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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 H, tension and the origin of

dark matter.
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I. INTRODUCTION

Current cosmological observations strongly support
the flat Friedmann-Lemaitre-Robertson-Walker (FLRW)
spacetime model, which incorporates cold dark matter
(CDM) and the cosmological constant (A), commonly
referred to as the standard ACDM 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 of A 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 5o level) between the current
Hubble constant value derived from early universe mea-
surements, assuming the ACDM model, and the value
directly measured from local observations [21,22].
Specifically, the SHOES team has obtained a value of Hy =
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 the ACDM model, is reported
as Hy=673640.54 km/s/Mpc (68% confidence
level) [24].

The origin of the Hubble tension remained as a big
question for cosmologists. Although various potential
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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
H, inferred from CMB data. From this perspective, the
tensions may be interpreted as indications of new physics
beyond the framework of ACDM [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 ACDM case and results in a
lowering of the sound horizon preferred by CMB and BAO
data, bringing them into better agreement with the SHOES
measurement." 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 z. and then it
disappears quickly, like radiation or faster. Therefore, the
maximum contribution of EDE to the total energy density is
at z.. so it slightly enhances the expansion rate around that
time. The EDE scenario can be realized by a single scalar

' Another 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 { fgpg, z., p} Where fgpg is the
ratio of the EDE energy density pgpg to the total
energy density of universe at z., p(z.), and p determines
how quickly EDE component disappears after z,., i.e.,
pepE(Z < 7.) o a”P. Using the various dataset including
the SHOES, Planck, Pantheon, and BAO measurements, it
is found out that cases with a nonzero frpg and z,. 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 * for the triplet {4.4%, 5345,4}
is reduced by -9 compared to ACDM.

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 the H,
tension. They found fgpg~ O(10%) and reported a
preference for EDE over ACDM when 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 fgpg < 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 Sg 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 ACDM 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 U(1) 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 H, 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
Sg 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 U(1)
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 H, 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
y (the waterfall field), a real scalar field ¢ (the axion field),
and the dark photon A,,. 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]

M 1 1
S= /d“x\/:g [T”R -5 (09)* — 3 Dy > = V(. lyl)

1 agp
—_F Fw _
4" 4f,

FWF””} , (2.1)
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where Mp; = 1/+/87G is the reduced Planck mass with G
being the Newton constant and R is the Ricci scalar
associated with the spacetime metric g,,. The complex
waterfall field y is charged under the U(1) gauge field A,
with the covariant derivative given by
Dy =0y +ieyA, (2.2)
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 F,, =9,A, —9,A, and FP = yobw g w/ (24/=9) is its
dual with #°'% = 1. Finally, the axion is coupled to the
dark photons through the Chern-Simons interactions. The
coupling is determined by a/f, in which f, is the axion
decay constant while a 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, y = |y|e?, and exploit
the gauge symmetry to set @ = 0, i.e., going to the unitary
gauge. In this gauge, y is practically real, and we use the
notation || =y afterward. Our model is based on a
Higgs-like symmetry breaking potential as in hybrid
inflation [60,61]:

_ A M?\? LSRN SRR
Vo) =5 (v =20) 1 pme e, @)
where 4 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 A,.

The overall picture of the dynamics is as follows. Let us
define the critical value of the axion field ¢, via
¢(z.) = ¢p. = M/g. The dynamics has two stages. At early
stages z > 7., the axion ¢ > ¢, is rolling slowly toward ¢,
while the waterfall field is very heavy, rapidly rolling to its
local minimum yw = 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

(2.4)

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

M4
PeDE = 5 = fEDEP(ZC)S (2.5)
42
where fgpg < 1 and p, 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, z, ~ zqq, it is necessary to consider the contribution
of matter as well:

2
plz) = 3MpH: = ﬂ—g*cTi‘-(l + &) (2.6)
30 Aeq

inwhich H., T,, and g, . ~ 3.363 are the Hubble expansion
rate, the temperature of radiation fluid, and the effective
relativistic degrees of freedom for energy density at z,.

When the axion field reaches ¢ = ¢,., the waterfall field
becomes tachyonic, initiating a rapid roll toward its global
minimum at y,,;, = M/+/A. 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:

,  e*M?
my = s
A

(at the end of symmetry breaking). (2.7)

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:

_m

R=-4.
H;

(2.8)

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 Eqgs. (2.7), (2.8),
and (2.5), we arrive at the following expression:

e2 Mp]
R="2_\/12f s 0t
ﬂ fEDE Hc

which can be very large when considering typical values for
e, A, and fgpg during RD era.

In addition, after symmetry breaking, a large mass is
induced for the axion via the coupling g?y>. We require that
this induced mass is significantly greater than H ., ensuring
that the axion rapidly oscillates around its minimum at
¢ = 0 to prevent the generation of a second stage of dark
energy at a later time.

(2.9)
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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 U(1) 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 g, is determined by the scale of
symmetry breaking [67]:

M2
po~—.

: (2.10)

The bounds from CMB anisotropies require that Gu < 1077
[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,

ds? = a(7)(—d* + 5;;dx'dx/), (2.11)
where the scale factor is denoted as a(z), and 7 represents
the conformal time, related to cosmic time through the
standard relation d¢ = a(z)dz.

Given the action (2.1), the energy-momentum tensor and
the equation of motion for the gauge field can be repre-
sented as

T,

p:F Fn

1 1
ont'p T Zgo‘meiFn& + mi <A0‘AP - EggpAqAn> s

(2.12)
J

Al(z,x)

Z/ EE el(k MNvka(t)ag, + Uk,a(f)*aik,g]eik'xv

v( fa¢ >—m§AU:O. (2.13)

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

(V2 —m2a®)A, = (9;A;), (2.14)
in which a prime denotes the derivative with respect to the
conformal time. As usual, Ay is not dynamical, it is a
constraint and its solution can be imposed at the level of
the action. Taking into account the background O(3) sym-
metry, we can decompose the spatial components of the gauge
field as A; = d;y + AT, where y represents the longitudinal
part and AT corresponds to the transverse part of the vector
field (o, AT 0). Substituting this decomposition into
Eq. (2.14), we derive a solution for A, in favor of the
longitudinal mode y. 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:

1

S lAr)?

pr = +(0A])? + mya*(A])?],  (2.15)

Therefore, the effective action is expressed as

1
ST = E/d3 xdr |:(AITI)2 — (G,AJT)z

a¢
fa

- @ (AT +

exAT0; AT} (2.16)

To proceed further, we decompose the gauge field perturba-
tions in terms of the creation and annihilation operators ay

and a; as:

[ak,b k’ /1'] - 5/1/1’5(1( k/)

where the time dependence of the gauge field is described by the mode functions v, (7). In the above relation, £/ (k) are the

polarization vectors for A= 4 which satisfy &(k)*
eijekjey (k) =

= ei*(k) = ef(-k). kiej(k) =0,
—ilke}(K). (see appendix A of Ref. [71] for more details).

and also the identity

Before symmetry breaking, the gauge field is massless, so the equation for the mode function is as follows

A
vyt <k2 - f—afﬁlk) v, =0,
a

(before symmetry breaking : z > z,.).

(2.17)

Note that during the rolling of axion (¢’ # 0), the mode functions for different polarizations evolve differently. For ¢’ < 0,
the negative-helicity modes with k < a|¢’|/f, 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 uy,, its
equation of motion reads

Aagy
uy , + <k2 - 7 k+ m%a2> ug, =0,

(after symmetry breaking : z < z.).  (2.18)
We are interested in calculating the energy density of the
dark photons after they acquire mass, which, from
Eq. (2.15), is given by

1 d*k
p@) = 53 [ Gy s P+ 2 4 .
A
(2.19)

By imposing the matching condition at the surface of the
phase transition between the two mode functions, u; ;(z,.) =
vy (7.) and u ,(7.) = v} ,(7.), we finally arrive at

1 &k
A) () ) — 2L (K2 mla? 2
P =553 [ sl P+ e
(2.20)

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

/)(A)(Zc) =Cp.(z.) = 3CM12>IH%’ (2.21)

where the parameter C is the fractional energy density of
dark photon and p,. is the total energy density at z.. This
energy dilutes as a=* or a3, depending on whether the dark
photon is relativistic or nonrelativistic, respectively.

In Sec. I1I B, we will 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. p*) < 3M3 H?. This con-
dition is easily satisfied as

Cx 1. (2.22)
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:

. . dV o«
3H$p + — = —E,B,,
D+3HD+ = BB,
where E; = —a™?(A} — 0,A¢) and B; = a™2€;j;0,A; are the
corresponding electric and magnetic fields of the dark
gauge field. The backreaction condition from the axion
field equation requires

(2.23)

o EB;
fa3H

Sp<1; Sy = . (2.24)

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

1 a/PM
= _ Relv* o/ .
st ) 2 Rkt

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 z,.

SdJ(Tc)

(2.25)

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

(3.1)

where 7;a; = 2t;. 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

123526-5
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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

¢(1) = 174 (e 11 ja(mr) + Y1 a(mr)),  (3.2)
where J and Y represent the Bessel functions of the first and
second kinds, respectively. The coefficients c¢; and ¢, can
be determined through initial or boundary conditions.
Assuming a regular solution as ¢t — 0, we find that

¢y = 0. Introducing the dimensionless parameter x = mt,
we can approximate the solution in (3.2) as follows

b =252,

E (3.3)

where ¢y = ¢(x = 0) is chosen for the initial value of
axion field. To prevent the oscillatory behavior of ¢ until
just before the symmetry breaking, it is necessary that
x. = mt, < 1, where 7. is determined by ¢(z,.) = ¢.. Using
(3.3), we obtain the following relation:

b < o < 1.25¢,, (3.4)

where we have used

X, = mt, ~ 5(1—2;).

It is worth estimating the e-folding number, denoted as N,
which corresponds to the e-folding time interval from ¢;
(the onset of ¢ rolling) to 7. (the trigger time), i.e.,
N, =In(a./a;). Utilizing the relation x. = mt;(a./a;)?,
we obtain

(3.5)

H, .
eNe vt 5(1 —ﬂ), (3.6)
m

b

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

T
Neg — Ny = 1In (g) ~15. (3.7)

€q

Hence, there exists an upper bound for the number of
e-foldings during the rolling phase of ¢, which is given by
N. < 15. We will demonstrate that, for our proposed
model, a value of N.~ O(1) is appropriate. The precise
value depends on the couplings 4, g, and a.

logyo(H;/m)

0.80 0.85 0.90 0.95 1.00

¢c/¢0

FIG. 1. Density plot for N, using (3.6). The forbidden regime
located at bottom right is due to N, < 0.

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 ¢.
More precisely, before the trigger time, the axion field ¢
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 €,
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 = kz and considering the
negative-helicity case (4 = —1), the mode function given in

Eq. (2.17) can be expressed as follows:

d?v, )3
— 1—-1= =0, 3.8
o " [ <y> ]Uk (338)
in which v; = v, _ and
4 «a X2 \-1/3
k=|=-—¢y—=5 3.
yc( ) <5fa ¢O k47.'?> ( 9)

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

(3.10)

where we have assume Bunch-Davies vacuum as the initial
condition. For y > y, the solution takes the following form
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2 2)’5/2 2)’5/2
UI(( )(}’) = ﬁ(dl 15 <5y3/2 +dy Kyys 5y3/2 ’
(3.11)

where [ and K are the modified Bessel functions of the first
and second kinds, respectively. The constant coefficients d;

and d, can be determined using the matching condition. We

require both v,(cl‘z) and ayvﬁj'z)

Finally, we arrive at

=g (fs(5r) s (5 o

VI 2 2
dy = Sk Las\5ye ) +ilys{5ye) |- (3.13)

The definition of y,. in (3.9) can be recast into the following
form

to be continuous at y,.

Yo = Y Y (3.14)

o =570(i757)

Utilizing the parametrization mentioned above, the
tachyonic instability condition occurs for y < ypa
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 ¢ as follows

(3.15)

p<A> (ZC) = ( ()’max) + RIZ(ymax))

i

(3.16)

> I’i(ymax) (317)

10120

1070

1020

" "
0.100 1 10 100 1000

where R was defined in (2.8) and

ymax
Il(ymax)E/) y4d (

( )|2
7

1 dvk

VTody

) . (3.18)

VITI\X ( )
12<ymax) EA y d \;— (319)
. (2)% e
1 ylﬂdx 1
I =— yHdyRe |k =k 3.20
3(yrnax) max[) C|:\/_ \/— d :| ( )

We have plotted I, I,, and I3 in terms of y,,. in the left
panel of Fig. 2.

With (3.16) and the definition in (2.21), we can express
the parameter C as

(i)
R(—- 1+
Mp

where in the last equality we have used (2.7). As seen in the
right panel of Fig. 2, in the cases R > 10* which we
will show is the case here, one can safely neglect the

second term above for a broad range of y,,,, and estimate
(3.21) as

C~ ez\/6 <fEDE)1/2<HC>I ( )
—3077:2\/;1 3% MPI 2(Vmax)>

where we have used (2.9).
In the limit y,,, << 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

2 2 2 2
Ymax my Ymax Hc
Cx~ — | = R . 3.23
4872 (Mpl> 4872 <Mp,> (323)

C = IZ(ymax)

11 (Ymax)
1222 _14)’ 321)

RIZ(ymax)

(3.22)

104 -

1075 -

2 L n 2 L 2 2

0.001 0.010 0.100 1 10 100 1000

ymax

FIG. 2. Left: numerical calculation of (3.18), (3.19), and (3.20). Right: comparison of (3.18) and (3.19) in term of y,,,. As seen for a
wide range of y,.., the expression of (3.22) is good enough for the regime of R > 10*.
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8 T T T T

Error(%)

1 1 1 1
400 410 420 430 440 450

ymax

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 y,... As seen,
in the range of our interest the relative errors are less than 10%.

From (2.9), we observe that R(H./Mp)?* « (H./Mp,).
Moreover, since during the RD era H << Mp,, there is no
room for C ~ O(1).

In the limit y.,, > 1, the integrands exhibit behavior
resembling a delta function centered around y../7.
Consequently, within the range 100 < y,.. < 700, we
can approximate the integrals (3.18) and (3.20) as follows:

2
Y
() 2 0 0, (3.24)
2Ymax
13(ymax): 2 IZ(ymax)v (325)

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 y,..

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,
Gusc@d T3 = g.50a3Ts, we can estimate the Hubble param-
eter at z. to be

Hc 2_”2 Yxsc 4/3 do 4 TO 4

<Mp1) B <9—0> (a_) <M_p1)

:2.84x10—”2<1+zﬂ)< L )4, (3.26)
2. ) \5000

where we have considered Ty ~ 10~!3 GeV. Therefore, the
parameter R, defined in (2.9), is given by

2 12 2\ 12 7.\ -2

R~585x 1055 (/E0E | 42 L ) 7
58510 ﬂ<8% . 5000

(3.27)

This means that for typical values for e and A, 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:

A A
N Y. SN Ll NP
po Qulpmo T p™(ze

where Q. = p., 0/po is the fractional density of matter today
and p(™(z,) is the total energy density of matter at z,. We
can consider that the matter component at that time consists
of two parts: p™ (z.) = p™(z.) + pP)(z.); the nondark
photon part p®)(z,) = Dp(z,) and the dark photon part
p*)(z.). Inthis case, the fractional energy density of the dark
photon to the total dark matter is given by:

fA—Qm_C+D' (3.29)
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 z.) and acquire
mass by extracting vacuum energy from the potential (2.3)
(after z.). Secondly, a portion of the energy is used in the
formation of cosmic strings at the end of the waterfall
symmetry breaking [68,69].% In essence, if we neglect
possible dissipation and ignore the formation of cosmic

*The 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 z,
implies that p'®) (z.) < pW¥)(z) = fepg p(zc). This results
in the following constraint:

C < fepE- (3.30)

Considering D + C =~ 7¢q/(2eq +2.) (see Appendix for
more details), the relation of (3.29) leads to

fA§C<1+Z—°>.

Zeq

(3.31)

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 z., =~ 3400.
Depending on the location of the end of symmetry breaking,
dark photons either make up a fraction or the entirety of DM.
In what follows, we consider two cases z, ~ Zeq and z, >> z¢q
and investigate the allowed values for the fraction f,.

(1) ze ~ 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 f, ~ O(10%). This assumes
that the parameter C ~ O(5%), a choice made to
have a potential to address the H, tension. Con-
sequently, referring to equation (AS5), it follows that
the generated dark photons cannot account for the
majority of dark matter, as indicated by the nonzero
value of D.

(ii) zo > zeq: The waterfall field becomes tachyonic
well before MR equality. Therefore, if the dark
photon production ends appropriately, which we will
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 f, = 1, we determine that the symmetry
breaking ends at

4
e = Zeq<c_1 -1 ="t~

S~ o(101)

(3.32)

where we have used (3.30). While it is important to
acknowledge that this scenario might not completely
resolve the H, 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 z, ~ 10* exhibits a preference relative
to ACDM.

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. H, 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 H, 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 H,
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
pPepE 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

(4.1)

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
g* > A. 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.’

According to Ref. [40], the mean and best-fit parameters
{fEDE, 2¢} estimated by the MCMC simulation for radia-
tionlike EDE cosmology are given by {2.8%, 13676} and
{4.4%, 5345}, 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 z.. 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 {fgpg, 2.} =
{4.4%, 5345}, we subsequently normalize the relations
by dividing by fgpg = 5% and z. = 5000 for convenience.
Therefore, the Hubble parameter H., the mass of dark
photons m,, M and ¢, are given by

Homax10® evi142) (2 ) 4o
e =aX Vit+2) \s000) ©*2

€ EDE Zc Zeq 1/4
203 eV— | 42 43
e (5% ) (5000) ( * zc> (43)

14/ 2.\ 1/4
M ~03 eV Al/4 fepE ¢ 1+ 4.4
¢ < 5% 5000) ' T2, (44)

21/4 EDE 14/ - z 1/4
~0.3eV ¢ 14 4.5
w03y () (52) " (550) (1) e

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

1/2 7.\ 1/2
~ 107 OE 14+
f Z(ymax) ﬂ ( 39 + Ze
w14 ()
Zeq) \5000)

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

(4.6)

3Note that the notation of = 2 as used in [40] corresponds to
p =4 in our framework.

Sp~2.7 %107 I3(Ypax) Lev ’ |4l (L 4.
w7 = ) \5000

(4.7)

In Fig. 4, the fractional density of the dark photon and
backreaction on axion field has been plotted as A'/* ~ e. We
have used the best-fit reported by [40] for radiationlike
EDE component and looked for the allowed parameter
space respecting Sj, < 0.1. We found that the regime
441 <y < 446 for axion coupling a/f, <0.1 eV™!
can make up a non-negligible fraction (up to f, <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 z.~4 x 10*. While this value may not help
resolving the H| 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

~ 55 fEDE
fA—46X10 12(ymax /1<5%>

X <1 + Zeq) <4 = 104> (4.8)

5,212 %105 (v (Lev ) (—2)" (9)
¢ = 1 3 Vmax ] 4X104 . .

We have also depicted this region in Fig. 4 and observed
that the parameter range 409 < y,..x < 417 by assuming
/% ~ e and the axion coupling a/f, < 0.3 eV~! 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 f, on the parameter y,,.. In addition, the back-
reaction S, depends on both parameters y, and the

coupling fﬂ Notably, according to (3.15), we have estab-

lished that yn, is a function of £, 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 y,,,, and fi we can provide a more comprehensive
analysis,
model.

ultimately enhancing the robustness of our
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FIG.4. We have plotted the fractional density of the dark photon f4 and its backreaction on axion field S (4.7) in terms of Y. It was

assumed A!/4

~ e to calculate f,. We fixed z.q = 3400 while looking for the small backreaction regime, i.e. S, < 0.1. (Left plots:

Ze = 5000). We are interested in the range 441 < y,,,, < 446 for axion coupling («/f,) eV < 0.1 where it has the potential to propose a
successful EDE cosmology and makes a portion of DM 0.05 < f, < 0.2. (Right plots: z. = 4 x 10*). The axion coupling (a/f,) eV <
0.3 for the range 409 < y,.x < 417 can lead to DM is generated significantly 0.1 < f, < 1.

To delve further, we consider the dark photon becomes
massive instantaneously at t = ¢, and use the definition of
(3.15) to find

1l a m\?2
Ymax =§JTa¢0 <Hc) . (4.10)

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

bo a gl/4>
—12( P ) (Zev) (-
o= 12(2-1) (Frev) (5
x (;%Ey“ <5360> <1 +Z’Zﬂ)l/4 (4.11)

The above parametrization shows that the parameter y,,, is
a function of free parameters of the model as

ymax(%,%,fleV). In addition, from (3.4), we find the

allowed parameter the axion field as

0<%—-1<025
Considering a fixed value for the parameters fgpg, Z.»

and 7.4, we find free parameters to be fi,%,
Fig. 5, we presented the 3D plots illustrating the behavior
11/4

of f A(%T) concerning different values of @ for two

distinct scenarios: (i) an EDE model aimed at resolving the
H, 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 H, 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 (H, tension and the origin of DM)
simultaneously.

space for

and % In
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— 0.1

— 0.15

— 0.2

— 0.24

FIG. 5. 3D plots for f A(j%%) for various values % for two
scenarios: Top: a successful EDE model to alleviate H, tension,
and Bottom: a dark photon dark matter model to address the
origin of DM.

V. SUMMARY AND DISCUSSION

Within the standard model of cosmology, significant
attention has been directed toward two pivotal questions:
the H, 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 z., to
remain fixed, the free parameters encompass

a

- (5.1)

{e,ﬂ,m,g,qﬁo, vaDEch}-

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.

4Having Z. identifies H, and combining with 4 and fgpg, one
can fix M.
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In general, EDE scenarios exacerbates the so-called Sg
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

r) [ Ge -4
P00 =l (2)7 (A1)
eq
m ac -3
e = o) () (42)
deq
Considering p.(s:?) = p.(sa), we find
a
p(m)(ac) = p(r>(ac) —. (A3)

Qeq

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

].[2 a,.
== g TH 1+ 2. Ad
plac) 30 %+ c< +aeq> (A4)

We also assume the matter component includes two parts:
nondark photon part p'®)(a.) = Dp(a.) and dark photon
pW(a,) = Cp(a.). Hence we arrive at

a

D+C=—>2"—.
ac—l—acq

(AS)
As an example, for z.q =~ 3400 and z, ~ 5000, it implies that
at z., the matter components make up approximately 40%
of the total energy density, allowing for a model with
minimal deviation from ACDM cosmology.
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