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Motivated by the collisionless cold dark matter small scale structure problem, we propose an asymmetric
dark matter model with the dark sector charged under a dark Uð1Þ0. The mediator between dark matter
particles is the dark gauge boson, which obtains its mass through the spontaneous breaking of Uð1Þ0. This
model easily avoids the strong limits from cosmic microwave background (CMB) observation, and has a
large parameter space to be consistent with small scale structure data. We focus on a special scenario where
portals between the dark sector and visible sector are too weak to be detected by traditional methods. We
find that this scenario can increase the effective number of neutrinos (Neff ). In addition, the spontaneous
Uð1Þ0 symmetry breaking process can generate stochastic gravitational waves with peak frequency around
10−6–10−7 Hz.
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I. INTRODUCTION

There has been plenty of evidence for the existence of dark
matter (DM) [1,2], but the nature of DM still remains to be
revealed. Collisionless cold DM is consistent with the large
scale structure of the Universe [3,4]. However, N-body
simulations of collisionless cold DM show some discrepan-
cies between predictions and observations on the scale
smaller than OðMpcÞ. Those discrepancies include the
core-cusp problem [5–7], diversity problem [8], missing
satellites problem [9,10], and too-big-to-fail (TBTF) prob-
lem [11,12]. Including baryon effects in the simulation helps
to alleviate some tension [13,14], but it is still unclear
whether baryon effects can solve all the small-scale
problems.
Small-scale problems may indicate that our assumption

for DM, i.e., collisionless, needs to be modified. As first
pointed out in [15], a large elastic scattering cross section
between DMs can solve the core-cusp and missing satellites
problems. Since then, theDMself-interactionwas studied by
a series of works via N-body simulations [16–30]. Recent
studies have shown that a constant cross-section between
DM is not favored by simulation or semianalytical results.
In a nutshell, in dwarf galaxies (where DM velocity

vDM ∼ 10–100 km=s) the cross section per unit mass
σ=mDM needs to be in the range Oð1Þ–Oð10Þ cm2=g to
solve core-cusp and TBTF problems [26,27], but studies of
galaxy groups (vDM ∼ 1000 km=s) and galaxy clusters
(vDM ≳ 1500 km=s) indicate σ=mDM ∼ 0.5 and σ=mDM ≲
0.1 cm2=g, respectively [31–36]. To be consistent with
observables at different scales, a velocity dependent cross
section is required [32]. See [37] for a recent review.
Introducing a light mediator which couples to DM seems

to be the easiest way to generate the velocity dependent
inter-DM cross section [32,38–65]. Such a scenario is
favored in many aspects. For example, DM relic density
can be realized via the so-called “secluded freeze-out”
process [66], which means DM annihilates to light medi-
ators instead of visible SM particles. And, because DM
relic density and its coupling with SM are unbound, it is
easier for such DM models to escape limits from direct
detection or collider experiments [67–73]. However, other
studies pointed out that such a “self-interacting DM with
light mediator” scenario is strongly constrained by Big
Bang nucleosynthesis (BBN), cosmic microwave back-
ground (CMB), and indirect search results [74–83]. This is
because the Sommerfeld enhancement induced by the light
mediator increases rapidly as DM velocity decreases in the
expanding universe [84–90], and thus the energy injection
from DM annihilation will affect observables (like BBN or
CMB) even after DM freeze-out. Especially, the s-wave
annihilation case (e.g., DM annihilates to dark gauge boson
pair) has been fully excluded by CMB data [91].
A simple method to evade those constraints on DM

annihilation is to consider the asymmetric dark matter
(ADM). In the ADM scenario, DM is not neutral and
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self-conjugate, but instead DM is conjugated to anti-DM
and the observed DM relic density is determined by the
asymmetry between DM and anti-DM. See [92–94] for a
recent review. When the thermal bath temperature is much
lower than the DM mass, the abundance of anti-DM has
been reduced to negligible level. So, the annihilation
between DM and anti-DM is much less constrained
compared with the symmetric case [95,96]. Another
advantage of the ADM model is that it helps to explain
the “ΩDM ≃ 5ΩB” coincidence. See [97–128] for related
studies.
In this work we study the DM self-interaction in a

concise ADM model framework. Combining ADM and
DM self-interaction is not a new idea, see, e.g., [129–137].
Compared with previous work, we only consider one flavor
of DM (to be labeled as χ) which is charged under a dark
Uð1Þ0. In addition, we introduce two dark Higgs bosons (to
be labeled as S1 and S2) charged under the same darkUð1Þ0.
S1 helps to generate the asymmetry in the dark sector and
become dark radiation in the end, and S2 is used to break
Uð1Þ0 and thus prohibit the long-range interaction between
DMs. The reason for us to introduce two dark Higgs is that
we do not want the troublesomeMajorana dark matter mass
to be induced by Uð1Þ0 symmetry breaking. We will clarify
this point in the next section. To simplify our analysis, we
will consider a nearly independent dark sector. It means that
the portal between the dark sector and visible sector is too
weak for them to reach thermal equilibrium. And thus the
portal is also difficult to be searched for via traditional
methods like direct detection or collider experiment.
However, the Uð1Þ0 phase transition in the dark sector
provides a possible method to detect the dark sector by
gravitational waves (GWs), provided the phase transition is
first order. In addition, dark radiation changes the value of
the effective number of neutrinos (Neff ), which makes this
model detectable in the near future.
This paper is organized in the following way. In the next

section, we introduce the model framework we want to
study. In Sec. III we explain how to generate the asymmetry
in the dark sector. We will also discuss the sequential
thermal history and related constraints. Section IV is
dedicated to the DM self-interacting and its consistency
with data. In Sec. V we discuss the possibility to detect this
model via gravitational waves. We conclude this work
in Sec. VI.

II. MODEL FRAMEWORK

In this section we introduce the framework of our model,
and specify the scenario we want to study.

A. Model introduction

We consider the SM model extended by a dark Uð1Þ0
gauged sector. For similar model framework see

Refs. [114,115,133,138]. The Lagrangian can be schemati-
cally expressed as

L ¼ LSM þ LDark þ LPortal; ð1Þ
where LDark is the Lagrangian of a Uð1Þ0 gauged dark
sector. The dark sector includes a Dirac fermion χ [dark
matter candidate charged under Uð1Þ0], dark Higgs S1 [has
the same Uð1Þ0 charge as χ], and dark Higgs S2 [used to
break Uð1Þ0 at a later time]. The expression of LDark is

LDark ¼ χ̄ðiD −mχÞχ − ðDμS1Þ†DμS1 − ðDμS2Þ†DμS2

−
1

4
F0
μνF0μν − VðS1; S2Þ: ð2Þ

Here Dμ ≡ ∂μ þ ig0QiA0
μ (i ¼ χ; S1; S2) is the covariant

derivative, with g0 and A0
μ being the dark gauge coupling

and dark gauge boson, respectively. Uð1Þ0 charge
fQχ ; QS1 ; QS2g are simply fixed to fþ1;þ1;þ2g. F0

μν ≡
∂μA0

ν − ∂νA0
μ is the field strength of the dark gauge boson.

And mχ is the mass of dark matter given by hand. Dark
scalar potential VðS1; S2Þ is

VðS1; S2Þ ¼ μ21S
†
1S1 − μ22S

†
2S2 þ ðκS2S†1S†1 þ H:c:Þ

þ λ1
4
ðS†1S1Þ2 þ

λ2
4
ðS†2S2Þ2 þ λ12ðS†1S1ÞðS†2S2Þ:

ð3Þ

S2 needs to obtain a vacuum expectation value (VEV) after
dark phase transition, and thus we insert a minus mass
square term −μ22 for it. All possible triple and quartic dark
Higgs interactions are given.
LPortal is the sector that connects the visible sector and

dark sector, including Higgs portal, Abelian gauge boson
kinetic mixing, and right-handed neutrino (RHN) portal.
The general expression of LPortal is

LPortal ¼
1

2

X
i¼1;2

N̄iði∂−MNi
ÞNC

i −
X
i¼1;2

λSiHðS†i SiÞðH†HÞ

−
1

2
ϵF0

μνFμν −
X
i¼1;2

y0iN̄iχS
†
1 −

X
i¼1;2

yiN̄iLH† þH:c:

ð4Þ

Here λSiH and ϵ are the coupling of Higgs portal and kinetic
mixing parameter, respectively. Two Majorana RHN, N1

and N2, are introduced to generate the asymmetry in the
dark or visible sector, with the help of complex phases of y0i
and yi. L and H are the SM lepton doublet and Higgs
doublet, respectively.
Now we explain the reason to introduce two dark Higgs

S1 and S2. Assuming that there is no S2 andUð1Þ0 is broken
by VEV hS1i, then, by integrating out N1, a Majorana DM

mass (∼ ðy0
1
hS1iÞ2
MN1

) will be induced. This Majorana mass term
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makes DM oscillate to anti-DM in the late universe. Thus
the asymmetry in the dark sector will be partly erased, and
our model will be more limited [139,140]. To make DM
stable during the universe lifetime, MN1

needs to be even
higher than Planck scale. So, to forbid the annoying DM-
anti-DM oscillation, in this work we introduce another dark
Higgs S2 to break Uð1Þ0 and keep hS1i ¼ 0 all the way.
However, it needs to be mentioned that coupling like
yχS

†
2χχ þ H:c: is also allowed by the Uð1Þ0 gauge sym-

metry. And thus after S2 obtaining VEV, Majorana mass
appears again. Furthermore, yχS2χχ combined with
κS†2S1S1 leads to additional washout of the generated
DM asymmetry. The κS†2S1S1 term also breaks the particle
number conservation of S1 in the late universe. To forbid
troublesome couplings like yχS

†
2χχ or κS†2S1S1, one can

consider a different Uð1Þ0 charge of S2. For example, one
can consider QS2 ¼ þ5=2 or QS2 ¼ þ4. The modification
of QS2 does not have much impact on our following
discussion and the main conclusion of this article.

B. Our scenario

The model we introduced above is nearly the minimal
model that can generate matter asymmetry and induce
velocity dependent DM self-interaction. However, even for
such a nearly minimal model, there are still a dozen
parameters to be fixed. Diverse and complex phenomena
can occur in different parameter spaces, which is difficult to
be covered in a single paper. Thus, in this paper we choose
a simplified scenario to analyze, instead of studying the
entire allowed parameter space.
The first simplification we will perform is neglecting

yiN̄iLH†, which is used to generate visible matter asym-
metry. The inclusion of yiN̄iLH† inevitably entangle
asymmetries in the dark sector and visible sector [115],
and force us to consider the limits from neutrino data [133].
So, in order to focus on phenomena in the dark sector, we
are temporarily agnostic to the baryon asymmetry problem
and neglect yiN̄iLH†.
Second, we require all the other portals’ couplings, i.e.,

λS1H, λS2H, and ϵ, to be small enough to avoid current limits
from terrestrial experiments. Furthermore, we also require
that these portals are too weak to keep the dark sector and
visible sector in the thermal equilibrium from reheating to
current time. These requirements are made for simplicity.
However, it is also important to study the detectability of this
extreme scenario. As wewill show later, stochastic GWs and
the change of Neff are possible detection methods.

III. THERMAL HISTORY OF THE DARK SECTOR
AND ITS PARAMETER BOUNDS

Before the thermal history analysis, in Table I we present
all the particles in the dark sector. Their mass range and the
role they played are also given. The mass of dark matter

(mχ) and dark mediator (mγ0) are chosen to be consistent
with the small scale data. To generate asymmetry in the
dark sector, the decay of N1 needs to be out of equilibrium,
and thus the mass of N1 should be much larger than its
decay products. The mass of s2 [s2 is the scalar component
of S2 after Uð1Þ0 breaking] is chosen to be smaller thanmγ0 .
As we will explain later, this is necessary if the Uð1Þ0
symmetry breaking is a first order phase transition. Finally,
the entropy in the dark sector should go to some nearly
massless particles long after DM-anti-DM annihilation,
otherwise there will be overclosure problems [124]. So we
require S1 to be very light and serve as dark radiation.
Furthermore, we define the ratio between dark sector

temperature T 0 and visible sector temperature T:

ξ≡ T 0

T
: ð5Þ

The value of ξ will be different in a different period. In this
work we assume the dark sector and visible sector
thermally decoupled very early, then these two sectors
evolve independently. The temperature ratio ξ at the time
when dark sector temperature T 0 is lower than MN2

and
higher than MN1

, is labeled by ξini, and we take it as an
input parameter.
Comoving entropy densities in each sector are con-

served, respectively. So the temperature ratio in a different
period will be rescaled by the effective numbers of
relativistic degrees of freedom (d.o.f.) in each sectors (to
be labeled as g0⋆ and g⋆)1 at that time:

ξ ¼ ξini

�
g⋆ · g0⋆;ini
g0⋆ · g⋆;ini

�1
3

: ð6Þ

In this work we assume g⋆;ini to be the SM value 106.75
[141]. For the dark sector, g0⋆;ini comes from N1, χ, S1, S2,
and γ0. And so,

TABLE I. Particle content in the dark sector, with their mass
range and role given.

Name Mass range Role

χ 10 GeV–100 GeV Dark matter
γ0 1 MeV–100 MeV Mediator between DMs
N1, N2 MNi

≫ mχ ,
MN2

> MN1

Generate DM-anti-DM
asymmetry

S2 ms2 < mγ0 Break Uð1Þ0 symmetry
S1 mS1 ≪ 1 eV Dark radiation

1Strictly speaking, g⋆ for energy density and entropy density
are different. But before the neutrino decoupling, the relativistic
d.o.f. for energy density and entropy density in the visible sector
are the same.

ASYMMETRIC DARK MATTER WITH A SPONTANEOUSLY … PHYS. REV. D 107, 095027 (2023)

095027-3



g0⋆;ini ¼
7

8
ð2þ 4Þ þ ð2þ 2þ 2Þ ¼ 11.25: ð7Þ

Given two initial values g⋆;ini and g0⋆;ini, the temperature
ratio ξ at a later time can be determined.
During the radiation dominant period, energy and

entropy densities are given by

(
ρ ¼ π2

30
ðg⋆=ξ4 þ g0⋆ÞT 04 ¼ π2

30
geffðT 0ÞT 04

s ¼ 2π2

45
ðg⋆=ξ3 þ g0⋆ÞT 03 ¼ 2π2

45
heffðT 0ÞT 03:

ð8Þ

Here we define the effective d.o.f. for energy and entropy,
geffðT 0Þ and heffðT 0Þ, for later convenience.

A. The generation of dark sector asymmetry

In this subsection we introduce the generation of
YΔχ ≡ Yχ − Y χ̄ . Here Y is the particle yield, which equals
to particle number density divided by entropy density.
Before the Uð1Þ0 symmetry breaking, Uð1Þ0 charge is
conserved and thus YΔS1 ≡ YS1 − YS†

1
¼ −YΔχ . Similar to

the vanilla leptogenesis [142–145], nonzero YΔχ is gen-
erated by the CP violated and out-of-equilibrium decay of
N1. See Fig. 1 for illustration.
Asymmetric yield YΔχ can be expressed as

YΔχ ¼ YN1
× ϵ × η: ð9Þ

Here, YN1
is the yield of N1 before it decays. Because N1 is

in the equilibrium with dark thermal bath initially, so the
initial yield of N1 is

YN1
¼

�
3

4
2
ζð3Þ
π2

T 03
�
÷

�
2π2

45
ðg0⋆;iniT 03 þ g⋆;iniT3Þ

�

≃
0.42

11.25þ 106.75=ξ3ini
: ð10Þ

ϵ is the CP asymmetry generated by N1 decay,

ϵ≡ ΓðN1 → χS†1Þ − ΓðN1 → χ̄S1Þ
ΓðN1 → χS†1Þ þ ΓðN1 → χ̄S1Þ

: ð11Þ

The expression of ϵ can be simplified when MN2
≫ MN1

.
In this case, ϵ is approximately given by

ϵ ≃ −
1

16π

MN1

MN2

Im½ðy0�2y01Þ2�
jy01j2

: ð12Þ

η is the efficiency factor that reduce the final generated
asymmetry. In the so-called “weak washout” case where the
decay width of N1 is smaller than the Hubble expansion
rate (ΓN1

< HðT 0 ¼ MN1
Þ), the value of η can be close to 1.

To simplify our analysis we will only consider the weak
washout case, and it leads to a constraint on the parameter
space:

ΓN1
< HðT 0 ¼ MN1

Þ ð13Þ

⇒
jy01j2
16π

MN1
< 1.66

M2
N1

MPl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g0⋆;ini þ g⋆;ini=ξ4ini

q
ð14Þ

⇒ MN1
>

jy01j2MPl

83.44 ×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
11.25þ 106.75=ξ4ini

p : ð15Þ

Here MPl ≃ 1.22 × 1019 GeV is the Planck mass. So there
is a large parameter space to satisfy the weak washout
requirement if reheating temperature is high enough and
jy01j is small.
For convenience, we define the CP phase angle θ by

ðy0�2y01Þ2 ¼ jy02j2jy01j2eiθ: ð16Þ

In Fig. 2 we show YΔχ as functions of CP phase angle θ

with
MN1

MN2

¼ 0.1 and ξini fixed to 1, 0.5, and 0.1, respectively.

It can be seen that even for very small ξini, YΔχ can exceed
10−9. DM relic density can be estimated by

Ωχh2 ≈mχYΔχs0=ρcr ≈ YΔχ

�
mχ

GeV

�
× 2.72 × 108: ð17Þ

FIG. 1. CP violated process in the dark sector that generates the
asymmetry between DM and anti-DM.

FIG. 2. YΔχ ≡ Yχ − Y χ̄ as functions of the CP phase angle θ
with different ξini values.
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For dark matter mass mχ larger than 10 GeV, it is always
possible to explain the current observed relic density
(Ωχh2 ≈ 0.12), provided ξini is not much smaller than 1.
So we can take YΔχ as an input parameter, which should be
consistent with Ωχh2 ≈ 0.12, in the following analysis.

B. χ − χ̄ annihilation

As we explained in the introduction, asymmetry DM
helps to escape the limits from observations like CMB. To
be more specific, compared with symmetric DM scenario,
the energy injection rate in the ADM scenario during
recombination is suppressed by the asymptotic ratio:

r∞ ¼ Y χ̄ð∞Þ
Yχð∞Þ : ð18Þ

To obtain r∞ (here “∞” corresponds to recombination
time), we need to solve the following Boltzmann equations
for yields Yχ and Y χ̄ [146–152]:

dYχ;χ̄

dx
¼ −

mχMPl

x2

ffiffiffiffiffiffiffi
πg�
45

r
hσannviðYχY χ̄ − Ysym

eq Ysym
eq Þ: ð19Þ

Here, x≡mχ=T 0, and Ysym
eq is the equilibrium yield of χ (or

χ̄) with chemical potential being zero (correspond to the
symmetric case):

Ysym
eq ¼

�
2

ð2πÞ3
Z

d3p⃗

e
ffiffiffiffiffiffiffiffiffiffiffi
m2

χþp⃗2
p

=T 0 þ 1

�
÷

�
2π2

45
heffðT 0ÞT 03

�
:

ð20Þ

And,

ffiffiffiffiffi
g�

p ¼ heffffiffiffiffiffiffiffi
geff

p
�
1þ T 0

3heff

dheff
dT 0

�
: ð21Þ

Ratio rðxÞ is a function of x, and the asymptotic ratio r∞
is the value of rðxÞ when x → ∞:

rðxÞ ¼ Y χ̄ðxÞ
YχðxÞ

; r∞ ¼ lim
x→∞

rðxÞ: ð22Þ

We follow the method proposed in [148,152] to calculate
r∞. For later convenience, first we need to define the
equilibrium ratio reqðxÞ as

reqðxÞ ¼
Ysym
eq × exp

h
−sinh−1

�
YΔχ
2Ysym

eq

�i
Ysym
eq × exp

h
þsinh−1

�
YΔχ
2Ysym

eq

�i
¼ exp

�
−2sinh−1

�
YΔχ

2Ysym
eq

��
: ð23Þ

Here, “sinh−1ð YΔχ
2Ysym

eq
Þ” is actually the ratio between chemical

potential and temperature. Then Boltzmann equations (19)
can be transferred to a differential equation for rðxÞ [148]:

dr
dx

¼−
mχMPl

x2

ffiffiffiffiffiffiffi
πg�
45

r
hσannviYΔχ

�
r−req

�
1− r
1− req

�
2
�
: ð24Þ

Before freeze-out (x < xFO), χ and χ̄ are in the thermal
equilibrium and thus r ¼ req. After freeze-out (x > xFO),
req decreases much faster than r and thus Eq. (24) can be
approximatively simplified to

dr
dx

≃ −
mχMPl

x2

ffiffiffiffiffiffiffi
πg�
45

r
hσannviYΔχr: ð25Þ

Then we obtain the approximate expression of r∞:

r∞≃rðxFOÞexp
�
−mχMPlYΔχ

Z
∞

xFO

ffiffiffiffiffiffiffi
πg�
45

r hσannvi
x2

dx

�
: ð26Þ

At the freeze-out temperature (x ¼ xFO), there is little
difference between r and req. So Eq. (26) can be further
simplified to

r∞ ≃ reqðxFOÞ exp
�
−mχMPlYΔχ

Z
∞

xFO

ffiffiffiffiffiffiffi
πg�
45

r hσannvi
x2

dx

�
:

ð27Þ

Previous numerical study [152] shows that, for coupling
strength g02=4π ≲ 0.1, the inclusion of nonperturbative
effects (i.e., Sommerfeld enhancement and bound state
formation) is not important in the calculation of r∞. Thus,
we can approximately replace the cross section by its
leading-order perturbative value when g02=4π ≲ 0.12:

ðσannvÞ ≃ ðσannvÞ0 ¼
πα02

m2
χ
Q4

χ : ð28Þ

Here α0 ≡ g02=4π is the dark fine structure constant. And
Qχ has been fixed to 1 in this work. By this approximation,
Eq. (27) is further simplified to

r∞ ≃ reqðxFOÞ exp
�
−
MPlYΔχ

mχ

ffiffiffiffiffi
π3

45

r
α02

Z
∞

xFO

ffiffiffiffiffi
g�

p
x2

dx

�
: ð29Þ

2For a larger value of g02=4π, the nonperturbative effects
always cause r∞ to be further suppressed. See [152] for detailed
discussion.
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Finally, freeze-out temperature is determined by

xFO −
1

2
ln xFO ≃ ln

�
0.076 ×mχMPlðσannvÞ0

ffiffiffiffiffiffiffi
gFO�

p
hFOeff

�
: ð30Þ

With all the above information, we can estimate r∞
numerically.
In Fig. 3 we present the value of r∞ as functions of α0. It

clearly shows that r∞ is very sensitive to the value of α0.
With α0 increasing fromOð0.001Þ toOð0.01Þ, r∞ decreases
by more than 10 orders. The decreasing of r∞ becomes
much quicker for smaller dark matter mass. This trend is
consistent with previous study [148]. We also present the
dependence of r∞ on temperature ratio, and our results
show that r∞ will be smaller if dark sector is colder than the
visible sector. This relationship can be understood by the
enhanced

ffiffiffiffiffi
g�

p
during freeze-out when the dark sector

becomes colder.

C. Limit on χ − χ̄ annihilation during recombination

As we explained in the introduction, the strong limit of
CMB data on dark matter annihilation during the recombi-
nation period can be greatly weakened by the asymmetry of
dark matter. However, due to the scenario we have chosen
to study in this work, this problem is “oversolved.” In our
scenario, we let S1 to be nearly massless and serve as dark
radiation. So the dominant decay channel of the mediator is
γ0 → S†1S1, and the energy injection from χ − χ̄ annihilation
goes to the dark thermal bath instead of the visible sector.
Thus the already formed neutral hydrogen atoms will not be
reionized by a high energy electric shower, and χ − χ̄
annihilation in our scenario is safe from the direct
CMB limit.
But it is still very interesting to see how the DM

asymmetry helps to weaken the CMB limit. So in this
subsection we will deviate from our scenario and assume
that the mediator mainly decays to electrons. In this case,

BBN, supernova data, and direct detection give strong
bounds on the mass and lifetime on Oð1Þ–Oð10Þ MeV
mediator (see, e.g., Refs. [153–157] for a detailed dis-
cussion). But here we will only focus on the CMB bound.
As we said in the last subsection, nonperturbative effects

in the annihilation process can be ignored in the calculation
of r∞ for dark matter lighter than 100 GeV. But in the study
of energy injection during recombination, including the
nonperturbative effects in annihilation is important. Here
we perform an approximate analysis like [91], which only
include the Sommerfeld enhancement in the estimation of
annihilation cross section during recombination period.
The annihilation cross section can be written as the tree-

level cross section multiplied by a Sommerfeld enhance-
ment factor [158]:

ðσannvÞ ¼ SðvÞ × ðσannvÞ0: ð31Þ

Tree-level annihilation cross section ðσannvÞ0¼πα02Q4
χ=m2

χ

has been given in the previous subsection. Sommerfeld
enhancement factor SðvÞ is

SðvÞ ¼ π

AðvÞ
sinhð2πAðvÞBÞ

coshð2πAðvÞBÞ − cosð2π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B − ðAðvÞBÞ2

p
Þ

ð32Þ

with

AðvÞ ¼ v
2Q2

χα
0 ; B ¼ 6Q2

χα
0mχ

π2mγ0
: ð33Þ

Sommerfeld enhancement factor will reach it maximal
value, or say saturates, when velocity v≲mγ0=2mχ. During
the recombination period, this saturation condition is
already satisfied [91], and thus the annihilation cross
section will generally be enhanced by several orders.

FIG. 3. r∞ as functions of dark fine structure constant α0, with different dark matter massmχ and different initial temperature ratio ξini.
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Many studies has been done on the CMB’s constraints on
dark matter annihilation [82,83,159,160]. A recent study
[161] proposes a slightly stronger constraint by using
combined data from Planck [162], BAO [163,164], and
DES [165]. For electron final states and DMmass within 10
to 100 GeV, the limit on hσannvirec=mχ is (for symmetric
DM):

hσannvirec
mχ

≲5×10−28 cm3s−1GeV−1 ð4.26×10−11GeV−3Þ:

ð34Þ

Here we also give the limit in natural units. To illustrate how
strong the CMB limit is, we can consider α0 ¼ 0.01
and mχ ¼ 100 GeV. In this case, hσannvirec

mχ
∼ SðvrecÞ×

10−10 GeV−3. So even for Oð1Þ enhancement factor
SðvrecÞ, this parameter choice cannot avoid CMB constraint.
In the next sectionwewill show that α0 ∼Oð0.1Þ is generally
required to solve the small scale problem. Thus, for sym-
metric DM, it is almost impossible to escape the CMB limit
while explaining small scale data, provided the final state of
DM annihilation is electron.
Different from the symmetric DM, in our ADM case, the

CMB limit should be modified to [95,148,150]

2r∞
ð1þ r∞Þ2

×
hσannvirec

mχ
≲ 5 × 10−28 cm3 s−1GeV−1

ð4.26 × 10−11 GeV−3Þ: ð35Þ

As we mentioned before, the energy injection from DM
annihilation during recombination is reduced hugely by the
small value of r∞. And thus the constraint from CMB to
dark sector parameters become much looser. In Fig. 4 we
present the allowed parameter region with mχ fixed to 100
and 60 GeV, respectively. As we have already shown in the
last subsection, an increasing α0 value lead to r∞ expo-
nential decreasing, and thus larger α0 can more easily
escape from CMB constraint. And for ADM mass within
10 to 100 GeV, α0 ≳ 0.01 is large enough to escape the
CMB limit (even if the final state of DM-anti-DM anni-
hilation is electron). This is also favored by small scale
data.
After the discussion of CMB constraint, we move back

to our scenario with dark radiation.

D. Change of Neff

As we explain before, in our scenario all the entropy in
the dark sector finally goes to nearly massless complex
scalar S1, which is the dark radiation. The presence of dark
radiation will affect the measured value of the effective
number of neutrino species Neff [124]. Neff is defined by
the measured radiative energy density in addition to photon
energy density:

ρr ¼ ργ

�
1þ 7

8

�
Tν

Tγ

�
4

Neff

�
: ð36Þ

Current constraint on Neff from joint Planckþ BAO data
analysis is [166]

FIG. 4. CMB limit on the α0-mγ0 plane withmχ fixed to different values. In this plot we assume that the χ − χ̄ annihilation mainly go to

electron final states. The color indicates the natural logarithmic value of hσannvirecmχ
in units of GeV−3. The point with lnðhσannvirecmχ

Þ > −23.88
(blank region) have been excluded by current data.
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Neff ¼ 2.99þ0.34
−0.33 ð95%Þ: ð37Þ

On the other hand, the SM prediction of Neff is [167]

NSM
eff ¼ 3.045: ð38Þ

Thus there is a room about ΔNeff < 0.29 for the existence
of dark radiation (DR).
In this work we consider an independent dark sector, and

hence Tν=Tγ retain its SM value ð4=11Þ1=3. ThenΔNeff can
be expressed as

ΔNeff ¼
8

7

�
Tν

Tγ

�
−4 ρDR

ργ
¼ 8

7

�
4

11

�
−4=3

�
2

2

��
T 0

Tγ

�
4

¼ 8

7

�
4

11

�
−4=3

�
11.25 × 3.91
106.75 × 2

�
4=3

ξ4ini: ð39Þ

The temperature ratio T 0=Tγ after the second equals sign
should be estimated during the recombination period. Thus
the limit on ΔNeff is transferred to the limit on ξini:

ξini < 0.86: ð40Þ

It should be noted that this up-limit on ξini needs to be
modified when the intensity of the dark Uð1Þ0 phase
transition is large [168]. We will discuss this point in the
gravitational wave section.
The future CMB-S4 experiment will constrain the

deviation from SM to ΔNeff < 0.06 at 95% C.L. [169].
If the initial temperature ratio ξini is not too small, then we
should observe more than ΔNeff at CMB-S4.

E. Dark acoustic oscillations and collisional damping

The presence of dark radiation (DR) cause another
problem which might make our scenario constrained by
current cosmology observations. In our scenario, DM χ and
DR S1 are both charged under the Uð1Þ0, and thus they can
scatter with each other via the dark mediator γ0. This DM-
DR scattering may cause the so-called “dark acoustic
oscillations” (DAO) and the collisional (Silk) damping in
the dark sector [170,171], provided the kinetic equilibrium
between DM and DR lasts long enough. DAO and the
collisional (Silk) damping will modify the initial matter
power spectrum, and then leave imprints on CMB
anisotropy and large scale structure (LSS) [170,171].
Reference [170] propose a parameter ΣDAO as the proxy

of this effect. ΣDAO is related to the scattering cross section
between DM and DR (labeled as σDM-DR) via

σDM-DRðT 0
decÞ

mχ
¼ 1.9 × 10−4

�
ξdec
0.5

��
ΣDAO

10−3

�
cm2

g
; ð41Þ

where T 0
dec is the DM kinetic decoupling temperature.

σDM-DRðT 0
decÞ and ξdec are scattering cross section and

temperature ratio at T 0
dec, respectively. The bound on the

value of ΣDAO is ΣDAO < 10−4.15ð10−3.6Þ for ξdec ¼ 0.5
(0.3) [170].
The kinetic decoupling temperature T 0

dec is determined by

nγ0 hσviDM-DRv
2
DM ≈HðT 0

decÞ: ð42Þ

The left-hand side of the above equation can be
approximated by

nγ0 hσviDM-DRv
2
DM≈

2.4
π2

ðT 0
decÞ3×π

α02ðT 0
decÞ2

m4
γ0

×
T 0
dec

mχ
: ð43Þ

Generally speaking,T 0
dec ismuch smaller thanmγ0 , so herewe

estimate hσviDM-DR by a simple dimensional analysis. On the

other hand,HðT 0
decÞ ≈ 1.66 ðT 0

decÞ2
MPl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ 3.4=ξ4dec

p
. Combined

with Eq. (41) we can induce a bound on the dark sector
coupling strength and spectrum (herewe choose ξdec ¼ 0.5):

α0

m2
γ0

ffiffiffiffiffiffiffiffiffiffiffiffiffi
mχMPl

p ≲ 4.7 × 10−3 GeV−3: ð44Þ

So it can be seen that even for mχ ¼ 10 GeV and
mγ0 ¼ 1 MeV, the bound on α0 is still very loose.

IV. DM SELF-INTERACTION AND
SMALL SCALE STRUCTURE

In this section we investigate under which parameter
settings the elastic scattering cross section between DMs
can be consistent with small-scale observations. Parameters
fmχ ; mγ0 ; α0g are relevant in this section.
The calculation methods of DM scattering cross section

depend on the value of fmχ ; mγ0 ; α0g and the relative
velocity between DMs. Basically, there are four different

regimes. In the Born regime (α
0mχ

mγ0
≪ 1), one can do

perturbative calculation and obtain the analytic formula

directly [38,39,43,172]. In the classical regime (α
0mχ

mγ0
≳ 1

and mχvrel
mγ0

≫ 1), numerical results can be fitted with ana-

lytical functions [38,39,173,174]. In the quantum regime

(α
0mχ

mγ0
≳ 1 and mχvrel

mγ0
≲ 1), the cross section can be estimated

by using the Hulthén approximation [43]. Recently, the

analytic formulas in the semiclassical regime (α
0mχ

mγ0
≳ 1 and

TABLE II. Small scale data we considered to constrain DM
scattering.

System Scattering velocity hvi Required σ̄=mχ

Dwarf galaxy/Galaxy 10–200 km=s 1–50 cm2=g
Galaxy groups 1150 km=s 0.5� 0.2 cm2=g
Galaxy clusters 1900 km=s 0.19� 0.09 cm2=g
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mχvrel
mγ0

≳ 1) are also provided [175], which fills the gap

between the quantum regime and classical regime.
In the literature, momentum transfer cross section σT ≡R
dΩð1 − cos θÞ dσ

dΩ is generally used as the proxy for DM
elastic scattering. However, it is suggested to use viscosity
cross section σV ≡ R

dΩsin2θ dσ
dΩ instead of σT as the proxy.

Because σV is more related to the heat conductivity and
σV is well defined for identical particles [43,175,176].
Reference [175] also suggests to use σ̄ ≡ hσVv3reli=
24

ffiffiffi
π

p
v30 as the velocity averaged cross section, because this

parameter is directly related to the energy transfer. All the
above methods have been implemented in public code
CLASSICS [175], and we will use this code to calculate
the DM elastic scattering cross section in our model.

We list the observations we considered to constrain DM
scattering in Table II. Fitting results for galaxy groups and
clusters come from Ref. [34]. First, we perform a parameter
scan with DM mass fixed to 100, 60, and 30 GeV,
respectively. In the scan we require the calculated averaged
cross section σ̄, at different systems, to be within the ranges
given in Table II. The scan results are present in Fig. 5
(left). It shows that for DM within mass range 10 GeV–
100 GeV, α0 ∼Oð0.1Þ and mγ0 ∼Oð1Þ MeV–Oð10Þ MeV
are favored by small scale structure data. Coupling strength
and mediator mass tend to decrease and increase, respec-
tively, as DM becomes lighter. Furthermore, we choose
three benchmark points to show the dependence of σ̄=mχ on
scattering velocity:

Benchmark point 1∶ mχ ¼ 100 GeV; mγ0 ¼ 3.5 MeV; α0 ¼ 0.15;

Benchmark point 2∶ mχ ¼ 60 GeV; mγ0 ¼ 7 MeV; α0 ¼ 0.1;

Benchmark point 3∶ mχ ¼ 30 GeV; mγ0 ¼ 12 MeV; α0 ¼ 0.05: ð45Þ

In Fig. 5 (right) we present scattering cross section as
functions of hvi for these three benchmark points. It shows
a clear velocity dependence that fits the data.

V. STOCHASTIC GRAVITATIONAL WAVES
SIGNAL FROM THE DARK Uð1Þ0 PHASE

TRANSITION

So for, we have built up a model framework of ADM that
is consistent with all the limits and can solve the small scale
problems at the same time. We also pointed out that our
scenario can be detected indirectly by the future precise

Neff measurement. In this section we discuss another
detection method of this scenario.
Due to the nearly negligible portal between dark sector

and visible sector in the scenario we have chosen in this
work, traditional methods are powerless in detecting this
scenario. But, if the spontaneous breaking of dark Uð1Þ0 is
induced by first order phase transition, then it is possible to
detect the nearly independent dark sector by the stochastic
gravitational wave signal [177–197]. Here we perform a
brief analysis.
The sector related to theMeV scale darkUð1Þ0 symmetry

breaking is generally called the Abelian Higgs model in the

FIG. 5. Left: parameter region consistent with small scale data presented in Table II, with DM mass fixed to different values. Right:
averaged elastic DM scattering cross section as functions of DM scattering velocity for three benchmark points.
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literature [198,199]. Lattice simulation has already shown
that the phase transition of the Abelian Higgs model is first
order, provided the Higgs mass is smaller or much smaller
than gauge boson mass [200,201]. The corresponding
Lagrangian is given by

LUð1Þ0 ¼ −ð∂μS2 þ i2g0A0
μS2Þ†ð∂μS2 þ i2g0A0μS2Þ

−
1

4
F0
μνF0μν þ μ22S

†
2S2 −

λ2
4
ðS†2S2Þ2: ð46Þ

Here we do not need to include χ and S1 because their
masses are far from MeV scale. The Uð1Þ0 charge of S2 has
been fixed to þ2 as we said in Sec. II.
After S2 got VEV, it can be expressed as

S2 ¼
1ffiffiffi
2

p ðvþ s2 þ iaÞ: ð47Þ

Here v≡ 2μ2=
ffiffiffiffiffi
λ2

p
is the VEVof S2 at zero temperature. s2

and a are the scalar and pseudoscalar components of S2,
respectively. In the Rξ gauge, the gauge fixing and ghost
terms are

Lgfþgh ¼ −
1

2
ξ−1ð∂μAμ − ξ2g0vaÞ2

− c̄ð−∂μ∂μ þ ξð2g0Þ2vðvþ s2ÞÞc; ð48Þ

where c is the Grassmann ghost field. Zero temperature
spectrums are given by

m2
s2 ¼

1

2
λ2v2; m2

a ¼ ξð2g0Þ2v2;
m2

c ¼ ξð2g0Þ2v2; m2
γ0 ¼ ð2g0Þ2v2: ð49Þ

At finite temperature, S2 field value ϕ ≠ v, and ϕ
dependent spectrums are

m2
s2ðϕÞ¼

3

4
λ2ϕ

2−μ22; m2
aðϕÞ¼

1

4
λ2ϕ

2−μ22þ ξð2g0Þ2ϕ2;

m2
cðϕÞ¼ ξð2g0Þ2ϕ2; m2

γ0 ðϕÞ¼ ð2g0Þ2ϕ2: ð50Þ

In the rest of this section wewill consider the Landau gauge
(ξ ¼ 0) to decouple ghost fields. fms2 ; mγ0 ; α0g are chosen
as input parameters to induce other relevant parameters.

A. Thermal effective potential

Free energy density of the dark Uð1Þ0 sector is the
thermal effective potential. The thermal effective potential
at temperature3 T can be schematically expressed as

Vðϕ; TÞ ¼ V0ðϕÞ þ V1−loopðϕÞ þ VTðϕ; TÞ þ Vdaisyðϕ; TÞ:
ð51Þ

Here V0 is the tree-level potential, V1−loop is the sum of one-
loop Coleman-Weinberg potential and counterterms, VT is
the thermal correction, and Vdaisy is the correction from
daisy resummation.
The tree-level potential comes from the potential sector

of Lagrangian (46) by replacing S2 by ϕ=
ffiffiffi
2

p
:

V0ðϕÞ ¼ −
1

2
μ22ϕ

2 þ 1

16
λ2ϕ

4: ð52Þ

The V1−loop is composed by one-loop Coleman-
Weinberg potential and counterterms, where the
Coleman-Weinberg potential under the MS renormalization
scheme is [202]:

VCWðϕÞ ¼ 1

64π2

	
m4

s2ðϕÞ
�
ln

�
m2

s2ðϕÞ
Q2

�
−
3

2

�

þm4
aðϕÞ

�
ln

�
m2

aðϕÞ
Q2

�
−
3

2

�

þ 3m4
γ0 ðϕÞ

�
ln

�m2
γ0 ðϕÞ
Q2

�
−
5

6

�

: ð53Þ

Here we need to emphasize that the potential parameter μ22
and λ2 is determined by input physical parameters
fms2 ; mγ0 ; α0g via tree-level relation Eq. (49). Thus, to
prevent physical mass and VEV being shifted by one-loop
correction, counterterms need to be added to obey the
following on-shell conditions:

d
dϕ

ΔV1ðϕÞ
����
ϕ¼v

¼ 0;
d2

dϕ2
ΔV1ðϕÞ

����
ϕ¼v

¼ −ΔΣ; ð54Þ

where ΔΣ≡ Σðm2
s2Þ − Σð0Þ is the difference between

scalar self-energy at different momentums. If all the
involved particles are massive, it is harmless to ignore
ΔΣ in Eq. (54). But Goldstone a in the Landau gauge is
massless, and it causes an infrared (IR) divergence when we
perform on-shell conditions on the Coleman-Weinberg
potential. So we need the IR divergence in ΔΣ to make
all IR divergences from Goldstone cancel out. See [203] for
more detailed discussion. The one-loop correction which
satisfies (54) is [204]:

3In this section, all the temperature labels represent dark sector
temperature by default.
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V1−loopðϕÞ ¼ 1

64π2

�
m4

s2ðϕÞ
�
ln
m2

s2ðϕÞ
m2

s2

−
3

2

�
þ 2m2

s2m
2
s2ðϕÞ

�
þ 3

64π2

�
m4

γ0 ðϕÞ
�
ln
m2

γ0 ðϕÞ
m2

γ0
−
3

2

�
þ 2m2

γ0m
2
γ0 ðϕÞ

�

þ 1

64π2

�
m4

aðϕÞ
�
ln
m2

aðϕÞ
m2

s2

−
3

2

��
: ð55Þ

The thermal correction is [205,206]

VTðϕ; TÞ ¼ T 04

2π2

�
JB

�
m2

s2ðϕÞ
T2

�
þ JB

�
m2

aðϕÞ
T2

�
þ 3JB

�m2
γ0 ðϕÞ
T2

��
: ð56Þ

Here the bosonic thermal function JB is given by

JBðxÞ ¼
Z

∞

0

k2 ln ½1 − exp ð−
ffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þ x

p
Þ�dk: ð57Þ

To avoid the IR divergence when the mass of the boson is much smaller than temperature, daisy resummation needs to be
added for the scalar and longitudinal component of γ0 [207]:

Vdaisyðϕ; TÞ ¼ −
T
12π

nh�
m2

s2ðϕÞ þ Πs2ðTÞ
�3

2 −
�
m2

s2ðϕÞ
�3

2

i
þ
h�

m2
aðϕÞ þ ΠaðTÞ

�3
2 −

�
m2

aðϕÞ
�3

2

i
þ
h�

m2
γ0 ðϕÞ þ Πγ0 ðTÞ

�3
2 −

�
m2

γ0 ðϕÞ
�3

2

io
; ð58Þ

where Πs2ðTÞ ¼ ðλ2=6þ ð2g0Þ2=4ÞT2, ΠaðTÞ ¼ ðλ2=6þ
ð2g0Þ2=4ÞT2, and Πγ0 ðTÞ ¼ ðð2g0Þ2=3ÞT2 are thermal
Debye mass squares.

B. Nucleation temperature

When the temperature is below the critical temperature,
false vacuum transfer to true vacuum via thermal fluc-
tuation.4 The transition rate per unit volume is given by
[208–210]

ΓðTÞ ¼ AðTÞe−SEðTÞ: ð59Þ
Here AðTÞ ¼ ωT4 with ω ∼Oð1Þ, and SEðTÞ is the 4D
Euclidean action. In the case of thermal transition, SEðTÞ
is the ratio between 3D Euclidean action S3ðTÞ and
temperature:

SEðTÞ ¼
S3ðTÞ
T

: ð60Þ

And 3D Euclidean action S3ðTÞ is given by

S3ðTÞ ¼
Z

d3x

�
1

2
ð∇ϕÞ2 þ Vðϕ; TÞ

�
: ð61Þ

Due to the 3D rotation invariance, ϕ only depend on radius
r and thus S3 can be rewritten as

S3ðTÞ ¼ 4π

Z
∞

0

r2dr

�
1

2

�
dϕ
dr

�
2

þ Vðϕ; TÞ
�
: ð62Þ

Minimization condition of S3ðTÞ gives the equation of
motion that ϕ should follow:

d2ϕ
dr2

þ 2

r
dϕ
dr

¼ ∂Vðϕ; TÞ
∂ϕ

: ð63Þ

Adding boundary conditions limr→∞ϕðrÞ¼0 and
dϕ
dr jr¼0

¼0, Eq. (63) can be solved numerically by the
overshoot/undershoot method [211]. In this work we use
public code CosmoTransitions [212] to do the calculation.
Nucleation starts at the temperature where the transition

rate within one Hubble volume approximates the Hubble
rate:

HðTNÞ−3 × ΓðTNÞ ≈HðTNÞ

⇒ AðTNÞe−S3ðTNÞ=TN ≈
�
1.66

T2
N

MPl

�
4

ðg⋆=ξ4 þ g0⋆Þ2

⇒
S3ðTNÞ
TN

≈ 4 ln

�
MPl

TN

�
− 2 lnðg⋆=ξ4 þ g0⋆Þ − 2.027: ð64Þ

4In the case of the dark sector being much colder than the
visible sector, quantum tunneling also needs to be considered.
See Ref. [187] for a detailed discussion.
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Here TN is the nucleation temperature, and we approximate
ω to 1 in the third line. In our model, phase transition in the
dark Uð1Þ0 sector happens around the MeV scale, and the
temperature ratio ξ is generally not much smaller than 1. So
the nucleation temperature TN is approximately determined
by S3ðTNÞ=TN ≈ 196.
In Table III we present three benchmark points we will

study in this section. Initial temperature ratios ξini are all
fixed to 0.7 to be consistent with Neff limit. Nucleation
temperatures are determined by S3ðTNÞ=TN ≈ 196. These
three benchmark points are also consistent with small scale
structure data.

C. Phase transition parameters

After nucleation, bubbles expand rapidly and after a
while collide with each other and generate gravitational
waves (GWs). There are three GW generation mechanisms:
bubble walls collision [213–218], sound waves [219–222],
and magnetohydrodynamic turbulence [223–228]. The
generated gravitational waves stay in the universe and
redshift in wavelength as the universe expands. To obtain
the current spectrum of these phase transition gravitational
waves, first we need to calculate a set of parameters used to
describe the phase transition dynamics: T�, A,

5 A0 (A in
dark sector), β=H�, vw, and κb;s;t. The meaning of these
parameters are given below.
T� is the characteristic temperature of the GW gener-

ation. Generally, T� can be chosen as the percolation
temperature, the temperature at which a large fraction of
the space has been occupied by bubbles [229–231]. But in
the weak or mild supercooling case, using nucleation
temperature TN as T� is also a good approximation. For
the benchmark points we will study in this section, it is fine
to approximate T� by TN because of the mild supercooling.
Strength parameter A is the change in the trace of the

energy-momentum tensor during phase transition divided
by relativistic energy density

A ¼ 1

ρ�

�
ΔV −

T
4

dΔV
dT

�
T¼T�

: ð65Þ

Here ρ� is the relativistic energy density at T�. ΔV is the
difference in free energy density between false vacuum and
true vacuum.
It will be convenient to study dark sector dynamics

if we define another strength parameter A0 by only
considering the relativistic energy density in the dark
sector [187]:

A0 ¼ 1

ρ0�

�
ΔV −

T
4

dΔV
dT

�
T¼T�

¼ ρ�
ρ0�

A: ð66Þ

Here ρ0� is the relativistic energy density in the dark sector
at T�.
β is the inverse of the duration of phase transition. Its

ratio to Hubble expansion rate at T� is given by

β

H�
¼ T�

dSE
dT

����
T¼T�

: ð67Þ

vw is the velocity of the bubble wall. κb;s;t are the
fractions of released vacuum energy that transferred to
scalar-field gradients, sound waves, and turbulence, respec-
tively. Before estimating these parameters, we need to
judge whether the phase transition is “runaway” or “non-
runaway.” To do that, first we calculate the so-called
threshold value of A0, which is labeled as A0

∞ [232]:

A0
∞ ¼ 1

ρ0�

T2�
24

�X
i

ciniΔm2
i

�
: ð68Þ

Here ci ¼ 1ð1=2Þ for bosons (fermions), ni is the number
of degrees of freedom (absolute value), and Δm2

i is the
difference in particle mass square between false vacuum
and true vacuum.
If A0 > A0

∞, the driving pressure will be larger than the
friction from dark plasma and thus the bubble wall will
eventually be accelerated to the maximal value, i.e.,
vw ¼ 1. This is the so-called runaway case. In this case,
fractions κb;s;t are given by [222,233]6

κb ¼ 1 −
A0

∞

A0 ; κs ¼
A0

∞

A0
A0

∞

0.73þ 0.083
ffiffiffiffiffiffiffi
A0

∞
p

þ A0
∞
;

κt ¼ 0.1κs: ð69Þ

If A0 < A0
∞, the bubble wall will eventually reach a

subluminal velocity and this is called nonrunaway phase
transition. In this case we simply choose vw ¼ 0.9 for a fast

TABLE III. Benchmark points we considered for first order
phase transition study.

Benchmark
point

mχ

(GeV)
mγ0

(MeV)
ms2

(MeV) α0 ξini

TN
(MeV)

BP1 100 3.5 1.5 0.15 0.7 1.63
BP2 60 7 2.5 0.1 0.7 1.83
BP3 30 12 3.8 0.05 0.7 3.75

5To avoid confusion with the label of fine structure constant, in
this paper we use A to represent the strength parameter.

6However, it should be noted that, as pointed out in [234], the
ultrarelativistic bubble wall will produce soft gauge bosons and
thus might change the final GWs spectrum. This is still an open
question in the literature.
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and rough estimation of the GWs signal.7 For the nonrun-
away phase transition, the main source of GWs will be
sound waves and the contribution from bubble collision is
negligible. Fractions κb;s;t are approximately given by [232]
(here we use the expression for the highly relativistic
bubble wall as an approximation):

κb ≃ 0; κs ¼
A0

0.73þ 0.083
ffiffiffiffiffi
A0p

þA0 ; κt ¼ 0.1κs:

ð70Þ

In Table IV we present all the phase transition parameters
for the three benchmark points.

D. Gravitational waves

In this subsection we present the calculation of today’s
GWs signal in our model. Formulas used in this subsection
can be found in the literature [218,222,228,242,243].

The total GWs signal is the linear superposition of
spectrums from bubble collisions, sound waves, and
turbulence:

h2ΩGWðfÞ ¼ h2ΩbðfÞ þ h2ΩsðfÞ þ h2ΩtðfÞ: ð71Þ

The three individual contributions can be further divided
into peak amplitudes (Ωpeak

b;s;t) and spectral shape functions
(Sb;s;t):

h2ΩbðfÞ ≃ h2Ωpeak
b Sbðf; fpeakb Þ;

h2ΩsðfÞ ≃ h2Ωpeak
s Ssðf; fpeaks Þ;

h2ΩtðfÞ ≃ h2Ωpeak
t Stðf; fpeakt Þ: ð72Þ

Peak amplitudes are determined by all the phase transition
parameters we obtained before:

h2Ωpeak
b ¼ 1.24 × 10−5

�
heff0
heff�

�
4=3

ðgeff�Þðξ0Þ4
�

0.11vw
0.42þ v2w

��
κbA
1þ A

�
2
�

vw
β=H�

�
2

;

h2Ωpeak
s ¼ 1.97 × 10−6

�
heff0
heff�

�
4=3

ðgeff�Þðξ0Þ4
�

κsA
1þ A

�
2
�

vw
β=H�

�
;

h2Ωpeak
t ¼ 2.49 × 10−4

�
heff0
heff�

�
4=3

ðgeff�Þðξ0Þ4
�

κtA
1þ A

�
3=2

�
vw

β=H�

�
; ð73Þ

where “�” and “0” correspond to GWs producing time and current time, respectively. These formulas look differ-
ent from expressions commonly found in the literature, because we need to recalculate the redshift factor for the
MeV scale dark phase transition [186]. For our benchmark points, the factor inside the above expressions can be
approximated to

�
heff0
heff�

�
4=3

ðgeff�Þðξ0Þ4 ≃
�
58.7
173.2

�
4=3

× 424.0 × ð0.41Þ4 ¼ 2.83: ð74Þ

TABLE IV. Phase transition parameters.

Benchmark point TN (MeV) A A0 A0
∞ β=H� vw κb κs κt

BP1 1.63 3.20 × 10−4 0.0234 0.410 3378.9 0.9 0 0.0305 0.00305
BP2 1.83 1.61 × 10−3 0.117 1.05 784.7 0.9 0 0.134 0.0134
BP3 3.75 1.79 × 10−3 0.131 0.657 2060.8 0.9 0 0.147 0.0147

7The calculation of vw in a concrete model is still quite difficult. See Refs. [235–241] for previous studies.
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Spectral shape functions are given by

Sbðf; fpeakb Þ ¼
�

f

fpeakb

�
2.8
�

3.8

1þ 2.8ðf=fpeakb Þ3.8
�
;

Ssðf; fpeaks Þ ¼
�

f

fpeaks

�
3
�

7

4þ 3ðf=fpeaks Þ2
�
7=2

;

Stðf; fpeakt Þ ¼
�

f

fpeakt

�
3
�

1

1þ ðf=fpeakt Þ

�
11=3 1

1þ 8πf=h�
;

ð75Þ

where

h� ¼
a�
a0

H� ¼ 7.44 × 10−11 Hz

�
geff

1=2
�

heff
1=3
�

��
heff0
3.91

�
1=3

× ξ0

�
T�

1 MeV

�
: ð76Þ

Here 3.91 is the current d.o.f. for entropy in the visible
sector. For the MeV scale dark phase transition in our
model, the value of h� can be approximated to

h� ≃ 2.78 × 10−10 Hz

�
T�

1 MeV

�
: ð77Þ

And peak frequencies are given by

fpeakb ¼ 7.44 × 10−11 Hz

�
geff

1=2
�

heff
1=3
�

��
heff0
3.91

�
1=3

ξ0

�
T�

1 MeV

��
β=H�
vw

��
0.62vw

1.8 − 0.1vw þ v2w

�

≃ 2.78 × 10−10 Hz

�
T�

1 MeV

��
β=H�
vw

��
0.62vw

1.8 − 0.1vw þ v2w

�
; ð78Þ

fpeaks ¼ 8.59 × 10−11 Hz

�
geff

1=2
�

heff
1=3
�

��
heff0
3.91

�
1=3

ξ0

�
T�

1 MeV

��
β=H�
vw

�

≃ 3.21 × 10−10 Hz

�
T�

1 MeV

��
β=H�
vw

�
; ð79Þ

FIG. 6. MeV scale Uð1Þ0 phase transition GWs spectrums for three benchmark points. Gray areas are detection regions of SKA
and LISA.
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fpeakt ¼ 13.0 × 10−11 Hz

�
geff

1=2
�

heff
1=3
�

��
heff0
3.91

�
1=3

ξ0

�
T�

1 MeV

��
β=H�
vw

�

≃ 4.87 × 10−10 Hz

�
T�

1 MeV

��
β=H�
vw

�
: ð80Þ

For our three benchmark points, factor ðβ=H�
vw

Þ ∼Oð1000Þ.
Thus their peak frequencies are around 10−6–10−7 Hz,
which is not favored by either SKA telescope [244] or
space-based LISA interferometer [245]. In Fig. 6 we present
the GWs spectrums of our three benchmark points. As we
expected, these signals are not detectable by the SKA
or LISA.
However, this result depends significantly on our choice

of benchmark point. In order not to change the limit from
Neff we got in Sec. III D, for all the benchmark points we
consider, the strength of the phase transitions are quite
weak (i.e., the value of A and A0 are quite small). If we
increase the intensity of the phase transition and make a
strong supercooling, then the generated GWs signal might
be detected by SKA. The reason is twofold. First, h2ΩGW is
approximately proportional to A2. So increasing A by an
order of magnitude, we can increase h2ΩGW by roughly 2
orders of magnitude. Second, strong supercooling will
decrease the value of factor β=H� and thus make the peak
frequency of h2ΩGW closer to the detection region of SKA.
But due to the vast entropy released in the strong super-
cooling case, the generated DM asymmetry will be diluted
and Neff will be enhanced. So the strong supercooling case
requires a more detailed analysis. We leave it for a future
study.

VI. CONCLUSION

In this work we propose an asymmetry DM model with
massive mediator to explain DM small scale structure data
and to avoid the limit from CMB. In our model, the DM
candidate is a vectorlike fermion charged under a dark
Uð1Þ0, and the mediator is the Uð1Þ0 gauge boson that gain
mass from the spontaneous symmetry breaking. The
asymmetry between DM and anti-DM is generated by
the CP violated and out-of-equilibrium decay of a neutral
heavy fermion. The model is consistent with cosmology
observations like CMB and LLS. The existence of dark
radiation increases the value of Neff , and it makes this
model detectable by the future measurement of Neff .
Finally, the MeV scale Uð1Þ0 symmetry breaking generates
GWs signal with peak frequency around 10−6–10−7 Hz. It
also possible to make the GWs from Uð1Þ0 symmetry
breaking to be detected by SKA, if we consider a strong
supercooling phase transition.
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