our calculation.
The GW spectrum from the sound waves can be

expressed by [79]

Ωswh2 ¼ 2.65 × 10−6
�
Hn

β

��
κvα

1þ α

�
2
�
100

g�

�
1=3

ṽW

×

�
f
fsw

�
3
�

7

4þ 3ðf=fswÞ2
�

7=2
ϒðτswÞ; ð41Þ

where fsw is the present peak frequency of the spectrum:

fsw ¼ 1.9 × 10−5
1

ṽW

�
β

Hn

��
Tn

100 GeV

��
g�
100

�
1=6

Hz:

ð42Þ

The κv is the fraction of latent heat transformed into the
kinetic energy of the fluid [80]:

κv ≃ κB þ ðṽW − csÞδκþ
ðṽW − csÞ3
ðξJ − csÞ3

½κC − κB − ðξJ − csÞδκ�

ðfor cs < ṽW < ξJÞ; ð43Þ

with the sound velocity cs ¼
ffiffiffiffiffiffiffiffi
1=3

p
and

κB ≃
α2=5

0.017þð0.997þαÞ2=5 ; κC ≃
ffiffiffi
α

p

0.135þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0.98þα

p ;

ξJ ≃

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3
αþα2

q
þ ffiffiffiffiffiffiffiffi

1=3
p

1þα
; δκ ≃ −0.9 log

ffiffiffi
α

p
1þ ffiffiffi

α
p : ð44Þ

The suppression factor [81]
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ϒðτswÞ ¼ 1 −
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2τswHn
p ð45Þ

arises due to the finite lifetime τsw of the sound waves
[82,83]:

τsw ¼ ṽWð8πÞ1=3
βŪf

; Ū2
f ¼ 3

4

κvα

1þ α
: ð46Þ

We examine the GW spectra for BP1 and BP2, which are
shown along with expected sensitivities of various future
interferometer experiments in Fig. 5. For BP1, the GW
spectra from the first-step and second-step PTs have peak
frequencies around 0.44 and 0.03 Hz, respectively, and the
peak strengths of the former and the latter exceed the
sensitivity curves of U-DECIGO and BBO, respectively.
For BP2, the GW spectra from the second-step and third-
step PTs have peak frequencies around 0.09 and 0.39 Hz,
respectively, whose peak strengths exceed the sensitivity
curves of U-DECIGO. For BP2, the superposed GW
spectra from the second step and third step have explicit
double peaks, which can be observed by U-DECIGO. Note
that there is still high uncertainty on the value of ϒðτswÞ,

and its determination needs considerable numerical simu-
lations and analytical insights in the future. In addition, a
full exploration of the parameter space will potentially find
more promising regions for a detectable two-peaked GW
signal at U-DECIGO.

V. CONCLUSION

In a singlet pseudoscalar extension of 2HDM, we studied
the spontaneous CP violation EWBG via two-step PTs
and three-step PTs and took BP1 and BP2 to perform
detailed calculations. The first step of the two-step PTs is a
SFOEWPT, which converts (hh1i, hh2i, hh3i, hSi) into an
electroweak symmetry-broken phase from (0, 0, 0, 0) GeV
and breaks the CP symmetry spontaneously. The electro-
weak sphaleron processes bias the CP asymmetry into the
baryon number during the first-step PT. Also, the second
step of the two-step PTs is a SFOEWPT, which converts
the phase into the observed vacuum at zero temperature,
and the CP symmetry is restored. However, the vacua
with �hSi are still around at the time of the first
SFOEWPT, and an explicit CP-violation term, −μ3S3 with
μ3 ∼ ð10−1Þ GeV, is required to guarantee the volumes
occupied by the �hSi phases to be significantly different,
leading to a sufficient baryon number density. The first step
of the three-step PTs is a second-order PT during which the
S field first develops a nonzero VEV, and VEVs of h1, h2,
and h3 still remain zero. Similar to the case of two-step PTs,
the observed BAU is produced via the EWBG mechanism
at the second step. The third step of the three-step PTs is a
SFOEWPT, which converts the phase into the observed
vacuum at the zero temperature and restores the CP
symmetry. A very tiny CP-violation term, −μ3S3 with
μ3 ∼ ð10−14Þ GeV, is required to guarantee the regions with
−hSi disappear when the second-step PT takes place.
Meanwhile, the GW spectra through the two-step and
three-step PTs can reach the sensitivities of BBO and
U-DECIGO. Even more interesting is that a two-peaked
GW signal could be observed at U-DECIGO.
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