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We investigate a cosmological model wherein a waterfall symmetry breaking occurs during the
radiation-dominated era. The model comprises a complex waterfall field, an axion field, and the gauge field
(dark photon) generated through a tachyonic instability due to the Chern-Simons interaction. Prior to
symmetry breaking, the total energy density incorporates a vacuum energy from the waterfall field,
establishing a novel scenario for the early dark energy. Subsequent to the symmetry breaking, the dark
photon dynamically acquires mass via the Higgs mechanism, potentially contributing to the dark matter
abundance. Hence, our model has the potential to simultaneously address the H0 tension and the origin of
dark matter.
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I. INTRODUCTION

Current cosmological observations strongly support
the flat Friedmann-Lemaître-Robertson-Walker (FLRW)
spacetime model, which incorporates cold dark matter
(CDM) and the cosmological constant (Λ), commonly
referred to as the standard ΛCDM model. Despite con-
stituting the predominant matter content in the universe, the
exact identity of dark matter (DM) remains elusive. Various
candidates have emerged, including weakly interacting
massive particles, axionlike dark matter, vector dark matter,
and primordial black holes [1–20]. While the fundamental
nature ofΛ and DM remain an open question in cosmology,
recent advancements in observational precision have
brought to light several tensions in various observations.
Among these, the most prominent is the Hubble tension–a
significant discrepancy (at the 5σ level) between the current
Hubble constant value derived from early universe mea-
surements, assuming the ΛCDM model, and the value
directly measured from local observations [21,22].
Specifically, the SH0ES team has obtained a value ofH0 ¼
73.04� 1.04 km=s=Mpc (68% confidence level) by using
the HST observations of Cepheids and the type-Ia super-
nova data [23]. In contrast, the current Hubble constant
value inferred from Planck data, which relies on acoustic
oscillations in the cosmic microwave background (CMB)
power spectrum and assumes theΛCDMmodel, is reported
as H0 ¼ 67.36� 0.54 km=s=Mpc (68% confidence
level) [24].
The origin of the Hubble tension remained as a big

question for cosmologists. Although various potential

sources of systematic effects have been considered [25–30],
the corresponding errors have not garnered a consensus
among astronomers. Given the simplicity of local mea-
surements of the Hubble constant, many proposed solutions
involve introducing new physics to reconcile the value of
H0 inferred from CMB data. From this perspective, the
tensions may be interpreted as indications of new physics
beyond the framework of ΛCDM [31–39].
One simple idea to increase the value of the Hubble

constant from the CMB data, is to slightly modify the
evolution of the early universe without affecting the late
universe. For an example, the energy density before the last
scattering is increased. This increases the expansion rate of
the universe relative to the ΛCDM case and results in a
lowering of the sound horizon preferred by CMB and BAO
data, bringing them into better agreement with the SH0ES
measurement.1 In fact, it means we are suppressing the size
of the sound horizon, while keeping the peak heights in the
CMB power spectrum and angular scales fixed through
small shifts in other parameters. This is the basic idea
behind early dark energy (EDE) [40–44], a new ingredient
which is added to the standard model.
The energy density of EDE behaves like a cosmological

constant before some critical redshift zc and then it
disappears quickly, like radiation or faster. Therefore, the
maximum contribution of EDE to the total energy density is
at zc so it slightly enhances the expansion rate around that
time. The EDE scenario can be realized by a single scalar
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1Another approach is to decrease the energy density between
now and at the time of decoupling. These approaches are known
as late-time solutions which encounter other serious challenges
(see Ref. [31] and references therein).
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field (e.g., axion) with transitions from a slow-roll phase
(EDE phase) to an oscillating phase (decaying phase)
through a second-order phase transition.
A successful EDE cosmology can be simply parame-

trized by three parameters ffEDE; zc; pg where fEDE is the
ratio of the EDE energy density ρEDE to the total
energy density of universe at zc, ρðzcÞ, and p determines
how quickly EDE component disappears after zc, i.e.,
ρEDEðz < zcÞ ∝ a−p. Using the various dataset including
the SH0ES, Planck, Pantheon, and BAO measurements, it
is found out that cases with a nonzero fEDE and zc typically
taken around the matter-radiation (MR) equality works fine
if the EDE component dilutes like radiation or faster p ⩾ 4.
As an example, for oscillating-field and slow-roll models
for EDE [40], the best-fit χ2 for the triplet f4.4%; 5345; 4g
is reduced by -9 compared to ΛCDM.
Before proceeding, a few points should be addressed.

Currently there is no agreement in the community as to
whether EDE can simultaneously alleviate the Hubble
tension and fit all available datasets. On the one hand,
[42,45–48] have shown that the EDE models reduce theH0

tension. They found fEDE ∼Oð10%Þ and reported a
preference for EDE over ΛCDMwhen analyzing the model
using several dataset combinations. On the other hand,
[49–52] concluded that EDE does not solve the Hubble
tension. Their analysis with various datasets yields an
upper limit of fEDE < 0.06, 0.072, 0.08 at 95% CL.
More specially, [49] pointed out that introducing EDE
results in a higher amplitude of matter density fluctuations
worsening the so-called S8 tension. They showed that
including further large-scale structure probes weakens
the evidence for EDE. On the reason behind this disagree-
ment, the interested reader can find statements in
[46,47,53,54]. However, It is still interesting to study the
ability of the EDE model to reconcile tensions between
various data combinations. This study enables us to
not only investigate current cosmological tensions but
also assess the robustness of the ΛCDM model and current
data.
Although an axion field, with slow-roll and oscillation

phases, is a candidate for the EDE scenario, some points
must be considered. First of all, in order to agree with
observations sensitive to the axionlike field perturbations,
the initial field must be set close enough to the potential
maximum, and the fluctuations must also be small enough.
Second, without fine-tuning of the axion potential the EDE
energy density does not dilute fast enough after the
transition to be in agreement with data. There are new
proposals for EDE scenario which it is claimed that
they can address the fine-tuning issues of the old EDE
model [43,55–59].
In this paper, we propose a new scenario for EDE which

is based on waterfall phase transition [60,61]. Historically,
this mechanism was proposed for ending the inflationary
era where instead of oscillation of inflaton or a first order

phase transition, inflation ends due to a very rapid rolling
(‘waterfall’) of a complex scalar field. This mechanism is a
hybrid of chaotic inflation and the theory of spontaneous
symmetry breaking and then differs both from the slow-
rollover and the first-order inflation.
The waterfall field, which is responsible for the sym-

metry breaking, can be charged under Uð1Þ gauge field
[62,63]. Following that, we referred to the gauge field as
“dark photon”. Here we employ this mechanism during the
radiation-dominated (RD) era for terminating EDE phase.
As expected, there is no need for a contrived elaborate
potential or fine-tuning with respect to the initial condition.
More interestingly, after the waterfall becomes tachyonic at
the end of EDE, rolling rapidly toward its global minimum,
the dark photon acquires mass via the Higgs mechanism
which can contribute to the observed dark matter abun-
dance. Therefore, our model has the potential to alleviate
the H0 tension and address the origin of DM.
The dark photons will play the role of CDM via the

energy abstraction from the waterfall field (EDE compo-
nent). This will affect on the matter density fluctuations and
will modify early Integrated Sachs-Wolfe. It means our
model has the potential to predict nontrivial effects on the
S8 tension. However, without subjecting the model to data
through an MCMC analysis, any assertion in this regard is
not trustworthy. In this paper, we will focus on the
theoretical aspects of the main idea and leave full analysis
including an MCMC simulations and matter density
fluctuations to future works.
The rest of the paper is organized as follows. In Sec. II

we review the setup of waterfall phase transition including
a complex waterfall field, a real scalar field, and a Uð1Þ
gauge field. In Sec. III we implement our model when the
transition happened during RD era and derive evolution of
the real scalar field (axion) and calculate the relic abun-
dance of the gauge field. In Secs. IV, we explore the
parameter spaces of the model to alleviate H0 tension and
to address the origin DM. We end with discussion and
conclusions in Sec. V.

II. THE MODEL

In this section we review our model which is based on
waterfall phase transition. It contains a complex scalar field
ψ (the waterfall field), a real scalar field ϕ (the axion field),
and the dark photon Aμ. This picture is similar to the setup
employed in [64] which studied the generating of dark
photon dark matter from inflationary perturbations. The
action is given by [63,65]

S ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
M2

Pl

2
R −

1

2
ð∂ϕÞ2 − 1

2
jDψ j2 − Vðϕ; jψ jÞ

−
1

4
FμνFμν −

αϕ

4fa
FμνF̃μν

�
; ð2:1Þ
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where MPl ¼ 1=
ffiffiffiffiffiffiffiffiffi
8πG

p
is the reduced Planck mass with G

being the Newton constant and R is the Ricci scalar
associated with the spacetime metric gμν. The complex
waterfall field ψ is charged under the Uð1Þ gauge field Aμ

with the covariant derivative given by

Dμψ ¼ ∂μψ þ ieψ Aμ; ð2:2Þ

where e is the dimensionless gauge coupling between the
dark photon and the waterfall field. The components of the
field strength tensor associated to the gauge field is given
by Fμν ¼ ∂μAν − ∂νAμ and F̃αβ ¼ ηαβμνFμν=ð2 ffiffiffiffiffiffi−gp Þ is its
dual with η0123 ¼ 1. Finally, the axion is coupled to the
dark photons through the Chern-Simons interactions. The
coupling is determined by α=fa in which fa is the axion
decay constant while α is a dimensionless constant.
We assume the scalar potentials depend on the modulus

of the scalar fields. This can be supported by imposing the
axial symmetry. One can decompose the waterfall field into
the radial and angular components, ψ ≡ jψ jeiθ, and exploit
the gauge symmetry to set θ ¼ 0, i.e., going to the unitary
gauge. In this gauge, ψ is practically real, and we use the
notation jψ j≡ ψ afterward. Our model is based on a
Higgs-like symmetry breaking potential as in hybrid
inflation [60,61]:

Vðϕ;ψÞ ¼ λ

4

�
ψ2 −

M2

λ

�
2

þ 1

2
m2ϕ2 þ 1

2
g2ϕ2ψ2; ð2:3Þ

where λ and g are two dimensionless couplings and M is a
mass scales, controlling the mass of the waterfall field. The
symmetry breaking triggers the Higgs mechanism, induc-
ing mass for Aμ.
The overall picture of the dynamics is as follows. Let us

define the critical value of the axion field ϕc via
ϕðzcÞ ¼ ϕc ≡M=g. The dynamics has two stages. At early
stages z > zc, the axion ϕ > ϕc is rolling slowly toward ϕc
while the waterfall field is very heavy, rapidly rolling to its
local minimum ψ ¼ 0. We assume the potential (2.3) is
mainly dominated by its vacuum during this stage so it
provides a period of acceleration expansion, e.g. an infla-
tionary Universe or a period of EDE. This assumption
requires that

M4

4λ
≫

1

2
m2ϕ2 ⟶ M2 ≫

λ

g2
m2: ð2:4Þ

Hence, the total energy density includes a constant con-
tribution from the waterfall field, serving as a form of EDE:

ρEDE ¼ M4

4λ
≡ fEDEρðzcÞ; ð2:5Þ

where fEDE < 1 and ρc denotes the total energy density at
the end of EDE phase. Furthermore, given our intention to

position the EDE phase (which coincides with the end of
symmetry breaking) close to the matter-radiation equality
epoch, zc ∼ zeq, it is necessary to consider the contribution
of matter as well:

ρðzcÞ ¼ 3M2
PlH

2
c ¼

π2

30
g�cT4

c

�
1þ ac

aeq

�
; ð2:6Þ

in whichHc, Tc, and g�;c ≃ 3.363 are the Hubble expansion
rate, the temperature of radiation fluid, and the effective
relativistic degrees of freedom for energy density at zc.
When the axion field reaches ϕ ¼ ϕc, the waterfall field

becomes tachyonic, initiating a rapid roll toward its global
minimum at ψmin ¼ M=

ffiffiffi
λ

p
. Under the assumption of a

significantly heavy waterfall mass, the transition to the
global minimum and symmetry breaking occurs swiftly.
The waterfall mechanism plays two crucial roles. First, it

terminates the period of EDE, similar to the termination of
inflation in conventional hybrid inflation. Second, it indu-
ces mass to the dark photon. Similar to the standard Higgs
mechanism, the gauge field obtains mass through the gauge
coupling e in the following manner:

m2
A ¼

e2M2

λ
; ðat the end of symmetry breakingÞ: ð2:7Þ

However, it is important to note that the dark photon
remains massless during the initial transition and only
becomes massive in the final stage, i.e., after symmetry
breaking. The massive dark photon drags the vacuum
energy from the potential, subsequently assuming the roles
of dark matter, or a significant part of it. Given that the
energy density of dark matter is critically tied to the
induced mass of the dark photon, we define the parameter
R as follows:

R≡m2
A

H2
c
: ð2:8Þ

Parameter R effectively quantifies the mass of the dark
photon relative to the Hubble expansion rate at the moment
of dark photon generation. By combining Eqs. (2.7), (2.8),
and (2.5), we arrive at the following expression:

R ¼ e2ffiffiffi
λ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12fEDE

p MPl

Hc
; ð2:9Þ

which can be very large when considering typical values for
e, λ, and fEDE during RD era.
In addition, after symmetry breaking, a large mass is

induced for the axion via the coupling g2ψ2. We require that
this induced mass is significantly greater than Hc, ensuring
that the axion rapidly oscillates around its minimum at
ϕ ¼ 0 to prevent the generation of a second stage of dark
energy at a later time.
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One interesting prediction of our setup is the production
of cosmic strings at the end of symmetry breaking. This is a
general consequence of Uð1Þ symmetry breaking in early
universe [66–69]. Unlike monopoles and domain walls,
cosmic strings can form at various points in cosmic history,
resulting in intriguing observational effects, such as lens-
ing, the generation of CMB anisotropies, or the production
of stochastic gravitational waves [67]. The tension of the
strings, denoted by μ, is determined by the scale of
symmetry breaking [67]:

μ ∼
M2

λ
: ð2:10Þ

The bounds from CMB anisotropies require thatGμ ≲ 10−7

[70]. In our analysis, we will demonstrate that the cosmic
strings produced in our setup do not approach this upper
bound, and as a result, their effects can be safely neglected.

A. Dark photons production

As previously discussed, the gauge fields are generated
through a tachyonic instability as the axion field undergoes
a rolling phase and dynamically acquires mass via sym-
metry breaking at the end of the phase transition. We will
now provide a brief overview of this process.
We work with a spatially flat FLRW metric,

ds2 ¼ a2ðτÞð−dτ2 þ δijdxidxjÞ; ð2:11Þ

where the scale factor is denoted as aðτÞ, and τ represents
the conformal time, related to cosmic time through the
standard relation dt ¼ aðτÞdτ.
Given the action (2.1), the energy-momentum tensor and

the equation of motion for the gauge field can be repre-
sented as

Tσρ ¼ FσηFρ
η −

1

4
gσρFηδFηδ þm2

A

�
AσAρ −

1

2
gσρAηAη

�
;

ð2:12Þ

∇ρ

�
Fρσ þ

α

fa
ϕF̃ρσ

�
−m2

AAσ ¼ 0: ð2:13Þ

The gauge field lacks a classical background value, hAσi ¼ 0
in our setup. Consequently, the temporal component of
Eq. (2.13) results in

ð∇2 −m2
Aa2ÞA0 ¼ ð∂iAiÞ0; ð2:14Þ

in which a prime denotes the derivative with respect to the
conformal time. As usual, A0 is not dynamical, it is a
constraint and its solution can be imposed at the level of
the action. Taking into account the background Oð3Þ sym-
metry,we can decompose the spatial components of thegauge
field as Ai ¼ ∂iχ þ AT

i , where χ represents the longitudinal
part and AT

i corresponds to the transverse part of the vector
field (∂iAT

i ¼ 0). Substituting this decomposition into
Eq. (2.14), we derive a solution for A0 in favor of the
longitudinal mode χ. As demonstrated in [64], the energy
density contribution of the longitudinal mode is subleading
when compared to the transverse mode. Therefore, in our
subsequent analysis, we focus solely on the two transverse
modes, leading to the following energy density:

ρT ¼ 1

2a4
½ðAT

i
0Þ2 þ ð∂iAT

j Þ2 þm2
Aa2ðAT

i Þ2�; ð2:15Þ

Therefore, the effective action is expressed as

ST ¼ 1

2

Z
d3 x dτ

�
ðAT

i
0Þ2 − ð∂iAT

j Þ2

−m2
Aa2ðAT

i Þ2 þ
αϕ

fa
ϵijkAT

i ∂jA
T
k

�
: ð2:16Þ

To proceed further, we decompose the gauge field perturba-
tions in terms of the creation and annihilation operators ak
and a†k as:

AT
i ðτ;xÞ ¼

X
λ

Z
d3k

ð2πÞ3=2 ε
λ
i ðkÞ½vk;λðτÞak;λ þ vk;λðτÞ�a†−k;λ�eik:x; ½ak;λ; a†k0;λ0 � ¼ δλλ0δðk − k0Þ;

where the time dependence of the gauge field is described by the mode functions vk;λðτÞ. In the above relation, ελi ðkÞ are the
polarization vectors for λ ¼ � which satisfy ελi ðkÞ� ¼ ε−λi ðkÞ ¼ ελi ð−kÞ, kiελi ðkÞ ¼ 0, and also the identity
ϵijlkjελlðkÞ ¼ −iλkελi ðkÞ. (see appendix A of Ref. [71] for more details).
Before symmetry breaking, the gauge field is massless, so the equation for the mode function is as follows

v00k;λ þ
�
k2 −

λα

fa
ϕ0k

�
vk;λ ¼ 0; ðbefore symmetry breaking : z > zcÞ: ð2:17Þ

Note that during the rolling of axion (ϕ0 ≠ 0), the mode functions for different polarizations evolve differently. For ϕ0 < 0,
the negative-helicity modes with k < αjϕ0j=fa experience a tachyonic instability and grow nonperturbatively while the
positive-helicity modes damp exponentially.
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Crucial to our discussion is that at the end of symmetry
breaking, the dark photon becomes massive. Denoting the
mode function of the massive vector field as uk;λ, its
equation of motion reads

u00k;λ þ
�
k2 −

λαϕ0

fa
kþm2

Aa2
�
uk;λ ¼ 0;

ðafter symmetry breaking : z < zcÞ: ð2:18Þ

We are interested in calculating the energy density of the
dark photons after they acquire mass, which, from
Eq. (2.15), is given by

ρðAÞðaÞ ¼ 1

2a4
X
λ

Z
d3k
ð2πÞ3 ½juk;λ

0j2 þ ðk2 þm2
Aa2Þjuk;λj2�:

ð2:19Þ

By imposing the matching condition at the surface of the
phase transition between the twomode functions, uk;λðτcÞ ¼
vk;λðτcÞ and u0k;λðτcÞ ¼ v0k;λðτcÞ, we finally arrive at

ρðAÞðzcÞ¼
1

2a4c

X
λ

Z
d3k
ð2πÞ3 ½jvk;λ

0j2þðk2þm2
Aa2Þjvk;λj2�jτc ;

ð2:20Þ

for the energy density of the gauge field at the end of
symmetry breaking. Equation (2.20) effectively represents
the accumulated energy of dark photons, encompassing
induced mass effects, after the symmetry breaking.
Drawing inspiration from [71], we can represent the

energy density of the generated dark photons using the
following parametrization

ρðAÞðzcÞ≡ C ρcðzcÞ ¼ 3CM2
PlH

2
c; ð2:21Þ

where the parameter C is the fractional energy density of
dark photon and ρc is the total energy density at zc. This
energy dilutes as a−4 or a−3, depending on whether the dark
photon is relativistic or nonrelativistic, respectively.
In Sec. III B, wewill derive an expression for C in term of

the parameters of the model.

B. Constraints on the model

There are two sources of backreaction from dark photons
that must be negligible in order for model to be consistent.
The first is the backreaction on the geometry, and the
second is the backreaction on the dynamics of the axion.
The former condition is that the energy density of dark
photons must be small compared to the total energy density
before symmetry breaking, i.e. ρðAÞc ≪ 3M2

PlH
2
c. This con-

dition is easily satisfied as

C ≪ 1: ð2:22Þ

Second, the contribution of the dark photons to the axion
field equation must be small. The equation of motion for
the axion field is as follows:

ϕ̈þ 3Hϕ̇þ dV
dϕ

¼ α

fa
EiBi; ð2:23Þ

where Ei ¼ −a−2ðA0
i − ∂iA0Þ and Bi ¼ a−2ϵijk∂jAk are the

corresponding electric and magnetic fields of the dark
gauge field. The backreaction condition from the axion
field equation requires

Sϕ ≪ 1; Sϕ ≡
���� αfa

EiBi

3Hϕ̇

����: ð2:24Þ

For the later purposes, it is convenient to express Sϕ for
tachyonic modes associated with the negative-helicity in
terms of the mode functions at the end of symmetry
breaking, as follows

SϕðτcÞ ¼
1

3a4cHcjϕ̇cj
α

fa

Z
k3 dk
2π2

Re½v�k;−v0k;−�τc : ð2:25Þ

The conditions (2.22) and (2.24) must be satisfied for the
model to be consistent. It is important to note that both of
these conditions should always hold during the radiation
era. However, given that the gauge field energy density is
increasing, these two conditions are most stringent at the
end of the EDE phase. Therefore, we will evaluate them at
the redshift zc.

III. WATERFALL PHASE TRANSITION
DURING RD ERA

In this section, we adopt the approach outlined in [64] for
dark photon production through the waterfall mechanism.
However, our analysis differs in that we consider the
radiation-dominated (RD) era, where the relationship
between the scale factor and time is given by

a
ai

¼ τ

τi
¼

�
t
ti

�
1=2

; ð3:1Þ

where τiai ¼ 2ti. Here we have ignored the possible
contribution of matter to the scale factor close to the
matter-radiation equality. In the following sub-sections,
we will study the evolution of the axion field during RD era
and provide an estimate for the relic abundance of the
generated dark photons.

A. Evolution of axion field

Prior to the symmetry breaking, the axion field has a tiny
mass m ≪ H, allowing it to roll down slowly before the
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phase transition. Neglecting the backreaction of the gauge
field on the dynamics of the axion, as indicated in (2.24),
and we verify it below, the solution of (2.23) is given by

ϕðtÞ ¼ t−1=4ðc1J1=4ðmtÞ þ c2Y1=4ðmtÞÞ; ð3:2Þ

where J and Y represent the Bessel functions of the first and
second kinds, respectively. The coefficients c1 and c2 can
be determined through initial or boundary conditions.
Assuming a regular solution as t → 0, we find that
c2 ¼ 0. Introducing the dimensionless parameter x≡mt,
we can approximate the solution in (3.2) as follows

ϕðxÞ ≃ ϕ0

5
ð5 − x2Þ; ð3:3Þ

where ϕ0 ¼ ϕðx ¼ 0Þ is chosen for the initial value of
axion field. To prevent the oscillatory behavior of ϕ until
just before the symmetry breaking, it is necessary that
xc ¼ mtc < 1, where tc is determined by ϕðtcÞ ¼ ϕc. Using
(3.3), we obtain the following relation:

ϕc < ϕ0 < 1.25ϕc; ð3:4Þ

where we have used

xc ¼ mtc ≃

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5

�
1 −

ϕc

ϕ0

�s
: ð3:5Þ

It is worth estimating the e-folding number, denoted as Nc,
which corresponds to the e-folding time interval from ti
(the onset of ϕ rolling) to tc (the trigger time), i.e.,
Nc ≡ lnðac=aiÞ. Utilizing the relation xc ¼ mtiðac=aiÞ2,
we obtain

e2Nc ≃ 2
Hi

m

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5

�
1 −

ϕc

ϕ0

�s
; ð3:6Þ

where Hi is the Hubble expansion rate at ti. In Fig. 1 we
have shown a density plot of Nc in term ofHi=m within the
allowed regime (3.4). Furthermore, there is an upper bound
on Nc as follows. Assuming the EDE phase began after
BBN and concluded before matter-radiation (MR) equilib-
rium, we obtain

Neq − NBBN ≃ ln

�
TBBN

Teq

�
≃ 15: ð3:7Þ

Hence, there exists an upper bound for the number of
e-foldings during the rolling phase of ϕ, which is given by
Nc < 15. We will demonstrate that, for our proposed
model, a value of Nc ∼Oð1Þ is appropriate. The precise
value depends on the couplings λ, g, and α.

B. Relic abundance of dark photons

In the presence of the Chern-Simon coupling term in
action (2.1), the dark photon quanta exhibit tachyonic
instability, which is sourced by the rolling axion field ϕ.
More precisely, before the trigger time, the axion field ϕ
rolls slowly and amplifies one polarization of the dark
photon as described by (2.17). Depending on the value of
the parameter R, the dark photons evolve either like
radiation or matter afterward. The parameter space of
our setup enables us to generate a very massive dark
photon at the end of symmetry breaking.
We will solve the mode function (2.17) for the dark

photon perturbations and calculate the parameter C, as
defined in (2.21). This will allow us to determine ΩA,
representing the relic dark photon energy density as a
component of or the entirety of the dark matter energy
density.
By introducing the variable y ¼ kτ and considering the

negative-helicity case (λ ¼ −1), the mode function given in
Eq. (2.17) can be expressed as follows:

d2vk
dy2

þ
�
1 −

�
y
yc

�
3
�
vk ¼ 0; ð3:8Þ

in which vk ¼ vk;− and

ycðkÞ≡
�
4

5

α

fa
ϕ0

x2i
k4τ4i

�
−1=3

: ð3:9Þ

To solve the equation (3.8), we employ the matching
condition technique. For y ≪ yc, the solution is given by

vð1Þk ðyÞ ¼ e−iyffiffiffiffiffi
2k

p ð3:10Þ

where we have assume Bunch-Davies vacuum as the initial
condition. For y ≫ yc the solution takes the following form

FIG. 1. Density plot for Nc using (3.6). The forbidden regime
located at bottom right is due to Nc < 0.
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vð2Þk ðyÞ ¼ ffiffiffi
y

p �
d1 I1=5

�
2

5

y5=2

y3=2c

�
þ d2K1=5

�
2

5

y5=2

y3=2c

��
;

ð3:11Þ

where I and K are the modified Bessel functions of the first
and second kinds, respectively. The constant coefficients d1
and d2 can be determined using the matching condition. We

require both vð1;2Þk and ∂yv
ð1;2Þ
k to be continuous at yc.

Finally, we arrive at

d1 ¼
ffiffiffiffiffiffiffi
2yc

p

5
ffiffiffi
k

p e−iyc
�
K4=5

�
2

5
yc

�
− iK1=5

�
2

5
yc

��
; ð3:12Þ

d2 ¼
ffiffiffiffiffiffiffi
2yc

p

5
ffiffiffi
k

p e−iyc
�
I−4=5

�
2

5
yc

�
þ iI1=5

�
2

5
yc

��
: ð3:13Þ

The definition of yc in (3.9) can be recast into the following
form

y3c ¼ y−1max y4; ð3:14Þ

ymaxðtÞ≡ 1

5

α

fa
ϕ0

�
m

HðtÞ
�

2

: ð3:15Þ

Utilizing the parametrization mentioned above, the
tachyonic instability condition occurs for y < ymax.
Consequently, based on (2.20) and (2.25), we can express
the energy density of the dark photons and their influence
on the evolution of ϕ as follows

ρðAÞðzcÞ ¼
H4

c

4π2
ðI1ðymaxÞ þ R I2ðymaxÞÞ; ð3:16Þ

Sϕ ¼ 1

6π2

�
α

fa
MPlÞ2

�
Hc

MPl

�
2

I3ðymaxÞ; ð3:17Þ

where R was defined in (2.8) and

I1ðymaxÞ≡
Z

ymax

0

y4dy

����� 1ffiffiffi
τ

p dvð2Þk

dy

����2þ
���� v

ð2Þ
k ffiffiffi
τ

p
����2
�

τc

; ð3:18Þ

I2ðymaxÞ≡
Z

ymax

0

y2dy

���� v
ð2Þ
k ffiffiffi
τ

p
����2
τc

; ð3:19Þ

I3ðymaxÞ≡ 1

ymax

Z
ymax

0

y4dyRe

�
vð2Þ�k ffiffiffi

τ
p 1ffiffiffi

τ
p dvð2Þk

dy

�
τc

: ð3:20Þ

We have plotted I1, I2, and I3 in terms of ymax in the left
panel of Fig. 2.
With (3.16) and the definition in (2.21), we can express

the parameter C as

C ¼ I2ðymaxÞ
12π2

R

�
Hc

MPl

�
2
�
1þ 1

R
I1ðymaxÞ
I2ðymaxÞ

�
; ð3:21Þ

where in the last equality we have used (2.7). As seen in the
right panel of Fig. 2, in the cases R ≫ 104 which we
will show is the case here, one can safely neglect the
second term above for a broad range of ymax and estimate
(3.21) as

C ≃
e2

ffiffiffi
6

p

30π2
ffiffiffi
λ

p
�
fEDE
8%

�
1=2

�
Hc

MPl

�
I2ðymaxÞ; ð3:22Þ

where we have used (2.9).
In the limit ymax ≪ 1, we can use the small argument

limits of Bessel functions and calculate the integral (3.19)
analytically with a good accuracy. In this limit, we obtain

C ≃
y2max

48π2

�
mA

MPl

�
2

¼ y2max

48π2
R

�
Hc

MPl

�
2

: ð3:23Þ

FIG. 2. Left: numerical calculation of (3.18), (3.19), and (3.20). Right: comparison of (3.18) and (3.19) in term of ymax. As seen for a
wide range of ymax, the expression of (3.22) is good enough for the regime of R ≫ 104.
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From (2.9), we observe that RðHc=MPlÞ2 ∝ ðHc=MPlÞ.
Moreover, since during the RD era H ≪ MPl, there is no
room for C ∼Oð1Þ.
In the limit ymax ≫ 1, the integrands exhibit behavior

resembling a delta function centered around ymax=π.
Consequently, within the range 100 < ymax < 700, we
can approximate the integrals (3.18) and (3.20) as follows:

I2ðymaxÞ ≃
y2max

2π4
es ymax ; ð3:24Þ

I3ðymaxÞ ≃
2ymax

π2
I2ðymaxÞ; ð3:25Þ

where s ≃ 0.3. The relative errors with respect to the
original integrals (3.18) and (3.20) are displayed in Fig. 3,
covering the range of interest for ymax.
Knowing the value of C enables us to calculate the relic

dark photon energy density, which may constitute either a
part or the entirety of the dark matter energy density. We are
interested in the parameter space where the dark photon
becomes nonrelativistic immediately after symmetry break-
ing, characterized by R ≫ 1.
Using (2.6) and the conservation of entropy density,

g�sca3cT3
c ¼ g�s0a30T

3
0, we can estimate the Hubble param-

eter at zc to be

�
Hc

MPl

�
2

¼ π2

90
g�c

�
g�sc
g�s0

�
4=3

�
a0
ac

�
4
�
T0

MPl

�
4

≃ 2.84 × 10−112
�
1þ zeq

zc

��
zc

5000

�
4

; ð3:26Þ

where we have considered T0 ≃ 10−13 GeV. Therefore, the
parameter R, defined in (2.9), is given by

R ≃ 5.85 × 1055
e2ffiffiffi
λ

p
�
fEDE
8%

�
1=2

�
1þ zeq

zc

�
−1=2

�
zc

5000

�
−2
:

ð3:27Þ

This means that for typical values for e and λ, parameter R
is very very large in such a way that after the end of EDE
phase, the dark photon becomes massive and it never
experiences relativistic phases. Since the produced dark
photons do not contribute to the radiation components after
their generation, there is no constraint on C from the
relativistic degree of freedom during RD era. We define
the fractional energy density of dark photons at the present
time as:

ΩA ≡ ρðAÞ0

ρ0
¼ ρðAÞ0

Ω−1
m ρm;0

¼ Ωm
ρðAÞðzcÞ
ρðmÞðzcÞ

ð3:28Þ

whereΩm ≡ ρm;0=ρ0 is the fractional density ofmatter today
and ρðmÞðzcÞ is the total energy density of matter at zc. We
can consider that the matter component at that time consists
of two parts: ρðmÞðzcÞ ¼ ρðAÞðzcÞ þ ρðDÞðzcÞ; the nondark
photon part ρðDÞðzcÞ≡DρðzcÞ and the dark photon part
ρðAÞðzcÞ. In this case, the fractional energy density of the dark
photon to the total dark matter is given by:

fA ≡ ΩA

Ωm
¼ C

C þD
: ð3:29Þ

The energy density of dark photons after generation con-
stitutes only a small fraction of the total energy density at that
time. This arises from several factors. Firstly, the vacuum
energy of the waterfall field is dominant in comparison
to the axion’s energy, as assumed in (2.4), although it
remains subdominant when compared with the total energy
density (2.5). Subsequently, the dark photons are generated
as a result of axion’s slow-rolling (before zc) and acquire
mass by extracting vacuum energy from the potential (2.3)
(after zc). Secondly, a portion of the energy is used in the
formation of cosmic strings at the end of the waterfall
symmetry breaking [68,69].2 In essence, if we neglect
possible dissipation and ignore the formation of cosmic

FIG. 3. The relative errors for the estimations of (3.24)–(3.25)
with respect to the (3.19)–(3.20) for large values of ymax. As seen,
in the range of our interest the relative errors are less than 10%.

2The vacuum energy of the waterfall field is indeed released as
the field undergoes symmetry breaking. It is initially transformed
into the kinetic and potential energy of the field itself and its
excitations. It can produce various particles, including scalar and
gauge bosons, which can carry a portion of the released energy.
This is often a nonequilibrium process and can lead to the
production of particles with significant momenta. Cosmic strings
are formed as a result of the symmetry-breaking phase transition.
The energy stored in the gradients and misalignment of the field
configuration in the vicinity of cosmic strings is what contributes
to their energy density. This energy is not directly transferred
from the vacuum energy of the waterfall field but is a conse-
quence of the change in the field’s configuration during the phase
transition.
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strings, the continuity equation for the energy density at zc
implies that ρðAÞðzcÞ ⩽ ρðψ ;ϕÞðzcÞ ≃ fEDE ρðzcÞ. This results
in the following constraint:

C ≲ fEDE: ð3:30Þ

Considering Dþ C ≃ zeq=ðzeq þ zcÞ (see Appendix for
more details), the relation of (3.29) leads to

fA ≲ C
�
1þ zc

zeq

�
: ð3:31Þ

Since our goal is to minimize the modification to the well-
established history of the Universe, we set the location of
MR equality to the well-known value of zeq ≃ 3400.
Depending on the location of the end of symmetry breaking,
dark photons eithermake up a fraction or the entirety of DM.
Inwhat follows,we consider two cases zc ∼ zeq and zc ≫ zeq
and investigate the allowed values for the fraction fA.

(i) zc ∼ zeq: If the waterfall field becomes tachyonic
around the MR equality, an upper limit on the dark
photon fraction within DM can be established,
typically at the order of fA ∼Oð10%Þ. This assumes
that the parameter C ∼Oð5%Þ, a choice made to
have a potential to address the H0 tension. Con-
sequently, referring to equation (A5), it follows that
the generated dark photons cannot account for the
majority of dark matter, as indicated by the nonzero
value of D.

(ii) zc ≫ zeq: The waterfall field becomes tachyonic
well before MR equality. Therefore, if the dark
photon production ends appropriately, which wewill
demonstrate for a wide range of model parameters, it
is possible to model the total present DM using the
dark photons generated during RD. To be precise, by
setting fA ¼ 1, we determine that the symmetry
breaking ends at

zc ¼ zeqðC−1 − 1Þ ≃ zeq
C

∼Oð104Þ; ð3:32Þ

where we have used (3.30). While it is important to
acknowledge that this scenario might not completely
resolve the H0 tension, conducting a comprehensive
Markov Chain Monte Calro (MCMC) simulation is
essential to arrive at a definitive conclusion. None-
theless, there is potential to alleviate the tension at
significantly high redshifts. For instance, as shown
in Ref. [40], a radiationlike EDE cosmology with the
mean value of zc ∼ 104 exhibits a preference relative
to ΛCDM.

In the next section, we will explore the parameter space
of the model to investigate its consistency, to address the
origin of DM, as well as to study its potentials for solving
the Hubble tension.

IV. H0 TENSION AND/OR DARK PHOTON DM

In the preceding section, we investigated the generation
of dark photon arising from the rolling of the axion field.
Following that, we estimated the cumulative energy density
of dark photons once they become massive at the end of the
waterfall symmetry breaking. These dark photons can
provide an explanation for the origin of DM. Importantly,
the use of the waterfall mechanism allows for the termi-
nation of EDE phase without the need for intricate
potentials or fine-tuning. Consequently, this setup has
the potential for a successful EDE phase that could relax
the H0 tension. In this section, our aim is to identify a
parameter space that has the potential to realize the
waterfall symmetry breaking, addressing both the H0

tension and the origin of DM, a fraction of it or its
entirely.
In order to avoid the analytical complexities, we will

investigate the model in a specific parameter space and
study the model at the background level. The effects of
gradient instabilities from the waterfall field, produced
cosmic strings, gauge field fluctuations and axion’s per-
turbations are out of scope of the current work.
For a comprehensive and precise analysis, it is

imperative to take into account two critical aspects.
First, the nonlinear dynamics of the waterfall field at
the end of the symmetry breaking must be carefully
considered. Second, conducting a MCMC simulation is
essential to determine the allowed parameter space accu-
rately. In the following, we intend to overcome these two
challenges.
Spontaneous symmetry breaking is a strongly nonlinear

effect. Perturbative methods are inadequate for describing
the formation of cosmic strings and the interaction of
particles produced by tachyonic instability. Fortunately,
numerical simulations using methods such as lattice sim-
ulations have been employed to address these complexities
(see Ref. [72]). The symmetry breaking phase is accom-
panied by a release of energy. This energy is stored in the
gradients and the vev of the field within and around the
cosmic string. As demonstrated in [68], these instabilities
rapidly convert most of the initial potential energy density
ρEDE into various forms of energy, including the mass of
dark photons, the energy of produced particles, and the
energy associated with field gradients. Considering (2.10),
one can show that

Gμ ≃
3e2

2πλ

fEDE
R

⋘ 1; ð4:1Þ

which totally solves concerns about cosmic string produc-
tion at the end of the EDE phase.
Since the potential energy of the waterfall field is

instantaneously converted into dark photons [59,64] and
cosmic strings [68,69], we can avoid the technicalities of
taking the waterfall field dynamics into account [73,74].
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Based on [68], in order to tachyonic instability and fields
relax near the completion of symmetry breaking, we need
g2 ≫ λ. Additionally, we make the assumption that a
significant portion of the energy is transferred to dark
photons rather than cosmic strings. During the RD era,
cosmic strings are diluted as like radiation. Consequently,
in our scenario, the EDE component also dilutes like
radiation.3

According to Ref. [40], the mean and best-fit parameters
ffEDE; zcg estimated by the MCMC simulation for radia-
tionlike EDE cosmology are given by f2.8%; 13676g and
f4.4%; 5345g, respectively. Although a MCMC search of
the parameter space is imperative to demonstrate the
success of a EDE cosmology, we adopt their best-fit
parameters as reference values for our EDE scenario,
because the cosmological evolution of EDE in our scenario
is almost the same as theirs except for new DM component
after zc. A similar approach was employed in [59], wherein
a dark Higgs is trapped at the origin for a long time, thus
realizing an EDE scenario. We will leave a more compre-
hensive MCMC analysis to future works.
Taking into account the best-fit ffEDE; zcg ¼

f4.4%; 5345g, we subsequently normalize the relations
by dividing by fEDE ¼ 5% and zc ¼ 5000 for convenience.
Therefore, the Hubble parameter Hc, the mass of dark
photons mA, M and ϕc are given by

Hc ≃ 4 × 10−29 eV

�
1þ zeq

zc

�
1=2

�
zc

5000

�
2

ð4:2Þ

mA ≃ 0.3 eV
e

λ1=4

�
fEDE
5%

�
1=4

�
zc

5000

��
1þ zeq

zc

�
1=4

ð4:3Þ

M ≃ 0.3 eV λ1=4
�
fEDE
5%

�
1=4

�
zc

5000

��
1þ zeq

zc

�
1=4

ð4:4Þ

ϕc≃0.3 eV

�
λ1=4

g

��
fEDE
5%

�
1=4

�
zc

5000

��
1þzeq

zc

�
1=4

ð4:5Þ

We are interested in the fractional density of the dark
photon to the dark matter at the present which, combining
(3.26), (3.22), and (3.29), is given by

fA ≃ 10−58 I2ðymaxÞ
e2ffiffiffi
λ

p
�
fEDE
5%

�
1=2

�
1þ zeq

zc

�
1=2

×

�
1þ zc

zeq

��
zc

5000

�
2

: ð4:6Þ

To estimate the backreaction, it is also convenient to rewrite
(3.17) as

Sϕ ≃ 2.7 × 10−59 I3ðymaxÞ
�
α

fa
eV

�
2
�
1þ zeq

zc

��
zc

5000

�
4

:

ð4:7Þ

In Fig. 4, the fractional density of the dark photon and
backreaction on axion field has been plotted as λ1=4 ∼ e. We
have used the best-fit reported by [40] for radiationlike
EDE component and looked for the allowed parameter
space respecting Sϕ < 0.1. We found that the regime
441 < ymax < 446 for axion coupling α=fa ≲ 0.1 eV−1

can make up a non-negligible fraction (up to fA ≲ 0.2)
of the observed DM.
As previously mentioned, for the dark photons to

have the potential to account for the entirety of DM,
the waterfall symmetry breaking must occur at a
higher redshift. According to equation (3.31), a suitable
case is zc ≃ 4 × 104. While this value may not help
resolving the H0 tension, we consider this case in the
subsequent analysis to address the origin of DM. Under
this regime, relations (4.6) and (4.7) can be reformulated
as follows

fA ≃ 4.6 × 10−55 I2ðymaxÞ
e2ffiffiffi
λ

p
�
fEDE
5%

�
1=2

×

�
1þ zc

zeq

��
zc

4 × 104

�
4

; ð4:8Þ

Sϕ ≃ 1.2 × 10−55 I3ðymaxÞ
�
α

fa
eV

�
2
�

zc
4 × 104

�
4

: ð4:9Þ

We have also depicted this region in Fig. 4 and observed
that the parameter range 409 < ymax < 417 by assuming
λ1=4 ∼ e and the axion coupling α=fa ≲ 0.3 eV−1 has the
potential to account for a significant portion of the
observed DM content.
In our calculations, we have identified a significant

dependence of the fractional energy density of the dark
photon fA on the parameter ymax. In addition, the back-
reaction Sϕ depends on both parameters ymax and the
coupling α

fa
. Notably, according to (3.15), we have estab-

lished that ymax is a function of α
fa
, introducing an

interdependence between these key variables. To enhance
the generality and applicability of our findings, it is prudent
to reexamine our calculations in terms of its free param-
eters. This approach allows for a more flexible exploration
of the parameter space and facilitates a clearer under-
standing of the implications of different choices for the free
parameters on the final results. By emphasizing the relation
between ymax and

α
fa
, we can provide a more comprehensive

analysis, ultimately enhancing the robustness of our
model.

3Note that the notation of n ¼ 2 as used in [40] corresponds to
p ¼ 4 in our framework.
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To delve further, we consider the dark photon becomes
massive instantaneously at t ¼ tc and use the definition of
(3.15) to find

ymax ≡ 1

5

α

fa
ϕ0

�
m
Hc

�
2

: ð4:10Þ

Combining with (3.5) and (4.5), we obtain

ymax ¼ 1.2

�
ϕ0

ϕc
− 1

��
α

fa
eV

��
λ1=4

g

�

×

�
fEDE
8%

�
1=4

�
zc

5000

��
1þ zeq

zc

�
1=4

ð4:11Þ

The above parametrization shows that the parameter ymax is
a function of free parameters of the model as
ymaxðϕ0

ϕc
; λ

1=4

g ; α
fa
eVÞ. In addition, from (3.4), we find the

allowed parameter space for the axion field as
0 < ϕ0

ϕc
− 1 < 0.25.

Considering a fixed value for the parameters fEDE; zc,

and zeq, we find free parameters to be α
fa
; λ

1=4

g , and ϕ0

ϕc
. In

Fig. 5, we presented the 3D plots illustrating the behavior

of fAð αfa ; λ
1=4

g Þ concerning different values of ϕ0

ϕc
for two

distinct scenarios: (i) an EDE model aimed at resolving the
H0 tension, and (ii) a dark photon dark matter model
targeting the origin of DM. Initial observations, without
conducting an MCMC search across the parameter space,
suggest that our current framework may not simultaneously
address both the H0 tension and the complete origin
of DM. At this stage, a more comprehensive assessment
through an MCMC analysis is deferred to future studies.
This thorough exploration of the parameter space is crucial
to ascertain the model’s capacity to reconcile both cosmo-
logical challenges (H0 tension and the origin of DM)
simultaneously.

FIG. 4. We have plotted the fractional density of the dark photon fA and its backreaction on axion field Sϕ (4.7) in terms of ymax. It was
assumed λ1=4 ∼ e to calculate fA. We fixed zeq ¼ 3400 while looking for the small backreaction regime, i.e. Sϕ < 0.1. (Left plots:
zc ¼ 5000). We are interested in the range 441 < ymax < 446 for axion coupling ðα=faÞ eV≲ 0.1where it has the potential to propose a
successful EDE cosmology and makes a portion of DM 0.05 < fA ⩽ 0.2. (Right plots: zc ¼ 4 × 104). The axion coupling ðα=faÞ eV ≲
0.3 for the range 409 < ymax < 417 can lead to DM is generated significantly 0.1 < fA ⩽ 1.
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V. SUMMARY AND DISCUSSION

Within the standard model of cosmology, significant
attention has been directed toward two pivotal questions:
the H0 tension and the origin of dark matter component. In
this paper we have proposed a novel scenario in which the
existence of a waterfall symmetry breaking during the
radiation-dominated era has the potential to address these
two issues. The model comprises a complex waterfall field,
an axion field, and the gauge field (dark photon). Before
symmetry breaking, the waterfall field contributes to the
total energy density with a constant term, establishing a
novel scenario for the EDE proposal. Meanwhile, dark
photon are generated nonperturbatively due to the
tachyonic instability coming from the Chern-Simons inter-
action with the axion field.
When the axion field reaches the given critical value, the

waterfall field becomes tachyonic, initiating a rapid roll
toward its global minimum. Under the assumption of a very
heavy waterfall mass, the transition to the global minimum
and symmetry breaking occurs promptly. More interest-
ingly, after the waterfall becomes tachyonic at the end of

EDE, the dark photon acquires mass contributing to the
dark matter abundance.
The breaking of the symmetry is accompanied by the

release of energy into various components, including the
mass of dark photons and the generated cosmic string.
We have assumed that a significant portion of the energy is
transferred to dark photons. During the RD era, the
cosmic string energy density is diluted as like radiation.
Consequently, in our scenario, the remnant EDE compo-
nent dilutes like radiation. Therefore, we have safely
adopted the best-fit parameters of [40] for a successful
radiationlike EDE scenario.
We have identified a parameter space where the Hubble

tension might be alleviated by our scenario after doing a
MCMC analysis, and a parameter space where the dark
photons elucidate a substantial portion of the observed DM.
Additionally, we have delineated a parameter space in
which dark photons constitute the entirety of the
observed DM.
While our semi-analytical analysis highlights the model’s

potential to address each issue separately, it becomes evident
that our current setup has not the potential to resolve them
simultaneously. Conducting a comprehensive lattice simu-
lation and a series of MCMC runs is crucial for a more
nuanced understanding.We defer these simulations to future
studies, aspiring to explore a broader parameter space that
encompasses the complexity of the symmetry-breaking
mechanism.
Contemplating the core concept of this work, one might

consider the simplest approach to tackle both the Hubble
tension and the origin of DM concurrently: employing
double waterfall fields. The initial symmetry breaking takes
place at a very high redshift, followed by a secondary
waterfall transition closer to MR equality. This setup
necessitates a larger parameter space. The current version
involves an 8-dimensional parameter space. Requiring zeq to
remain fixed, the free parameters encompass4�

e; λ; m; g;ϕ0;
α

fa
; fEDE; zc

	
: ð5:1Þ

We acknowledge that our model’s inclusion of 6 additional
parameters, compared to previous EDE models, presents a
downside in certain aspects. However, the dynamic and
natural setup remains an appealing aspect of our idea. While
simplicity, often embodied in models with fewer parameters,
tends to offer elegance and ease of interpretation, the
complexity inherent in models with more parameters can
often capture the subtleties and complexities of a phenome-
non more comprehensively. The nonlinear dynamics of
symmetry breaking within our model render it notably rich,
demanding further exploration.

FIG. 5. 3D plots for fAð αfa ; λ
1=4

g Þ for various values ϕ0

ϕc
for two

scenarios: Top: a successful EDE model to alleviate H0 tension,
and Bottom: a dark photon dark matter model to address the
origin of DM.

4Having zc identifies Hc and combining with λ and fEDE, one
can fix M.
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In general, EDE scenarios exacerbates the so-called S8
tension. The reason is that when the model is confronted
with the data (via an MCMC analysis), the physical DM
density is increased to overcome the induced early ISW
effect from the energy injection. In our proposal, the
generation of dark photons during symmetry breaking
indicates the importance of doing MCMC analysis and
considering the effects of perturbations of the involving
fields for further investigations. More interestingly, our
setup has the potential to study in the context of the matter-
dominated era. First of all, changes to the sound horizon
due to the energy injection would be most sensitive
between matter-radiation equality and recombination.
Second, the generated dark photons becomes massive
via the interaction with EDE component (waterfall field).
It could be considered as a novel scenario for the interaction
of between dark matter and dark energy. They would be our
motivations to investigate this model with more details in
future studies.
The proposed model unveils numerous intriguing ave-

nues for the early Universe. Among the foremost inquiries
are the origins of the waterfall and axion fields. In the
context of the standard model, one can assume that these
fields were emerged during the reheating process alongside
particles. The fate of the axion field is also important,
potentially influencing late-time dynamics. Furthermore,
cosmic strings may exert an impact on subsequent structure
formation. Additionally, the setup harbors the potential to
generate gravitational waves falling within the sensitivity
ranges of the current and upcoming GW observatories. We
intend to explore these aspects further in future works.
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APPENDIX: UPPER BOUND ON THE
PARAMETER C

At the end of EDE, we have

ρðrÞðacÞ ¼ ρðrÞeq

�
ac
aeq

�
−4
; ðA1Þ

ρðmÞðacÞ ¼ ρðmÞ
eq

�
ac
aeq

�
−3
: ðA2Þ

Considering ρðmÞ
eq ¼ ρðrÞeq , we find

ρðmÞðacÞ ¼ ρðrÞðacÞ
ac
aeq

: ðA3Þ

Now we consider that after the EDE phase the total energy
of Universe comes from radiation and matter,

ρðacÞ ¼
π2

30
g�cT4

c

�
1þ ac

aeq

�
: ðA4Þ

We also assume the matter component includes two parts:
nondark photon part ρðBÞðacÞ ¼ DρðacÞ and dark photon
ρðAÞðacÞ ¼ CρðacÞ. Hence we arrive at

Dþ C ¼ ac
ac þ aeq

: ðA5Þ

As an example, for zeq ≃ 3400 and zc ≃ 5000, it implies that
at zc, the matter components make up approximately 40%
of the total energy density, allowing for a model with
minimal deviation from ΛCDM cosmology.
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