
 

Axionlike Origin of the Primordial Density Perturbation

Takeshi Kobayashi *

Kobayashi-Maskawa Institute for the Origin of Particles and the Universe, Nagoya University, Nagoya 464-8602, Japan

(Received 7 May 2020; accepted 16 June 2020; published 1 July 2020)

We show that an axionlike field coupled to a new confining gauge group can generate the primordial
density perturbation in the postinflation Universe. The axion decay constant and strong coupling scale are
uniquely determined by observations of the density perturbation, which further suggest a temporal
deconfinement of the gauge group after inflation. The resulting temperature-dependent axion potential,
together with its periodic nature, gives rise to the red-tilted density perturbation, with a positive local-type
non-Gaussianity of order unity.
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Introduction.—The large-scale structure of our Universe
was seeded by tiny density fluctuations in the early
Universe. This picture of structure formation has been
established by a variety of cosmological observations,
which also revealed that the primordial density perturbation
was adiabatic, nearly scale-invariant with a slight increase
of the amplitude towards larger length scales (red tilted),
and nearly Gaussian. However, the physical origin of the
density perturbation still remains a mystery. One possibility
is that it was produced during cosmic inflation from
fluctuations of the inflaton field. Alternatively, it could
have been produced after inflation by another physical
degree of freedom.
In theories beyond the standardmodel of particle physics,

the appearance of pseudo-Nambu-Goldstone bosons
(PNGBs) of spontaneously broken global U(1) symmetries
is ubiquitous. The most famous example is the QCD axion
introduced for solving the strong CP problem [1]. Another
well-studied example occurs in string theory, which sug-
gests the existence of many such particles in the four-
dimensional effective theory upon string compactifications
[2]. Axions and axionlike particles can also play important
roles in cosmology, and in particular the possibility that they
constitute the dark matter of our Universe has been exten-
sively studied.
In this Letter we argue that an axionlike field can serve as

a curvaton [3] and generate the primordial density pertur-
bation in the postinflation Universe. Considering the axion
to be coupled to a new gauge force that becomes strong at
low energies, we show that the observed characteristics of
the density perturbation require the strong coupling scale
to be higher than the de Sitter temperature of the infla-
tionary Universe, but lower than the maximum radiation
temperature during reheating, i.e., T inf ≪ Λ ≪ Tmax. This
leads to a temporal deconfinement of the gauge group after
inflation, with which the axion generates the density
perturbation by virtue of its temperature-dependent and
periodic potential.

Our scenario is quite distinct from previous studies on
PNGB curvatons [4,5]. For a curvaton to produce the
observed red spectral index ns − 1 ∼ −10−2, one needs to
require either (i) a time derivative of the Hubble rate during
inflation of − _H=H2 ∼ 10−2, and/or (ii) a tachyonic curva-
ton mass with amplitude jmj ∼ 10−1Hinf in terms of the
inflationary Hubble rate. Option (i) implies that the inflaton
field travels a super-Planckian distance, and thus imposes
strong constraints on inflationary model building. In option
(ii), the rather large tachyonic mass forces the curvaton to
start oscillating soon after inflation ends, which in turn
makes it challenging for the curvaton to dominate the
postinflation Universe and produce the density perturba-
tion. One way to avoid the early onset of the oscillation is to
place the curvaton at a fine-tuned initial position close to a
potential maximum, however this also enhances the non-
Gaussianity and thus is ruled out by current observations.
We will show that an axionlike field coupled to a strong
sector can generate a red-tilted and nearly Gaussian
perturbation via (ii), by taking advantage of a temper-
ature-dependent potential which naturally delays the oscil-
lation, without the need of fine-tuning the initial condition.
The axion setup.—We consider a PNGB of some global

U(1) symmetry that is spontaneously broken at an energy
scale f; we refer to this field as the axion and f the axion
decay constant. We also assume the U(1) to be explicitly
broken due to the axion being coupled to a new gauge force
(not QCD) that becomes strong at low energies, yielding a
periodic axion potential. Considering the periodicity to be
governed by f, we write the axion Lagrangian as

−
1

2
f2∂μθ∂μθ −mðTÞ2f2ð1 − cos θÞ þ α

8π
θFμνF̃μν: ð1Þ

Here the axion is written as a dimensionless angle θ with
periodicity θ ≅ θ þ 2π, and we have also added a pseu-
doscalar coupling to photons (or hidden photons). The
axion potential arises below some strong coupling scale Λ
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(< f), and we consider the axion mass to depend on the
cosmic temperature as

mðTÞ ≃

8><
>:

m0

�
Λ
T

�
p

for T > Λ;

m0 for T < Λ;
ð2Þ

with a positive power p of order unity, although our main
results are insensitive to the detailed form of the temper-
ature dependence above Λ. The zero-temperature axion
mass is given by

m0 ¼
Λ2

f
: ð3Þ

Without loss of generality we take the axion to lie within
the range −π ≤ θ ≤ π.
Cosmological evolution.—Upon analyzing the axion

dynamics, we will make a couple of assumptions along
the way. We will later show that most of the assumptions
are actually required by the observed characteristics of the
density perturbation.
We first assume that the de Sitter temperature during

inflation, T inf ¼ Hinf=2π, is lower than the strong coupling
scale, i.e.,

T inf < Λ < f: ð4Þ
Hence during inflation the U(1) is already broken, and
moreover the axion potential takes its zero-temperature
form. Further supposing m2

0 ≪ H2
inf , and that f is smaller

than the reduced Planck scale MPl ¼ ð8πGÞ−1=2, then
Λ4 ≪ M2

PlH
2
inf , i.e., the energy density of the axion is tiny

compared to the total density of the Universe and thus the
axion serves as a spectator. Supposing that the axion
evolution is dominated by classical rolling and not quantum
fluctuations, the axion slowly rolls as 3Hinf

_θ ≃ −m2
0 sin θ.

Integrating this by ignoring any time dependence of the
Hubble rate yields

tan

�
θend
2

�
≃ tan

�
θ1
2

�
exp

�
−

m2
0

3H2
inf

N 1

�
: ð5Þ

Here θend is the field value when inflation ends, and N 1 is
the number of e folds since the time when the axion takes a
value θ1 until the end of inflation.
After inflation, the inflaton is considered to decay and

trigger a radiation-dominated epoch. We assume that the
maximum value of the radiation temperature lies within
the range

Λ < Tmax < f; ð6Þ

and thus the U(1) symmetry stays broken, however
the axion potential diminishes. The energy density and

temperature of radiation are related via ρr ¼ ðπ2=30Þg�T4,
and for simplicity we take the number of relativistic degrees
of freedom as a constant. As a minimal model, we consider
the inflaton to instantaneously decay at the end of inflation;
then the maximum radiation temperature is

Tmax ¼
�

90

π2g�

�
1=4

ðMPlHinfÞ1=2: ð7Þ

The axion slow rolls until its potential diminishes, after
which it freely streams for a few Hubble times and then
comes to a halt due to the Hubble friction. The field
excursion during the free streaming can be estimated
using the slow-roll approximation just before the end of
inflation as jΔθj ∼ j_θend=Hinf j < ðm2

0=H
2
infÞjθendj ≪ jθendj.

This shows that the axion is effectively frozen at θend while
its potential is negligible.
The axion potential arises again as the Universe cools

down. When the mass becomes comparable to the Hubble
rate, the axion begins to oscillate about its potential
minimum, and thereafter the axion number is conserved.
The temperature when the oscillation begins can be
computed, supposing it is above Λ and that the Universe
is dominated by radiation, as

Tosc ≃ Λ
� ffiffiffiffiffi

90
p

πg1=2� c

MPl

f

�1=ðpþ2Þ
: ð8Þ

The subscript “osc” denotes quantities at the onset of the
oscillation, and c≡mðToscÞ=Hosc is the mass-to-Hubble
ratio at this time. Here, note thatmðToscÞ < m0. The number
density of the axion is written as nθ ¼ ρθ=mðTÞ in terms
of the energy density ρθ ¼ f2 _θ2=2þmðTÞ2f2ð1− cosθÞ.
Hence its value at the onset of the oscillation is

nθosc ≃mðToscÞf2ð1 − cos θendÞ; ð9Þ

and thereafter redshifts as nθ ∝ a−3.
Since the radiation density redshifts as ρr ∝ a−4, the

axion would eventually dominate the Universe if it is
sufficiently long lived. The Hubble rate when axion domi-
nation takes over, i.e., when ρθ ¼ ρr, is obtained as

Hdom ≃
60

ffiffiffi
5

p

π3g3=2�

Λ2

MPl

�
Λ
Tosc

�
2pþ6

ð1 − cos θendÞ2; ð10Þ

where we have considered the temperature at this time to
satisfy Tdom < Λ so that ρθ ¼ m0nθ. Whether the axion
actually dominates the Universe depends on its lifetime. At
temperatures belowΛ, the decay width of the axion induced
by the axion-photon coupling in (1) is

Γ ¼ α2

256π3
Λ6

f5
: ð11Þ
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If Γ < ð>ÞHdom, then the axion would decay after (before)
dominating the Universe. Supposing that the axion decays
suddenly whenH ¼ Γ (we denote quantities at this time by
the subscript “dec”), one finds a relation:

3M2
PlΓ2 ¼ 3M2

PlH
2
osc

�
aosc
adec

�
4

þm0nθosc

�
aosc
adec

�
3

: ð12Þ

The terms in the right-hand side correspond to the radiation
and axion densities right before the decay, andwewrite their
ratio as R≡ ðρθ=ρrÞdec for later convenience.
Curvature perturbation.—The axion acquires super-hori-

zon field fluctuations during inflation, which later get
converted into cosmological density (or curvature) pertur-
bations as the axion comes to dominate the Universe. The
generation of the perturbation completes when the axion
decays. Using the δN formalism [6], we compute the axion-
induced curvature perturbation as the fluctuation in the
number of e folds N between an initial flat slice during
inflationwhen a comovingwave number k of interest exists
the horizon (k ¼ aH), and a final uniform-density slice
where H ¼ Γ. Noting that the axion field fluctuations
on the initial slice is Gaussian with a power spectrum
PδθðkÞ ≃ ðHk=2πfÞ2 (the subscript “k” refers to quantities
when k ¼ aH), the power spectrum of the curvature
perturbation is written as PζðkÞ ≃ ð∂N =∂θkÞðHk=2πfÞ2.
Likewise, the non-Gaussianity parameter characteriz-
ing the amplitude of the local bispectrum is fNL ≃
ð5=6Þð∂2N =∂θ2kÞð∂N =∂θkÞ−2.
The derivatives of N ¼ lnðadec=akÞ can be evaluated by

differentiating (12) multiple times with respect to θk. In the
vicinity of θ ¼ 0 where the axion potential is well approxi-
mated by a quadratic, the mass-to-Hubble ratio c at the
onset of the oscillation is independent of the axion field
value [7]; however this is not the case in the region close to
the hilltop jθj ¼ π [5]. Let us for the moment suppose that
θend is not too far from 0 and take ∂c=∂θk ¼ 0. Then, also
because the axion density is negligibly tiny compared
to the total density of the Universe during ak ≤ a ≤ aosc,
the ratio ðaosc=akÞ is independent of θk. Derivatives of θend

can be evaluated using (5). Hence, after some manipulation
we find

PζðkÞ≃
�

R
3Rþ 4

1þ cosθend
sinθk

Hk

2πf

�
2

;

fNL≃
5

6

�
4

R
þ 4

3Rþ 4
−
�
3þ 4

R

�
1− cosθendþ cosθk

1þ cosθend

�
:

ð13Þ

In the θk → 0 limit, these expressions reduce to those of
the vanilla curvaton with a quadratic potential. The spectral
index of the power spectrum ns − 1 ¼ d lnPζ=d ln k is
computed using d ln k ≃Hkdt and the slow-roll approxi-
mation during inflation as

ns − 1 ≃
2

3

m2
0

H2
k

cos θk þ 2
_Hk

H2
k

: ð14Þ

In Fig. 1 we plot ns, Pζ, and fNL as functions of θk. Here
we have fixed the axion parameters as f ¼ 2500Hinf and
Λ ¼ 30Hinf , with a sufficiently small photon coupling α
such that R ≫ 1 in the entire displayed region of
10−2 ≤ θk < π. The mode k exits the horizon about 50 e
folds before the end of inflation, and the time variation of
the inflationary Hubble rate is taken as j _H=H2j ≪ 10−2 so
that its effect on the spectral index is negligible. We note
that the curvature perturbation is insensitive to the precise
values of Hinf , α, p, and g�, as long as the aforementioned
assumptions are satisfied. The black solid lines show the
exact results obtained by numerically solving the equation
of motion of the axion and computing δN . We have
verified that the numerical results do not change if the
axion and inflaton decay suddenly or smoothly, as long as
R ≫ 1 and also the inflaton decay width is not much
smaller than Hinf . The blue dashed lines show the R → ∞
limit of the analytic expressions (13), and the red dotted
lines show the results for a quadratic curvaton (i.e., θk → 0
and R → ∞). The analytic expression (14) for the spectral
index fully overlaps with the numerical result, hence is not

FIG. 1. Curvature perturbation as a function of the axion angle when the pivot scale exits the horizon during inflation. The axion decay
constant and strong coupling scale are taken as f ¼ 2500Hinf and Λ ¼ 30Hinf , so that the power spectrum amplitude and the spectral
index match with observations at θk ≈ 2.0. The black solid lines show the numerical results, while the blue dashed lines are analytic
approximations. Results for vanilla curvatons are shown as the red dotted lines.
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shown in the plot. The behavior of the axion-induced
perturbation reduces to that of a quadratic curvaton at
θk ≪ 1. The analytic expressions in (13) are seen to match
well with the numerical results up to θk ≲ 2.5, which
corresponds to θend ≲ 0.5. For larger θk, the inhomo-
geneous onset of the axion oscillation becomes relevant
and thus the approximation of constant c used for deriving
(13) breaks down; in particular, fNL becomes of order
10 as θk approaches π [5]. The Planck best-fit values
PζðkpÞ ≈ 2.1 × 10−9 and ns ≈ 0.96 at the pivot scale kp ¼
0.05 Mpc−1 [8] are realized at θk ≈ 2.0. Here the local-type
non-Gaussianity is also within the Planck 68% limits
fNL ¼ −0.9� 5.1 [9].
Observational constraints.—We now investigate the

parameter space. The periodic axion potential comes
equipped with negatively curved regions where the red-
tilted perturbation can be sourced without relying on large-
field inflation. The observed value of ns indicates that the
axion angle lies within π=2 < jθkj < π when the cosmo-
logical scales exit the horizon, and also that the zero-
temperature axion mass is of order 10−1Hinf [10]. Current
limits on non-Gaussianity favor R ≫ 1 (i.e., axion domi-
nation before decay), and also jθkj not too close to π
where the inhomogeneous onset of the oscillation enhances
fNL. Hence, supposing the axion to roll down to the
region jθendj < π=2 by the end of inflation, we take
− cos θk ∼ j sin θkj ∼ cos θend ∼ 1 to make a rough estimate
of the axion parameters. Then (13) and (14) give
Pζ ∼ ðHinf=3πfÞ2, ns − 1 ∼ −2m2

0=3H
2
inf , and fNL ∼ 5=4.

Thus we find that the observed values of Pζ and ns fix the
decay constant and strong coupling scale in terms of the
inflation scale as

f ∼ 2000Hinf ; Λ ∼ 20Hinf : ð15Þ
One can then check, taking c ∼ 1, that most of the

assumptions in the previous sections are automatically
satisfied as long as the inflation scale does not exceed
the observational upper boundHinf ≲ 1014 GeV [8]. On the
other hand, the condition of Tmax < f [cf. (6)], without
which the axion would temporarily vanish after inflation
and thus would not be able to source the perturbation,
imposes a lower bound on the inflation scale as

Hinf ≳ 1011 GeV: ð16Þ
Hence our scenario is compatible not only with high scale
inflation producing observably large primordial gravita-
tional waves, but also with inflation happening at lower
scales. We remark that the lower bound (16) is further
relaxed if the inflaton does not decay instantaneously and
yields Tmax lower than (7), or if the symmetry breaking
scale is larger than the axion periodicity (possibly with a
large domain wall number).
The decay width of the axion is constrained by the

assumption of R ≫ 1, and also from the requirement that

the cosmic temperature after the decay be higher than
∼4 MeV so as not to spoil big bang nucleosynthesis [11].
The former condition restricts the axion-photon coupling α
from above, and the latter from below. These bounds
become more stringent for lower inflation scales; forHinf ¼
1011ð1014Þ GeV the coupling is bounded as

10−11ð10−13Þ≲ α≲ 10−2ð103Þ: ð17Þ

We also note that if α greatly exceeds unity then the
effective theory would break down at T ¼ Tmax.
Discussion.—We showed that an axionlike particle

coupled to a new confining sector can generate the
primordial density perturbation of our Universe. The axion
decay constant and strong coupling scale are uniquely
determined by observations in terms of the inflation scale as
(15), which, in the minimal model, entail a temporal
deconfinement of the gauge group after inflation.
Let us comment on the observational consequences.

The axionlike scenario predicts a positive local-type non-
Gaussianity of order unity, fNL ∼ 1, on large scales. This is
in contrast to single-field inflation which yields a much
smaller local fNL, and also to a vanilla curvaton which
produces fNL ¼ −5=4 in the dominating limit (R → ∞).
These values of non-Gaussianity are within reach of
upcoming large-scale structure surveys [12]. We also
remark that the axion lies within π=2 < jθj < π and sources
the red spectral tilt when the cosmological scales exit
the horizon, and then rolls down typically to the region
jθj < π=2 by the end of inflation. This implies that the
density perturbation spectrum becomes blue tilted at small
scales and thus is enhanced. Likewise, fNL runs towards
negative values at small scales. These features could be
tested observationally using, for instance, ultracompact
minihalos [13].
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