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We propose a new scenario of early dark energy (EDE) with a dark Higgs trapped at the origin.
To keep this dark Higgs trapped until around the matter-radiation equality, we use dark photons
produced non-thermally by coherent oscillations of axions, which have a much stronger trapping
effect than thermal mass. When the trapping ends, the dark Higgs quickly decays into dark photons,
which are then red-shifted as radiation. In fact, dark photons are self-interacting dark radiation,
and the dark Higgs field can also be in thermal equilibrium if its self-coupling is small enough.
In some cases, these particles can act as the Wess-Zumino dark radiation. The dark Higgs EDE
scenario works well for an ordinary Mexican-hat potential, and the dark Higgs naturally sits at
the origin from the beginning, since it is the symmetry-enhanced point. Thus, unlike the axion
EDE, there is no need for elaborate potentials or fine-tuning with respect to the initial condition.
Interestingly, the axion not only produces dark photons, but also explains dark matter. We find the
viable parameter region of the axion decay constant and the axion mass where dark matter and the
Hj tension can be simultaneously explained. We also discuss the detectability of the axion in the
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presence of axion-photon coupling, and show that the axion can be the QCD axion.

I. INTRODUCTION

The currently observed universe is largely explained by
the flat Friedmann-Lemaitre-Robertson-Walker (FLRW)
spacetime with the cosmological constant and cold dark
matter (DM), known as the standard ACDM paradigm.
However, as the accuracy of various observations has
improved in recent years, several tensions between dif-
ferent observational data have become apparent. The
most prominent of these is the tension related to the
current Hubble constant, Hy, which is called the Hub-
ble tension. There is a significant discrepancy between
the Hubble constant measured directly from local ob-
servations and the value inferred from measurements of
the cosmic microwave background radiation (CMB) un-
der the assumption of the ACDM cosmology. Specif-
ically, the value of Hy inferred from the Planck data
of the CMB anisotropies assuming ACDM is given by
Hy = 67.4 £ 0.5km/s/Mpc [I]. On the other hand, the
SHOES team utilizes the Type-la supernovae data and
the Hubble Space Telescope observations of Cepheids to
obtain Hy = 73.04 £1.04km/s/Mpc [2]. The discrepancy
between them is at the 5o level, if the reported values
are taken at face value. There are a variety of methods
for determining Hy, e.g. using other calibrators for the
cosmic distance ladder methods [3H5], time-delay strong
lensing [6], etc. See the recent review paper [7] for an
exhaustive summary of these local measurements.

The origin of the Hubble tension is not yet known. It
could be due to unknown systematic errors, but it could
also be a sign of unknown physics beyond the ACDM
paradigm. Especially in the latter case, some elaborate
prescription tends to be needed to raise the value of Hy
inferred from CMB, since the angular scale of the sound
horizon at the last scattering surface has been precisely
determined by the CMB observations. It is given by the
ratio of the (comoving) sound horizon 75 to the angular

diameter distance d4,
NS Hors M)
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where the flat ACDM model is assumed in the second
equality, €2, is the density parameter for non-relativistic
matter, zarag is the redshift when the photon pressure can
no longer drag baryons which then become gravitation-
ally unstable, and we neglect the radiation components in
the late-time universe. While the integral in the denom-
inator is determined by the late-time cosmology, 75, in
the numerator depends on the early-time cosmology as,
agrs = f:;ag dzcs(z)/H(z) where ag denotes the current
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scale factor, ¢s the sound speed for the baryon-photon
fluid, and H(z) the Hubble parameter as a function of
the redshift z. Therefore, one basic idea to increase Hy
while keeping the angular scale 6, the same is to slightly
modify the evolution of the early universe to reduce r;
without affecting the late universe.

One of the plausible solutions along this line is the early
dark energy (EDE) [8HI1], which behaves as a cosmologi-
cal constant until some critical redshift z., typically taken
around the matter-radiation equality, and at z < z, its
energy density decreases as radiation or faster. The EDE
slightly enhances the expansion rate around z = z., sup-
pressing the size of the sound horizon. As a result, we
would have to get closer to the last scattering surface by
increasing Hy so as not to alter the corresponding angu-
lar scale. In Ref. [8 [12], the authors considered as EDE
an axion field ¢ with the potential

V(9) o (1 = cos(o/fs))", (2)

where fg is the decay constant for the axion and n is a
positive integer not less than 2E| Using the dataset in-
cluding the Planck, BAO measurements, the Pantheon

! Possible UV completions of this potential are studied in Ref. [13].



supernovae data, and the SHOES result of Hy, they
showed that the ratio fgpg of the EDE energy density
to the total energy density should be about 0.1 around
ze ~ 3500 in order to relax the H( tension.

We note that in the presence of EDE the cosmologi-
cal parameters favored by observations are shifted. The
increase in the expansion rate by EDE gives rise to the
faster decay of gravitational potential, and a larger DM
abundance is required to compensate it. This leads to the
exacerbation of the og/Ss tension [I9H2I] which is the
discrepancy of og, the matter fluctuation at the scale of
8h~! Mpc, between the derived value from CMB [I] and
the directly measured values [22] 23]. This is a generic
feature of the EDE models [24] 25], and it requires an-
other explanation for the og/Ss tension.

While the EDE scenario with axion is one of the possi-
ble solutions to the Hubble tension, there are two points
that are non-trivial to satisfy naturally. First, the EDE
component must disappear quickly after the critical red-
shift by the recombination epoch. For this reason, a
rather contrived form of the potential was assumed. Sev-
eral approaches to address this drawback were discussed
in Refs. [26H29]. Second, the initial field value of the ax-
ion is required to be near the potential maximum [10],
in order to provide a better fit to the CMB polarization
data. This requires a mild fine-tuning of the initial posi-
tion. Alternatively one could invoke non-trivial dynamics
such as the mixing with a heavier axion [I7,[30} B1]. Also,
the questions of “Who ordered that?” or “Why then?”
remain unanswered since the EDE scalar does not play
any other cosmological role.

In this paper, we propose a new scenario for the EDE,
which does not require any contrived potential nor fine-
tuning of the initial condition. In our scenario we use
a dark Higgs field trapped at the origin as an EDE
component. Such a trapped scalar has been extensively
studied in the context of thermal inflation with ther-
mal mass [32] 33]. However, it is non-trivial to keep the
scalar field trapped by a thermal mass until the matter-
radiation equalityﬂ Recently, Kitajima and two of the
present authors (SN and FT) showed that non-thermally
produced dark photons cause far stronger trapping ef-
fects, and that the dark Higgs can be trapped for a very

In fact, the upside-down version of the potenital has been stud-
ied in a context of axion inflation under the name of the multi-
natural inflation [14], and its UV completion in supergraivty is
given in Refs. [I5][16]. A similar potential was also studied in the
so-called ALP miracle scenario where a single axion-like particle
explains both inflation and DM [I7], [18].

2 Since the effect of trapping by thermal mass is weaker, the dark
Higgs needs to be relatively strongly coupled to the lighter par-
ticles in thermal plasma. When the dark Higgs settles at the po-
tential minimum, those particles become heavier, and so, other
light particles may have to be introduced for successful energy
transfer. In general, the potential of the dark Higgs must be
flatter in the case of trapping by thermal mass, and it does not
work when the quartic coupling A of order unity in the minimal
setup with the dark Higgs and dark photon. See appendix [A] for
detail.

long time and its decay can dilute the cosmologically un-
wanted relics such as the moduli fields [34]. They consid-
ered tachyonic production of dark photons from coher-
ent oscillations of the axion [35], which has been stud-
ied in a variety of contexts, including the reduction of
the QCD axion abundance [36], B7] and the production
of dark photon DM [38H40]. By using the non-thermal
trapping effect, we can trap the dark Higgs for a long
time, which plays the role of EDE. After the end of trap-
ping, the dark Higgs promptly decays into dark photons,
which will be redshifted as radiation afterwards. The
dark Higgs EDE scenario works for an ordinary Mexican-
hat potential, and no contrived potential is needed. Also,
the dark Higgs naturally sits at the origin from the be-
ginning, since it is the special point in field space where
the U(1)g gauge symmetry is restored. Interestingly, the
axion can naturally explain DME| In particular, we find
the viable parameter region where DM and the Hj ten-
sion can be simultaneously explained. As we will see,
some mild hierarchy between the axion-dark photon cou-
pling and the gauge coupling is required for our scenario
to work, which can be explained in a model where there
are two U(1) gauge symmetries with a kinetic mixing.
Finally, we will discuss the detectability of the axion in
the presence of the axion-photon coupling, and study if
the axion can also be the QCD axion.

The rest of this paper is organized as follows. In sec-
tion [[T] we briefly review the non-thermal trapping effect
and discuss some required initial conditions for the effi-
cient tachyonic production. In section [[T]] we study the
cosmological evolution of the dark Higgs, axion, and dark
photons, and derive various limits on the model param-
eters so that the dark Higgs plays the role of EDE to
solve the Hubble tension. In section [[V] we present a UV
model with two hidden U(1) gauge symmetries which ex-
plain the mild hierarchy between the axion-dark photon
coupling strength and the gauge coupling constant, and
study if the axion can be identified with the QCD axion.
Section [V]is devoted for discussion and conclusions.

II. NON-THERMAL TRAPPING MECHANISM

The key to realizing the EDE scenario with dark Higgs
is how to trap the dark Higgs at the origin until the
matter-radiation equality. Here we consider a mechanism
to trap the dark Higgs by dark photons non-thermally
produced by the axion condensate. Such non-thermal
trapping is known to be much stronger than trapping by
thermal mass. The potential energy of the dark Higgs can
explain the EDE for a certain choice of the parameters.
When the non-thermal trapping ends, the dark Higgs de-
velops a nonzero vacuum expectation value (VEV) and

3 See Ref. [41] for a model that describes DE and EDE with mul-
tiple scalar fields.



decays instantly into dark photons. Therefore, the nec-
essary conditions for a successful EDE scenario are nat-
urally satisfied.

In the following we briefly review the non-thermal trap-
ping mechanism using an Abelian Higgs model with ax-
ion, based on Ref. [34]. We also discuss the initial condi-
tion for the dark Higgs before the onset of the tachyonic
production of dark photons. The detailed UV model for
meeting such initial condition and the evaluation of the
period of time between when the axion begins to oscil-
late and when the backreaction of tachyonic production
becomes important will be given in Appendix.

A. Set-up

First, let us introduce the Abelian Higgs model with
axion coupled to the hidden U(1)y gauge boson. The
Lagrangian is given by

L= (D,V) D' — Vg (T, T) — EXWX’“’

B
4fe

where U is the dark Higgs field with a unit charge,
X = 0,A, — 0,A, is the field strength tensor of the
hidden U(1)n gauge field A,,, XHr — eMPrX o/ (2v/—9)
is its dual with g = det(g,.), and ¢ is the axion. Here
D, = 0, —ieA, is the covariant derivative with e being
the gauge coupling, f, is the axion decay constant, and 3
is the axion coupling with gauge bosons. As we will see,
B = O(10 — 100) is required for efficient tachyonic pro-
duction [37]. We will refer to the gauge boson A,, as dark
photon in the following, and denote it interchangeably by
A, or .

The potentials of the dark Higgs and the axion are
given by

+50,00"0 ~ Va() — 1 0Xu X, (3

Vo (U, 0T =

>

2 A
(12 ~7)* = Vo — m3 ) + ),

(1)
V(o) = m2 3 [1 - cos 2 )| (5)

where v is the VEV of the dark Higgs, A is the quartic
coupling, m, is the axion mass, and we define V5 = vt /4
and m%, = \v?/2. For simplicity, we assume that the
axion mass mg is constant with time in the following
analysis. The case of the QCD axion with a temperature
dependent mass will be discussed in Sec. [[V] Note that,
in contrast to the original EDE model [8], we need only
the conventional Mexican-hat potential; there is no need
to consider a contrived form of the potential. This is due
to the strong non-thermal trapping and subsequent rapid
decay of dark Higgs into dark photons.

For efficient production of dark photons by the axion
condensate, the dark Higgs should stay at the origin until

the axion begins to oscillate. To this end we will intro-
duce a slight modification to the above potential. For
more information on this, see the end of this section and
Appendix. For now, we assume that the dark Higgs field
is at the origin until the axion starts oscillating.

B. Tachyonic production of dark photons

From the Lagrangian , the equations of motion for
dark photon and axion in the flat FLRW universe are
given by

Al + HAl — a%(VQAl — 81-8]»Aj) — 2€Im(\11*8i\11)
2112 B , N
+2e7 WA — ——eiji (¢3jAk = 8j¢Ak) =0, (6)
fsa
, .1 Wy B
¢+3Hp— ﬁv2¢+ 90 + Toa s eipAi0j Ay =0, (7)
0. — 26’ Tm(¥ ) — i (0:0)(03.40) =0, (8)
[

where a is the scale factor, H = a/a is the Hubble pa-
rameter, and we adopt the temporal gauge, Ag = 0. Here
the overdot represents the derivative with respect to time,
and we denote 8;0" = —a=20;0; = —a—2V?2. The tachy-
onic production of dark photons is induced by the last
term in @ The last equation is the constraint equa-
tion on the longitudinal component.

Let us assume that the axion is initially spatially ho-
mogeneous due to the primordial inflation, and that the
U(1)y symmetry is restored, i.e., (¥) = 0. Then, Eq. (6]

is simplified as
ﬁ¢> A+ = 9)
fs

where Aj + is the Fourier component of the dark pho-
ton field in the circular polarization basis. One can see
that either of the two circular polarization modes grows
exponentially for k/a < B|¢|/fs, depending on the sign
of ¢ [35]. The tachyonic growth of the dark photon is so
efficient that the energy density of the dark photon soon
becomes comparable to that of the axion. The system
then enters a nonlinear regime, and such linear analysis
is no longer valid.

The tachyonic production of dark photons during the
nonlinear regime has been studied in detail by the nu-
merical lattice simulations [34], [37) 38]. Numerical results
show that once in the nonlinear regime, tachyonic pro-
duction becomes inefficient and stops when a significant
fraction of the axion energy is transferred to dark pho-
tons. Let us define the spatially averaged value of the
physical gauge field as (A); = \/(A4%) /a, where A,, is the
comoving field in the expanding universe. Then, the typ-
ical field value of dark photons when the system enters
the nonlinear regime is given by |An| ~ 2fs/3, which
is typically a few orders of magnitude smaller than the

Aps +HApy + = (a



axion decay constant[] Here and in what follows the vari-
ables evaluated when entering the non-linear regime are
labeled with ‘nl’. After the tachyonic production stops,
the amplitude of the dark photon decreases with time as
|A| oc a!. Such a large field value is the source of the
effective mass of the dark Higgs.

To see the effective mass of the dark Higgs explicitly,
we expand the dark Higgs field as ¥ = (s/1/2)e’?", where
s is the radial mode, and 0y is the dimensionless Nambu-
Goldstone mode. Then we can rewrite the kinetic term
of U as

1 1
|D,W|? = 5(8Hs)2 + 5(%9@ —eA,)%s®. (10)

The second term can be interpreted as the gauge-
invariant effective mass for the dark Higgs field when
the dark photon acquires large field values. In Ref. [34]
it was shown that the contribution of 00y is subdomi-
nant and the effective mass squared is well approximated
by €2A? in their numerical lattice simulations. It was
also shown that this effective mass traps the dark Higgs
field around the origin until it becomes smaller than the
bare mass m%. If this trapping lasts sufficiently long,
the dark Higgs potential energy could play an interesting
cosmological role such as EDE or late-time inflation [34].

When the dark photons get redshifted and the curva-
ture of the dark Higgs potential at the origin becomes
negative, i.e. e|Aena| >~ my, the dark Higgs starts to
roll down to the potential minimum. Note that the dark
Higgs quickly reaches the true minimum, because the am-
plitude of dark photons decreases as |A| o 1/(e|¥])'/?
when e|¥| becomes larger than the momentum. Thus
the positive effective mass of the dark Higgs quickly dis-
appears as it develops a nonzero VEV. The ratio of the
scale factors from the beginning of the non-linear regime
to the end of trapping is given by

ot _ Aul _ % fy
anl |Aend| /6 mg;’

(11)

where we use the fact |A| o< a™! during the trapping
regime. This factor determines the endpoint of EDE,
i.e., the critical redshift z.. In Sec. [[T]] we will determine
the viable range of parameters for which the dark Higgs
field behaves as EDE.

C. The initial condition of dark Higgs

So far we have assumed that the dark Higgs has a
temporary positive mass and stays at the origin until

4 This can be intuitively understood by noting that most of the
axion oscillation energy ~ mifi@f is transferred to dark photons
with typical momentum of Smg6.. Here 0. denotes the initial
misalignment angle, and the typical momentum of the dark pho-
ton is determined by the instability band of Eq. @D The detailed

discussion is given in Appendix@

the onset of the axion oscillations. This is because it
is advantageous with respect to dark photon produc-
tion in two ways. First, the mass of dark photons
suppresses the tachyonic production. Suppose the dark
Higgs has a nonzero VEV, and the dark photon is mas-
sive. Then, if the dark photon mass m., is greater than
the typical momentum of the instability band, tachyonic
production will not occur. More precisely speaking, if
myr 2 Blo|/2fs ~ Bme/2, then the tachyonic production
is suppressed [38]. Second, during tachyonic production,
the electric and magnetic fields of the U(1)y become very
strong, and if the dark Higgs is light at that time, many
pairs of dark Higgs bosons are produced from vacuum
via the Schwinger effect [42 43]. This will greatly hinder
the growth of the electric ﬁeldE| Note that, once dark
photons are produced and their characteristic field val-
ues become sufficiently large, the dark Higgs becomes so
heavy that the pair production through the Schwinger
effect becomes exponentially suppressed, and it remains
trapped for a long time. So, it is essential to stabilize the
dark Higgs at the origin with a sufficiently heavy mass
before the axion starts oscillating.

To avoid the problems mentioned above, we slightly
extend the set-up to give a temporary positive mass to
the dark Higgs field so that it stays at the origin and
the U(1)p symmetry remains unbroken until the axion
starts to oscillate. Typically, the mass should be heavier
than the Hubble parameter at that time to suppress the
Schwinger effect [34]. The effective potential for the dark
Higgs is now given by

VD (W, ) = Vo 4 (Am? — m3)| W) + -, (12)

where Am? represents the additional mass term. It
should satisfy Am? —m?2, > O(H?) when the axion be-
gins to oscillate at my ~ H.

To get a feel for how large Am? should be, let us esti-
mate the value of my required for the dark Higgs to ex-
plain EDE. The potential energy of the dark Higgs should
be about 10% of the total energy density around the
equality [8, 12]. Assuming the radiation-dominated uni-
verse, the dark Higgs potential energy is approximately
given by Avt ~ 0.17% = 0.1(1 + 2.)*T, and we obtain
v~ 1 eV-)\_l/4, where T, and T ~ 2.725K are the tem-
peratures at z = z. and at present, respectively. So, the
bare mass is roughly given by my ~ 1 eV-A/4. Thus, the
additional mass must be comparable to or heavier than
O(1) eV when H ~ mgy. For a more precise estimate, see

Sec. [ITAl

5 A similar problem arises when dark photons have a kinetic mix-
ing with hypercharge. This is because massive dark photons are
coupled to the SM sector through the kinetic mixing. On the
other hand, since massless dark photons are decoupled from the
SM sector even in the presence of the kinetic mixing, one can
introduce the kinetic mixing without hampering the tachyonic
production. Related issues were also discussed in Ref. [3§].



Now we consider a non-minimal coupling to gravity,
LD —€R|VP, (13)

where £ is a numerical coeflicient, and R is the Ricci
curvature. The most natural value of € is of O(1), and
we take £ > 0 for our purpose. In the flat FLRW
universe, the Ricci scalar curvature is given by R =
6li/a + (@/a)?]. In the matter-dominated universe, we
have R = 3H?, and the additional mass is given by
Am? = 3¢H?. In order for the dark Higgs to stay at
the origin when the axion starts oscillating, we need
my = my/v/3E ~ 0.1A1/\/€ eV for € = O(1). In the
radiation-dominated universe, the Ricci curvature van-
ishes at the classical level, but quantum effects generi-
cally induce small but non-negligible contributions, and
we obtain Am? ~ 0.01¢H?2. In this case £ must be much
larger than unity. Therefore, there is a lower limit on the
axion mass to trap the dark Higgs using the non-minimal
coupling.

How to trap the dark Higgs first is actually model-
dependent, and the range of possible axion masses can
be taken even wider. See Appendix [C] for a discussion of
the case with a portal coupling to the Standard Model
Higgs as a specific example. As for the initial value of
the dark Higgs, once the dark photon is created, it has
no effect on the subsequent cosmological evolution. So,
to be conservative, we will treat the axion mass as a free
parameter, without going into details of the UV models
in the following sections.

III. EARLY DARK ENERGY BY DARK HIGGS

In the previous section, we have discussed non-thermal
trapping effects on the dark Higgs and established the
basic setup needed for our scenario. Here we apply it
to our dark Higgs EDE scenario to determine which pa-
rameter space provides a plausible solution to the Hub-
ble tension. Our EDE scenario is closely related to the
dynamics of axion. In particular, the axion not only pro-
duces dark photons via tachyonic preheating, but can
also be DM, making our EDE scenario attractive from
a cosmological perspective. The dark Higgs decays to
dark photons at the end of the trapping, which then be-
have as (self-interacting) dark radiation. In the following,
we first discuss the properties of the dark Higgs, axion,
and dark photon, respectively, and then present the pa-
rameter regions allowed by observational and theoretical
constraints.

A. Cosmology of dark Higgs EDE
1. Dark Higgs

To alleviate the Hubble tension, the vacuum energy
density of the EDE scalar should be about 10 % of

the total energy density around the equality. Accord-
ing to Ref. [I2], the best-fit parameters estimated by
the Markov Chain Monte Calro simulation are given by
fepe ~ 0.1 at z, ~ 3500ﬁ We adopt their best-fit param-
eters as reference values for a successful EDE scenario,
because the cosmological evolution of EDE in our sce-
nario is similar to theirs except for oscillatory features at
z < zq. See Fig. [1}

The size of fgpg determines the upper bound on the
dark Higgs mass. The potential energy of the dark Higgs
at the origin is given by

vt 2
“— = fupr prot(Te) =~ fepE - o=gw0Te, (14)

4 30

where piot(Te) is the total energy density at z = 2., and
the radiation-dominated universe is assumed in the last
equality. Here g.g =~ 3.363 denotes the effective relativis-
tic degrees of freedom for energy density at that time.
Rewriting the above Eq. by using the dark Higgs
mass at the minimum, m, = v/\v, we obtain a relation
between the quartic coupling and the mass of dark Higgs
at the potential minimum,

= ( m, )4 30
(1+2)Ty/) 4n2g.ofepe’
142\ " (fepe\ '/ ms
~ 12 - ( : ) - (15
< 3500 ) ( 0.1 0.7 eV (15)
Thus, the dark Higgs EDE requires ms < 0.7 eV for our
reference values of fgpg and z., since A cannot be much

larger than unity for perturbativity. Note that we need
mg > 2m., or equivalently e? < \/8, for the dark Higgs

to decay into a pair of dark photons, where m., = V2ev
represents the dark photon mass in the vacuum.

2. Axion

The axion evolves according to Eq. under the cou-
pling with dark photons. The axion is produced at the
onset of the oscillations, but its abundance is quickly
reduced to about 10% due to the explosive production
of dark photons [37]. Thereafter, it will soon start
to decrease with the expansion of the universe as non-
relativistic matter.

The axion abundance is determined by the mass my,
decay constant fg, and the initial misalignment angle 0..
The most natural value of 6, is of O(1), which is assumed
below. Let us estimate the temperature at that time,
Tosc, in two ways. First, the onset of the axion oscilla-
tion is determined by the relation between the Hubble

6 The recent analysis using the full shape of BOSS DR12 power
spectrum favors a slightly larger fraction, fEpg ~ 0.12t8t83 and

ze = 436573900 [12], for which the viable parameter region in
our model does not change much.



parameter and the axion mass, Hose ~ mg. It is then

given by

90 1/4

Tose = | ——— /M, , 16

(7729* (TOSC)> nie 16)

where Mp; ~ 2.4 x 10'® GeV is the reduced Planck mass.
Secondly, we can also estimate when the oscillation

begins by following the cosmological history. Using ,

we obtain the oscillation temperature,

2fs T
CLendTC _ 6(1 + Zc)ﬁio anl ’
Gosc B My Gose

-1
N 4 —1/4 e B
~ 3.5 x 10" GeV AT/ () (100)

fEDE -3 Onl fo
8 ( 0.1 ) <1OaOSC) <1012 Gev>’ (17)

where we have substituted in the last equality, and
an1/aose is estimated to be O(10) (more precisely, see
Appendix . Thus, the oscillation timing is determined
by the duration of the non-thermal trapping.

Combining the two estimates of T,s., we obtain the
axion mass,

,1/2 e 2 5 —2

% Aanl ? fEDE -1/ f(i) ? (18)
10a0sc 0.1 1012 GeV ) ’

where we assume g.(T,s.) = 106.75. Note that the ax-
ion becomes heavier for a larger decay constant. This
is because the amount of dark photons produced from
the axion becomes larger and the non-thermal trapping
lasts longer, so that for the dark Higgs to start oscillat-
ing near the matter-radiation equality as EDE, the axion
must start to oscillate earlier.

With the above oscillating temperature, we can esti-
mate the axion abundance. When the system enters the
non-linear regime, a significant amount of the axion en-
ergy is dissipated into dark photons. According to [37],
the axion abundance is approximately reduced to 10%
for § = O(10). Thus, the final axion abundance is given
by

TOSC x~

50 m¢03f£/2
¢ pcrith_2 S(Tosc) ’

—1/4 2
~ 00202 [ 9xsTose) / <m¢ )1/2 fs
— U\ 106.75 1eV 102 GeV )
(19)
—1
~ 00202214 () (B
~0.026.2 (10*7) <100>

—-1/4 3
Aanl fEDE f¢
x (10aosc) ( 0.1 ) (1012 GeV) ’ (20)

where we have used in the last equality, and also
assumed that the axion is stable on cosmological time

QPR v 107 m

scales, namely, the lifetime of the axion is much longer
than the present age of the universe.

The DM axion with small f, is subject to the bound
on the lifetime. In our setup, if kinematically allowed,
the axion decays into dark photons through the coupling
of the last term in Eq. . The decay rate is given by

3
_Bmy

F¢(¢ - 7/7,) % fd2> ’ (21)

and if this is the dominant decay channel, the axion life-
time is

2 5 2
~ 1.3 % 105 sec [ - Mg fo .
7o = 1.3 x 10% sec (100) (1 eV) 1012 GeV

(22)

Taking account of the decay, the present abundance of
the axion is given by Qy = exp(—to/7y) - Q((;table) with
to ~ 13.8 Gyr being the present age of the universe. If
we focus on the cosmologically stable axion, i.e. 74 2 to,
this places a lower bound on the decay constant for a
given my.

The observational impact of DM decaying into dark
radiation was studied in detail [44-47], and the most
recent analysis gives the lower bound on the lifetime,
™M 2 250Gyr (95% CL) [46, [47). The bound is sig-
nificantly relaxed, if the axion abundance is smaller than
10% of the total DM abundance. Assuming that the ax-
ion constitutes the total DM density, the lower bound on
the lifetime can be expressed as

3 —4/7
my < 0.11keV 05 /7 (100> . (23)

3. Dark photon

Dark photons are first produced from axion through
tachyonic preheating, and after non-thermal trapping is
completed, they are produced by the decay of the dark
Higgs. In particular, for the EDE scenario to work, the
dark Higgs must decay quickly into dark photons. Since
the U(1)y is spontaneously broken, the decay is allowed if
ms > 2m.. Here we study the abundance and properties
of the dark photons. As we shall see below, dark photons
behave as self-interacting dark radiation.

The abundance of primordial dark photons produced
by the tachyonic instabilities is much smaller than the
EDE potential unless e is extraordinarily small. Taking
account of the redshift of the field value |A| and the mo-
mentum, we can estimate the number density of the dark
photons at the end of the non-thermal trapping as

ri Gn)
77,5;? ) ~ m¢|Aend\2 (a ) y (24)

end

where we have assumed that most of the primordial dark
photons are produced when the dynamics become non-
linear. Since the dark Higgs immediately reaches the



potential minimum after the non-thermal trapping ends,
the number density remains the same during the symme-
try breaking. Thus one can evaluate the energy density
of the primordial dark photons soon after the symmetry
breaking as

ri ri Mms ri
p([,) Ve my x n(]? Vel x n(ﬁ ), (25)

VA
By requiring this to be much smaller than Vj, we obtain

1

) my NE(f ’
e>>3x10720,/gA1/4 (10*1§eV) (1015 éeV) ’

(26)
where we have used Egs. and , and e|Aend| =
my. In this case, the primordial dark photons become
non-relativistic right after the trapping ends, and the
abundance is negligibly small compared to the total DM
density. In the region of our interest this is always satis-
fied.

Next we consider the dark photon production by the
dark Higgs decay. If the quartic coupling A is greater
than 8e?, the dark Higgs s can promptly decay into dark
photons. Due to the equivalence theorem, when the dark
Higgs is much heavier than dark photons, the decay pro-
cess can be described by the dark Higgs decaying into a
pair of the Nambu-Goldstone modes ¢ = v2v0y. The
interaction is given by

LD ﬁ( )27 (27)

and the decay rate is given by

3
my  Amg

64mv2 64w

where we have used in the third equality and as-
sumed mg > m.. Unless A is taken to be extremely
small, the decay rate is much larger than the Hubble pa-
rameter Henq at the end of the trapping, and so, the dark
Higgs decays immediately.

In fact, the decay of dark Higgs is further enhanced by
the Bose factor. By analytically solving the Boltzmann
equation with the Bose enhancement factor, we obtain
the distribution function for (longitudinal) dark photon
at the redshift z < z. as [48],

frlz] = <€327r2;{s’:§ - 1>
x0 (7 —k)@(kz—mb1+2) (29)

Ls(s = 7'y ~ ~ 4.0meV - A%/ (28)
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where k is the physical momentum of the dark photon,
and ng is the number density of the dark Higgs. Here
the exponent can be evaluated at z. by assuming that
the decrease of ng due to the cosmic expansion is negli-
gible compared to the production rate of the dark pho-
ton, i.e., we are focusing on a relatively short timescale
around a & aenq. The exponent is inversely propor-
tional to H because the Bose enhancement is terminated

when the produced dark photons are redshifted by the
cosmic expansion One can easily evaluate the expo-

2
S S
nent as ~ —)\ a"‘P ~ I 2“2“’ ms 1025 Z’;‘p Ogie‘” with

Samp being the effectlve oscﬂlatlon amplitude of s, i.e.,

Samp = V/2ns/(ms) I Soon after the trapping, this ex-

ponent is much larger than 1 since samp ~ v. Thus the
process would significantly reduces the number density
of the non-relativistic s by producing the “laser” of the
10_131} 0.01eV 01 eV

exponent becomes of order unity. Then, the remnant of s
undergoes the usual perturbative decay, discussed above.

After the decay of dark Higgs, the produced dark pho-
tons are expected to be relativistic if e?/\ < 1/8. Then,
the momentum of dark photons after the decay is given
by

dark photon until [51] samp ~ when the

Gend Gend
’ T ~ ’ T ~ me, 30
p’v( ) 0 p’y( c) 20 (30)
where the initial momentum of dark photons is ap-
proximately given by mg/2. We can estimate the tim-
ing when the dark photons become non-relativistic by
Py (INR) = M., Or equivalently,

aNR = Gend
2m7/

g (L) ey (e T g
- <3500) (1 eV) (1,ueV> » (8D
where the subscript ‘NR’ means the variable is estimated
when the dark photons become non-relativistic. For
e/ VA < 1074, the dark photon remains relativistic till
the present.

Assuming that the potential energy of the dark Higgs
is instantaneously converted into dark photons, p, =~

Vo = fepEptot(T:), the effective number of neutrinos of
the dark photon is given by

Py (Te)

4 (11)4/3
:7r7:7 - fEDEg*O
HoTHT)  T\4

~ (.74 (fEDE> , (32)

eff

0.1

where T, represents the neutrino temperature.

Let us comment on the observational constraint on
the dark photon abundance. For e/vA > 10~%, the
produced dark photons become non-relativistic some-
time until present, and afterwards they behave as self-
interacting hot DM. After the end of trapping, the dark

7 We note that this is the effective amplitude, because soon after
the trapping ends the dark Higgs may experience tachyonic in-
stability. However, this does not change our discussion because
we use it to evaluate the order of magnitude of the exponent, and
we solve the Boltzmann equation in terms of ng, not the equa-
tion of motion for the s condensate. In the case of the scalar
condensate, it was shown that the exponent is smaller by a fac-
tor of 2 based on the QFT analysis [49]. See also the analysis in
the narrow parametric resonance [50].



photon do not free-stream due to the self-interaction (see
below). Therefore, the damping effect of the small-scale
structure is milder than free-streaming hot DM. Also,
the dark photon abundance is less than O(1)% of the ob-
served DM density as far as e?/\ < 1/8 is satisfied, and
the constraint from small-scale structure is considered to
be irrelevant for our analysis.

Let us see that the dark photon radiation is self-
interacting in the relevant era. The self-interaction of
dark photon is obtained by integrating out the dark Higgs
boson in . We then find a term of

Leg D

1
M pd,p)? = — (0, p)2. 33
v2m§( ©0up) 4V0( ©0up) (33)
This term equivalently represents the scattering of the
longitudinal mode of the dark photon if the dark photon
mass is small compared to the typical energy scale of
interest. One can evaluate the typical scattering cross-
section as
B
N Tl O ——————————~ ., 34
Oy’ ="y 10247 V2 (34)
Thus by assuming ~' is around the equilibrium with a
dark photon temperature T’/ the interaction rate, which
is roughly the inverse of the free streaming length, is

-1 Tvg’
Lig ~ Ve (35)
Since Ty ~ (50.74)Y/4T,, this rate is faster than the
Hubble expansion rate at 1 + z 2 1 — 10. Thus, the
produced dark photons are self-interacting dark radiation
during and after the recombination era.

Interestingly, for A < 1, the dark Higgs can also be
thermalized after the trapping, and both dark Higgs and
dark photons become a two-component self-interacting
dark radiation. When the dark Higgs becomes non-
relativistic, it decays into dark photons, and the effective
neutrino species slightly increases at the transition. This
is similar to the Wess-Zumino dark radiation proposed as
another solution to the Hubble tension [52]. By choos-
ing slightly different parameters, our dark Higgs EDE
model can be used to produce a right amount of the
Wess-Zumino dark radiation at the right timing, z > 10%.

Lastly, we comment on our reference values (fepg, 2c)
which were suggested in [8] [12]. In the original axion
EDE model studied in Refs. [8 [12], the axion changes
from dark energy to dark radiation as it begins to oscil-
late. Since the equation of state oscillates violently with
the axion oscillation, the CMB data and its prediction
are compared under the fluid approximation by taking
the time average of the equation of state. On the other
hand, in our EDE model with dark Higgs, the equation
of state actually changes from —1 to 1/3 in a very short
time because the dark Higgs decays to dark photons im-
mediately after the end of the trapping. This feature can
be seen from Fig. [I] where we show the time-evolution of
the energy density of the dark Higgs and dark photons

as well as the axion EDE [8] whose potential is given by
with n = 2. In this respect, the effects of the two
EDE models on the CMB are expected to be similar,
except for an oscillatory feature induced by the axion.
Another difference is the sound speed: the sound speed
of the axion EDE is roughly between 0.7 and 1 at relevant
scales [I0], whereas that of self-interacting dark photons
is 1/4/3. This difference will manifest itself as a change
in the CMB polarization, and future observations will be
useful in distinguishing between the various EDE models.

B. Allowed parameter region

Here let us summarize in Fig. [2| the above results. It
shows the allowed parameter region for successful EDE
as well as for explaining DM on the (mgy, fy) plane. We
have seven parameters, v, A, e, mg, fg, 8, and 0,. These
figures are drawn based on the assumption that the po-
tential energy of the dark Higgs corresponds to a small
fraction of the total energy, fgpg = 0.1 at z. = 3500,
and Hosc = mg. Among the model parameters, we fix 3,
0., and A. In particular, we take 0, = 1, 8 = 100, and
A = 1 in the left panel or A = 1076 in the right panel.
The black solid line denotes Q, = Qpm, above which
the axion is overproduced than DM, represented by the
light red shaded region. On the red dot-dashed line the
axion constitutes 1% of DM. The gray shaded region is
excluded because the decay of dark Higgs is kinematically
forbidderﬁ The gray dashed contour lines represent the
gauge coupling constant. In the region above the blue
dotted line, the axion has the longer lifetime than the
cosmic age. The small cyan region represents where it
is constrained by the bound on decaying DM by .
(See Ref. [47] for the bound on the case when a fraction
of DM decays.) One can see that the dark Higgs EDE
works well in a very wide parameter range.

When the result for A = 107° in the right panel is
compared to the left panel, the limit on the lifetime of
the axion DM remains the same, but e is smaller. This is
because the potential of the dark Higgs becomes flatter
so that it would be trapped for a longer time for the same
e. This results in the smaller value of e for the trapping
to end around z. = 3500.

Figs. [2] also shows that axion can explain all DMs for
a wide range of axion masses on the black solid line. In-
terestingly, a part of this mass range overlaps with the
mass range explored by various axion DM search experi-
ments. If the axion is coupled to SM particles (especially
photons), then axions could be searched for by these ex-
periments. This point will be discussed in Sec. [V} Note

8 Within this region, if the dark Higgs is thermalized by the self-
interaction, it behaves like hot DM. To clarify the viability of the
parameter region, a more detailed study is required. In the Ap-
pendix.@ we provide a rough estimation of the thermalization
in a related scenario.
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FIG. 1. Time evolution of energy densities normalized by Vo = feprptot for the dark Higgs EDE (red solid), the axion EDE [§]
(blue dashed), and the dark photon (purple dotted). We take fepr = 0.1, z. = 3500, and the initial amplitude of axion EDE,
Gamp/(mfs) =1 — 107" /7. For the illustration purpose we set the quartic coupling A extremely small to make it easier to see
the decay. The decay of dark Higgs occurs in a very short period of time for A = O(1).
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The parameter regions allowed for our scenario on the plot (me, fs). We take 6, =1, 8 =100, and A = 1 in the left

panel (A = 107° in the right panel). The black solid line denotes Q, = Qpwm, above which the axion is overproduced represented
by the light red shaded region, and the red dot-dashed line denotes Qs = 0.01Qpn. The gray shaded region represents the
regions excluded by no Higgs decay (ms > 2m./). In the region above the blue dotted line, the axion has the longer lifetime
than the cosmic age, and the constraint from the decaying axion into dark radiation can be applied, denoted by the cyan shaded
region. The gray dashed contour lines denote the gauge coupling constant.

that the lighter the axion mass, the smaller the gauge
coupling e and the larger the hierarchy between g and e.
This can be addressed by the UV model described in the
Sec. [[V1

IV. POSSIBLE EXTENSIONS

A. Two hidden U(1) gauge symmetries with
kinetic mixing

In Sec. [[ITB] we have found that the dark Higgs EDE
works well, but we need a relatively small gauge coupling
e while the axion-dark photon coupling is rather large as
B ~ O(10 — 100). In particular, the axion DM requires
e < 1075 for B = 100 (see Fig. . This is because

the axion requires a relatively large decay constant to
explain all DM, which results in the very strong trapping
of dark Higgs at the origin. Since the end of trapping is
determined by e|Ag¢ng| =~ my, we need to take a special
value of e so that the trapping regime terminates just at
the right timing, z. ~ 3500.

Here we show two ways to explain this hierarchy. The
first one is to consider the aligned or clockwork axion
model [53H61]. It was first pointed out in Ref. [60] that
the axion coupling to dark gauge bosons can be natu-
rally enhanced by many orders of magnitude in the clock-
work mechanism. In this set-up, there are N axions, and
N — 1 of the corresponding global U(1) symmetries are
explicitly broken by a certain special combinatorial pat-
tern, which give masses to N — 1 axions and leave one
combination massless. This massless direction is identi-



fied with the axion in our set-up, and its effective decay
constant is exponentially larger than the characteristic
symmetry breaking scale of the U(1) symmetries. One
can give a small mass to the axion by including another
explicit breaking. Since the coupling to dark photons
does not change the structure of the mass matrix for
the axions, the lightest axion can have a rather strong
coupling to dark photons (or a natural size in terms of
the original symmetry breaking scale), when compared to
its enhanced decay constant [56]. The drawback of this
scenario might be that the UV completion is somewhat
complicated.

As another simple explanation of the hierarchy be-
tween e and S, let us consider a model with two hidden
U(1)n symmetries, U(1)g1 and U(1)g2. We assume that
the dark Higgs is charged under U(1)y;, while the axion
is coupled to U(1)pa:

L= (D,W) DI — Vg (¥, ')
]‘ v 1 1% 1%
— X K] = 2 Xy XE — gXleg

20,006~ Vol6) - -0Xau K1Y, (36)
2 4fy

where X! = 9 AY — 0" A" denotes the field strength
tensor for the U(1)w; with ¢ = 1,2, D, = 9, —ie1 41,
with e; the gauge coupling constant of the U(1)m1, x is
the kinetic mixing, and [ is defined as the axion coupling
to the dark photon of U(1)gs. The important point is
that e; determines the dark photon mass coupled to the
dark Higgs, and it needs to be taken small (but larger
than the original set-up, see below), while ey can be of
order unityﬂ The natural size of the the kinetic mixing
is x ~ 0.0lejes, and this is indeed the case if there are
bi-charged particles in the UV theory. Through the small
kinetic mixing x, the dark Higgs is also coupled to the
dark photon of U(1)g2, which is produced from the axion
by the tachyonic instability. To see this explicitly, let us
perform the following linear transformation,

All,u = All»b + XAQH

A/QH =\ 1 — X2A2/t' (37)

The covariant derivative now reads D, ~ 0, —ie1 A7, +
iele’Qu. In this case, the dark Higgs has a minicharge
e1x under U(1)ge and can be trapped by the effective
mass ey x|AS5| with a large 8 and a tiny effective gauge
coupling. Note that the gauge coupling e; does not have
to be as small as in the original set-up, because the ef-
fective mass of the dark Higgs is also suppressed by the
kinetic mixing. When the dark Higgs develops a nonzero
VEV at the end of the trapping, the U(1)y; gets sponta-
neously broken, but there remains a massless dark pho-
ton which is the dark photon of the U(1)p2. Performing a

9 One still needs to enhance the axion-dark photon coupling by
a factor of O(10 — 100), which can be easily explained by the
clockwork mechanism with a few extra axions.
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linear transformation so that the mass eigenstate is Ay,
one can see that the massive dark photon for the U(1)y;
also couples to the axion in vacuum.

For the dark Higgs EDE to work well in this two
U(1)g model, the dark Higgs must decay into dark radi-
ation. Since the dark Higgs couples only to the massive
dark photon after the spontaneous breaking of U(1)y1, it
promptly decays as in . Although the massive dark
photon decays into the three massless dark photons via
the kinetic mixing according to the Furry’s theorem, its
lifetime is extremely long, and the decay does not change
our discussion in the original set-up.

We show the allowed region in Fig. [3} We take A =1,
0. =1, e = 1, and 8 = 100, assuming x = ejes/16m.
One can see that the required size of e; becomes larger
compared to the left panel in Fig. 2] The axion DM
can be explained for e; < 1072, and there is only mild
hierarchy between e, and .

B. QCD axion

Let us discuss the possibility that the QCD axion, a,
plays the role of the axion in the previous section. The
QCD axion is the leading candidate that solves the strong
CP problem [62H65]. In addition it is one of the most
plausible candidates for DM. The feasible range of the
decay constant f, to account for DM by the axion gen-
erated by the misalignment mechanism [66H68] is wider
than naively thought, and it is given by f, = 109 — 10'®
GeV. This is because the initial misalignment angle de-
pends on the inflation scale and inflaton couplings. In
particular, the small initial angle required for large f,
can be achieved naturally by considering low inflation-
ary scales [69] [70], and the initial angle near 7 required
for small f, can be achieved by shifting the axion to
the potential maximum [31] (the idea to put an axion-
like particle on the hilltop was proposed in [I8], see also
[T, [72] with other fields introduced to flip the sign of the
axion potential). If one can identify the axion with the
QCD axion in our scenario, the QCD axion abundance is
reduced by O(10) for 8 = O(10—100) via tachyonic pro-
duction of dark photons compared with the conventional
estimation [37] (see also [73]). Thus the allowed range of
the decay constant can be slightly enlarged.

The main difference from the discussion so far is that
the QCD axion has a temperature dependent mass:

VXo (T "
f 0 Q,J?D T Z TQCD
ma(T) =y °* 102GeV ’
5.7x 1076 <f> eV T <Tqcp
(38)
with n ~ 4.08 [74], Tqcp ~ 153meV and xo =~

(75.6MeV)?. The onset of oscillation of the QCD axion is
at T = Tpse ~ 1 GeV, which is lower than the axion with
the same mass as the QCD axion at zero temperature.
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FIG. 3. The viable parameter region in the two U(1)gy model. We set A = 1, 6, = 1, e = 1, and 8 = 100, assuming
X = e1ez/16m. The reader should refer to the caption of Fig. [2] for the explanation of the shaded regions and lines.

Compared to the axion with a temperature-
independent mass, the dark photon produced from the
QCD axion is considered to have the following two dif-
ferences. First, compared to the axion with the same
(constant) mass, the QCD axion starts to oscillate at a
later time. Therefore, the amplitude of dark photons is
larger. On the other hand, the mass of the QCD axion
increases between the onset of oscillation and the non-
linear regime of the system, so that the axion oscillation
amplitude becomes smaller than its initial value. There-
fore, the amplitude of the produced dark photon also
becomes smaller. While one needs lattice calculations to
precisely evaluate these effects, the first of the two ef-
fects is expected to be stronger than the second because
of the larger abundance of QCD axion compared to the
axion of the same mass. That is, the effect of trapping
dark Higgs is expected to be stronger in the case of QCD
axion. Therefore, a smaller gauge coupling constant is
needed to terminate the trapping at just the right time.

We comment on that a larger e but smaller § may
also be consistent with the scenario. In particular, to
explain the axion DM with f; ~ 10971% GeV, the initial
misalignment angle should be close to 7. In this case,
we expect further enhancement of the dark photon pro-
duction due to the anharmonic effect, and a smaller 3
may lead to the dark photon amplitude for the trapping.
Also, considering the rather strong trapping effect, one
may consider 8 = O(1) or smaller for which the system
does not enter the nonlinear regime, but the produced
dark photons may be able to trap the dark Higgs for a
larger gauge coupling e. This argument is not limited to
the case of the QCD axion, but also applies to the axion
with the constant mass.

Alternatively, one may consider the heavy QCD ax-
ion whose mass is heavier than due to the small
instantons. Then the temperature-dependence of the ax-
ion mass is significantly reduced, and the gauge coupling

constant can be larger. For instance, we can extend the
color sector to SU(3) x SU(3) x SU(3) with two addi-
tional axions below the Peccei-Quinn breaking scale as
studied in Refs. [T5H77]. Two bifundamental Higgs fields
spontaneously break SU(3)? — SU(3). We obtain a siz-
able small instanton contribution to the lightest axion,
which solves the strong CP problem. The resulting ax-
ion potential has the CP conserving minimum, and the
QCD axion mass is heavier. Since the heavy QCD ax-
ion mass is (almost) independent of the temperature, the
resulting parameter region is essentially the same as the
one shown in the previous section, except for that we
are limited to the region where the axion mass is heavier
than the usual QCD axion mass .

C. (Un)naturalness of the dark Higgs mass

Let us now discuss the potential fine-tuning of the dark
Higgs sector and its relaxation, noting that the mass of
dark Higgs is very small. This can be explicitly seen
when we introduce a certain “Peccei-Quinn” fermion f
of U(1)ge charge g2 in Sec. to induce the axion-
dark photon coupling. It is expected that, by integrating
out the fermion, there arises a radiative correction to the
dark Higgs mass of order

G%X%g 2,2
(1672)2 ey

with my being the mass of the fermion. By requiring
the mass correction to be smaller than 1eV, my should
be comparable to or smaller than TeV for the parameter
region in Fig. If this condition is satisfied, the model
may become technically natural. However, to satisfy the
't Hooft naturalness, one has to relate the small dark
Higgs mass with symmetry. This could be realized in a
supersymmetric UV completion.

omy, ~ (39)



V. DISCUSSION AND CONCLUSIONS

Let us discuss the experimental and observational im-
plications of the axion coupling to the SM photons. Such
axions coupled to photons are often called axion-like par-
ticles (ALPs). The interaction is given by

g B BEM =
Loy = _%quWF“ = _@quWFﬂ . (40)

where F),,, is the field strength tensor for photons, FW
is its dual, and fgm and gg, denote the axion coupling
with photons. We show the allowed region with the cur-
rent bounds on and the future sensitivities to the axion-
photon coupling in Fig. @ We take A = 1, 8 = 100,
Bem = 1/100, and 0, = 1. The colored shaded regions
denote the current bounds on |ge~|, and the dashed lines
denote the future sensitivities. We refer to the summary
for the axion-photon coupling limits [78] and references
therein. We note that some constraints and sensitivities
are based on the assumption that the axion saturates the
observed DM abundance. The axion with m, < 1075 eV
that can explain all DM will be probed by various experi-
ments, such as ADMX [79], FLASH [80], DM-Radio [81],
and SRF [82]. The parameter region where the axion is
subdominant DM can also be probed if the sensitivity
reaches are below the black solid line. However, the ax-
ion abundance would be altered by how the axion DM
is created in the early universe. For instance, while we
take 6, = 1 here, the axion abundance can be enhanced
by the anharmonic effect, but we cannot take too small
an initial angle because we need 6, ~ O(10 — 100) for
the efficient tachyonic production of the dark photon. In
this case the contour of e may be slightly altered.

With 86, < 1, we can still produce the abundant pri-
mordial dark photon with a relatively light axion (see
Ref. [83] for the relation between the particle picture and
the tachyonic instability in the axion-photon system). In
this case, we can study the primordial dark photon pro-
duction from the axion bose-enhanced decay, following
an equation similar to Eq. with I's_s/,» and my re-
placed by 'y, and mg, respectively. Then, we ex-
pect that the non-thermal trapping is possible by the
produced dark photon with larger e.

So far, we have focused on the light axion that is stable
on cosmological times scales. Here we comment on the
possibility of a heavy, unstable axion which decays after
the tachyonic production of dark photons. In this case,
the axion decays into dark photons at a certain time that
depends on mg and fy. The cosmological impacts of such
unstable axion depend strongly on the axion abundance
at the time of the decay. As long as the axion decays into
dark photons, there is almost no noticeable effect if its
abundance is less than a few percent of the total energy
of the universe at the time of decay. If the axion accounts
for more than several percent of DM and completely de-
cays after recombination until present, this would be in-
consistent with the CMB observations [44], [45] 47]. Also,
the amount of dark photons after the decay should not
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exceed the limits from CMB observations on the abun-
dance of dark radiation [I]. While such unstable axion
cannot explain DM, it may be possible to induce the dark
Higgs EDE if it decays in the early universe and if its
abundance is small enough. One motivation for consid-
ering such a heavy axion is that it could be a candidate
for the inflaton if only a plausible reheating process could
be devised. Note that the EDE favors the spectral in-
dex of the primordial power spectrum larger than in the
ACDM case. The cosmological implications of the larger
ns suggested in some of the solutions to the Hubble ten-
sion were discussed in Refs. [84H89]. In particular, the
axion curvaton [84] may produce dark photons to gen-
erate a large effective mass for dark Higgs, thus offering
a unified picture of the EDE and the origin of density
perturbations.

So far, we have focused on the parameter region e? <«
A/8 so that the dark Higgs boson after the trapping de-
cays into the dark photons. Now, let us consider the case
of

e? >\ (41)

While this regime may not be viable in the context of
EDEH it is interesting to study because it may provide
an observable prediction of the non-thermal trapping sce-
narios. We show below that, unlike the discussion so far,
a first order phase transition generically happens in this
regime. As we have mentioned, by slowly varying s we
find that the primordial dark photon amplitudes change
via |A] oc 1/(k? + m%,)l/‘l, where k is the characteristic
physical momentum of the dark photon. This is because

|AJ?,/k? +m2, is an adiabatic invariant in the flat space-

time limit, when the system changes with a time scale
longer than Atagiabatic = —2r__  This implies that the

k2+m?,
s
effective potential for the dark Higgs potential has the
following form,

| Ao %k
VK2 + e2| 1|2
where A( represents the spatially averaged field value of
the dark photon at |¥| = 0. We can see that the second

term is approximately a linear potential at |¥| > k/e. In
this case, if

Ve = Vi + e’|wf?, (42)

|Ag |2 kev < m3v? (43)

around the end of the trapping, there is a potential bar-
rier between the origin and the true minimum. By taking
|Ag|?€? = |Acna|?e? = m3,, this condition is reduced to

k<< may. (44)

10 If the first-order phase transition happens at around the re-
combination, in the context of the early dark energy, the CMB
anisotropy constraint would be severe unless the bubble size is
extremely small (see c.f. Ref. [90]).
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FIG. 4. Current limits and future experimental sensitivity to the ALP coupling to photons, and the ALP DM abundance and
predicted dark U(1) gauge coupling constant in the dark Higgs EDE scenario. We take A = 1, § = 100, Sgm = 1/100, and

0. =1.

Namely, if the primordial dark photons are non-
relativistic after s settles to its true minimum, the lin-
ear term plays an important role to make the poten-
tial barrier. The end of the trapping is then triggered
by quantum tunneling, i.e., a first-order phase transition
happens.

The reason why we imposed is because the time
scale of the tunneling Atyiges ~ 1/m, should be much
longer than Atadiabatim i~e~7 AtHiggs > Atadiabatic ~
1/m., which leads to (41). Thus the non-thermal trap-
ping scenario with provides a new possibility of the
strong first order phase transition and the subsequent
production of gravitational waves. Indeed the potential
with the effective linear term may be generic if the num-
ber of light particles trapping the dark Higgs field is con-
served during the phase transition. For instance, it is
possible that weakly coupled light particles cannot anni-
hilate in the time scale that s evolves.

The first order phase transition in the scalar trapped
by the number-conserving particles could be compared
with the phase transition of the thermal inflation [32, B3]
where the flaton potential also has a barrier. The phase
transition was discussed to proceed via a phase-mixing
but not via a tunneling [91] (see also [92]). This is be-
cause the thermal fluctuation is so large that the flaton
easily jumps over the potential barrier before the tunnel-
ing to occur. In our case of the non-thermal trapping, on
the other hand, there is no sizable thermal fluctuation,
and, in addition, the potential barrier does not need to
be very close to the origin for the tunneling to occur.
Thus, even if the phase-mixing argument is correct, the
first-order phase transition is considered to be generic
in such non-thermal trapping or a trapping by number-
conserving particles.

Let us comment on the impact of our EDE on the
large scale structure. The introduction of EDE generi-
cally leads to a larger DM abundance than that of the

ACDM in order to be consistent with the observed CMB
spectrum. The DM power spectrum can be enhanced
in the scale k 2 keq where koq is the wavenumber at
the equality, because the matter-radiation equality time
becomes earlier. The enhancement makes the og/Ss ten-
sion worse. In our scenario, dark photons are produced
from the decay of the dark Higgs at the end of the EDE
epoch. If the gauge coupling is relatively large, the dark
photon mass in the vacuum becomes relatively heavy,
and thus the dark photon becomes hot or warm DM
and may alleviate the tension simultaneously. This topic
is out of scope in this paper and will be studied elsewhere.

In this paper we have proposed a novel scenario in
which the dark Higgs trapped at the origin explains the
EDE, one of the plausible solutions to the Hubble ten-
sion. The axion condensate triggers tachyonic production
of dark photons, which keep the dark Higgs trapped for
a long time. We have identified the viable model param-
eters where the Hubble tension is solved by EDE and the
axion explain all DM for the axion decay constant in the
intermediate scales and a wide range of the axion mass.
We have also shown that it is possible identify the axion
with the QCD axion.
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Appendix A: Thermal trapping for EDE

Here, we study thermal trapping of the dark Higgs
field in the context of EDE. For specificity, we consider
the same setup as before for the dark sector:

L= (D,V) D' — Vg (T, ) — EXWX’“’ (A1)

where the Higgs boson and gauge field are presentH

We assume that the dark sector has a plasma with a
temperature of Ty,,k, which may have been generated in
the early Universe through various mechanisms such as
the UV completion connecting to the SM sector, inflaton
decay, or inflationary quantum fluctuations. We do not
specify how it is produced in the following. To achieve
the EDE, we require the dark Higgs potential energy to
dominate over dark radiation before recombination. This
may be achieved through thermal trapping, which is due
to the gauge interaction that results in a thermal mass
squared of €*T3, .

The end of trapping at z = z. is represented by the
condition

\Vo. (A2)

T i) ~ my ~
Thus, we have
et Vo
x T:llark(zc)'
For the EDE to dominate over dark radiation, the right-

hand side of the above equation must be greater than
unity. This means that

2,2 2
e“m>, 2 my

(A3)

(A4)

where we note that m, = ev ~ em\p/\f)\. If e <1,
this kinematically forbids the decay of ¥ into a +' pair.
However, we need to have radiation after the EDE era,
and the current setup seems difficult because the dark
Higgs condensate does not decay.

By carefully studying the dark Higgs thermalization
process, we may be able to resolve the aforementioned
difficulty and develop a simple EDE scenario. This is
because the dark Higgs field is self-interacting, and soon
after the trapping, it may approach to a self-interacting
dark radiation.

To see this, let us first note that the number density of
the dark Higgs boson soon after the trapping before the
thermalization is given by

Vb V03/4
ny ~ ——

my A (45)

11 Note that this is not the only possibility, as thermal trapping
may also occur due to the SM plasma.
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If A < 1, we have an overdense system soon after trap-
ping. However, if the number-changing process of parti-
cles, such as the 4 <> 2 process, occurs sufficiently fast,
this over-dense system may approach thermal equilib-
rium. The rate of this process at the last moment of
thermalization is given by

Tyen ~ MV, (A6)

where Vol/ 4 approximately represents the final tempera-
ture if the system were to approach equilibriumE

Comparing this rate with the Hubble expansion rate
at around z. ~ 3500, we obtain the condition for ther-
malization:

A>107". (A7)
Here, we assume fgpg = 0.1. This leads to
myg 2 0.01eV. (A8)

At the lower bound, the thermalized ¥ behaves as dark
radiation around recombination. Much later, this ¥ be-
haves as self-interacting DM, which tends to be hot. This
occurs much later than the structure formation era and
is not considered problematic. It may be interesting to
study this minimal scenario more carefully including the
thermalization in more detail, as well as a possible impact
on the structure formation when the dark Higgs mass is
heavier.

Appendix B: Estimates for the start of nonlinear
regime

This section is devoted to the explanation for how
much dark photons are produced by the tachyonic in-
stabilities till the beginning of the nonlinear regime. To
this end, we study when the energy density of dark pho-
tons becomes comparable to that of the axion and the
system enters the non-linear regime. One can see from
the equation of motion @[) that the dominant growing
mode is kpea/a ~ 10|/ (2f5) ~ Bma|él/(21,), where |4
denotes the oscillation amplitude. It takes the maximal
value, kpeak/a ~ Bmg0./2, at the onset of the axion os-
cillations with 6, the initial amplitude, and it gradually
decreases proportional to the oscillation amplitude. The
efficient tachyonic production of dark photons requires
86, = O(10 — 100). The non-linear regime begins soon
after the system satisfies

1 a 3
2 r2n2 osc
20 ~

2m¢¢*<an1>

kgeak (tnl)
202

[Aul®, (BD)

12 While in many cases, the thermalization timescale is dominated
by the last moment, we must keep in mind that this might not
always be the case [93].



where we have approximated the energy of dark photons

to the gradient energy of the dominant growing mode.

Thus, the field value of the dark photon can be estimated

as

2fy
5

Instead of considering the equilibrium between the en-
ergy densities of the dark photon and the axion, there is
another way to estimate when the backreaction on the
axion dynamics becomes significant. In the equation of
motion for the axion @, there are two terms coming
from the axion potential and the coupling to the dark
photons. The backreaction on the axion dynamics is con-
sidered to be significant when the latter dominates over
the former. In [34], the authors numerically confirmed
that, since the axion oscillation amplitude decreases with
time, the timing evaluated by this method is consistent
with that evaluated by comparing the energy densities of
axion and dark photons.

Note that we have assumed here that the backreaction
of the dark photon production is not significant during
a single oscillation of the axion, before the non-linear
regime. This is because we adopt a mildly enhanced ax-
ion coupling, #6, = 100. On the other hand, if it were
larger than O(10?) or so, one cannot the neglect the back-
reaction on the axion dynamics even during a single os-
cillation, and one should treat the effect as a frictional
force on the axion motion [37]. In fact, it was shown in
Ref. [37] that the QCD axion abundance can be enhanced
for such a large coupling due to the extra frictional force.
In the present case, for the parameters we adopted, it is
known [34] that the axion oscillates many times before
the non-linear regime begins, and such a linear analysis
is justified until the nonlinear regime sets in.

We also estimate the exponential enhancement factor
from the onset of the axion oscillation until the begin-
ning of the non-linear regime. We obtain the exponential
growth factor of the mode with the wave number kpeax/a

as
Bmg|o(t)|
o (5[ a5 )
(Bmgse [ (al)\?
_exp<2ﬂf¢ /toscdt(aosc) >7
(B0 ([ am
~ exp - — -1 )

where the oscillatory part of ¢(t) is replaced with the
averaged value, and we used the relation, H,, =
1/(2tosc) ~ my. Note that % in the first term means
that the enhancement of each helicity mode is switched
every half a period. The initial field value of dark photon
is roughly given by |Aosc| ~ kpeak/Gosc, and thus, from

Egs. and (B3)), we obtain
Afe ’
ﬁ29 me ’

Gn) |:
Qosc ﬁ

|An1| ~ (BQ)

(B3)

(B4)
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Note that since the dominant growing mode changes with
time due to the cosmic expansion, one needs numeri-
cal simulation to calculate precisely when the non-linear
regime begins. The above estimate is in a good agree-
ment with the numerical result within a factor of O(1),
when the growth rate of the instabilities is sufficiently
fast [34]. On the other hand, if the growth rate is rel-
atively small due to large hierarchy between fy and my
and/or small 3, the above estimate breaks down because
the instability band becomes narrow.

Appendix C: Additional mass of dark Higgs from
the Higgs portal coupling

As a possible way to keep the dark Higgs at the origin
for the axion mass lighter than 0.1eV, we introduce a
Higgs portal coupling [94],

e HIH, U, (C1)

where A\py is a portal coupling constant and Hj is the
SM Higgs doublet. This model is applicable to both the
matter dominated and radiation dominated universe, but
we assume the latter one for simplicity. The portal cou-
pling constant is roughly estimated as

2
mwy ~ _923 mwy 2

AH\I’N(va) =10 (]_ eV) ’
where vgw ~ 256 GeV is the VEV of the SM Higgs. This
is because the SM Higgs VEV contributes to the dark
Higgs mass as \/)\Hq;’l)%w and we adopted the largest
value that does not require cancellation between the con-
tributions to the dark Higgs mass. Such a tiny coupling
does not allow the dark sector to be thermalized, but the
dark Higgs acquires a thermal effective mass through the

portal coupling,
VAreTE,,
1

Am(Tpse > 100 GeV) ~
~ 100 eV (1 ei/) (1W:\>/)E  (C3)

where Tise ~ y/mgMpi is the temperature of the onset
of the axion oscillation. Thus we have my 2 0.1meV for
the initial trapping at the onset of oscillation and if we
take A ~ 1 (i.e. myg ~ 1eV). This condition is similar to
the condition that the onset of oscillation should happen
before the electroweak transition.

For my < 0.1eV, we need to consider the trapping at
T < 100 GeV and cancellation between the contributions,
AHuVEw — Mm%, to have the tiny dark Higgs mass in the
low-energy. This cancellation allows us to have a larger
portal coupling. To study this case, let us take the effec-
tive field theory by integrating out the SM particles with
mass larger than T'. In particular, by integrating out the
SM-like Higgs boson, we obtain the following dimension
5 interaction between the dark Higgs and the SM fermion

¥,

Eportal =

(C2)

m —
Lo D —Ogo g —2 | 0|2 np. (C4)
VEW



Here 0y2p is the effective coupling between ¢ and |¥|?,
and my; is the mass of the fermion. In our case, we have
the relation

0 AHTVEW
w2H ™~ 2
mp,

(C5)

with my being the SM-like Higgs boson mass my ~
125 GeV. There is also a loop-induced dimension 6 gauge
boson interaction. For simplicity let us neglect this con-
tribution, keeping in mind that it becomes important at
some temperatures. Then, the loop of the SM fermion,
1, gives a thermal mass of

Am(Tosc < 100 GeV)

m?2 A 2, T
~ Oy T2 —2 ~ 1oV [ 2HY b _Coso
VS e (1010 0.1GeV 0.1 GeV

(C6)

to the dark Higgs field. By requiring the thermal mass
to be larger than my ~ 1eV at the onset of oscillation
we obtain

T 2
m¢, 2 10_148\/ (Ol’g‘;\/‘) .

(C7)
We note that if we require Tose < 0.1 GeV, we need

to consider electron contribution which requires Agg >
10710,
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For a larger coupling we may need to take account of
thermalization of the dark sector since thermally popu-
lated charged dark Higgs will generate a screening mass
to the dark photon, and the tachyonic production is sup-
pressed. The dark Higgs sector would be thermalized at
around the electroweak phase transition. The thermal-
ization is most efficient at T' ~ 100GeV. By requiring the

2
thermalization rate ﬁ’—;’T to be smaller than the Hubble
expansion rate, we obtain

AHT 5 1078. (08)

When Mgy > 1078 the dark Higgs number can be
still suppressed if the reheating temperature is signif-
icantly lower than 100 GeV. Then a relatively larger
Apw is compatible with our scenario. In this region,
we need to be careful of the phenomenological and as-
trophysical bounds. Since W is light, the pair produc-
tion of WU in the accelerator experiments and stars
should be the dominant process. For instance, the pair
emission rate of W in the SN1987A very roughly is

€pg ~ A%:;“ ~ 10%%erg- g1 5712, (m)s from
the dimensional argument, with 7' ~ 30MeV being
the typical core temperature of the proto-neutron star.
We have neglect some extra small factors for the phase
space or SM coupling suppression in the rough estimate.
This should satisfy the so-called Raffelt criterion egq <
10%%rg - g~ - s71 [95]. Thus Ay < 107° is obtained. If
Agy is much larger than this limit, the SN1987A bound
might be alleviated since the ¥ is trapped in the core.
Such large Ay in the trapped regime may also be con-
strained in the accelerator via, e.g., K — m + UW.
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