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The primordial irreducible gravitational-wave background due to quantum vacuum tensor fluctuations pro-
duced during inflation spans a large range of frequencies with an almost scale-invariant spectrum but is too low
to be detected by the next generation of gravitational-wave interferometers. We show how this signal is en-
hanced by a short temporary kination era in the cosmological history (less than 10 e-folds), that can arise at any
energy scale between a GeV and the inflationary scale 1016 GeV. We argue that such kination era is naturally
generated by a spinning axion before it gets trapped by its potential. It is usually assumed that the axion starts
oscillating around its minimum from its initially frozen position. However, the early dynamics of the Peccei-
Quinn field can induce a large kinetic energy in the axion field, triggering a kination era, either before or after
the axion acquires its mass, leading to a characteristic peak in the primordial gravitational-wave background.
This represents a smoking-gun signature of axion physics as no other scalar field dynamics is expected to trigger
such a sequence of equations of state in the early universe. We derive the resulting gravitational-wave spectrum,
and present the parameter space that leads to such a signal as well as the detectability prospects, in particular at
LISA, Einstein Telescope, Cosmic Explorer and Big Bang Observer. We show both model-independent predic-
tions and present as well results for two specific well-motivated UV completions for the QCD axion dark matter
where this dynamics is built-in.

INTRODUCTION

Axion particles are ubiquitous in extensions of the Stan-
dard Model of particle physics. They arise as pseudo-Nambu-
Goldstone bosons of a spontaneously broken global U(1)
symmetry and as such are typically very light compared to
the symmetry-breaking energy scale fa. A particularly well-
motivated candidate is the QCD axion predicted by the Peccei-
Quinn (PQ) mechanism introduced to solve the strong CP
problem in the Standard Model, which is the intriguing ab-
sence of CP-violation in the sector of strong interactions. The
PQ mechanism relies on the existence of a new complex scalar
field whose vacuum expectation value breaks spontaneously a
new broken global U(1)PQ symmetry. Such mechanism still
remains to be tested experimentally. Its main prediction is a
new light particle, the axion, the angular mode of the new PQ
scalar field. There has been growing interest for the axion over
the years, as it can as well explain the Dark Matter of the Uni-
verse. The axion is at the origin of an extensive experimen-
tal programme, and has become the most hunted particle after
the Higgs discovery. It is being searched by exploiting its cou-
pling to the photon which scales as 1/fa. Given the astrophys-
ical constraints on fa & 108 GeV, the small axion coupling
makes its detection challenging. Around the QCD epoch, the
QCD axion acquires a tiny mass, ma ∝ Λ2

QCD/fa. From that
time, it starts oscillating around its minimum, and its energy
density redshifts as pressure-less matter a−3. It is usually as-
sumed that the axion starts oscillating from its initially frozen
position. However, the early dynamics for the Peccei-Quinn
field before the QCD scale can naturally induce a large ki-
netic energy for the axion, which thus may experience a fast-
rotating stage before oscillations kick in. This is the scenario

we investigate in this work, establishing a gravitational-wave
smoking-gun signature of this dynamics.

GRAVITATIONAL-WAVES FROM A KINATION ERA

Today, the irreducible stochastic background of gravita-
tional waves from inflation, characterized by its cosmological
fraction of the total energy density, reads [1]

ΩGW =
k2a2

k

24H2
0

ΩGW,inf (1)

and comes from modes with comoving wave number

k = akHk (2)

which entered the horizon when the scale factor of the uni-
verse was ak and the expansion rate of the universe was Hk.
H0 is the Hubble rate today. GW generated during inflation
are stretched outside the Hubble horizon and are well-known
to represent a mainly scale-invariant power spectrum when
they enter the horizon:

ΩGW,inf '
2

π2

(
HI

Mpl

)2

, (3)

where HI is the Hubble rate during inflation. The frequency
of GW we observe today is

f =
Hk

2π

ak
a0

(4)

Using the Friedmann equation H =
√
ρ/3MPl where ρ ∝

a−3(1+ω), ω being the equation of state of the universe, we
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Figure 1: Kination era generated by the dynamics of the Peccei-
Quinn field. First, the energy density of the universe is dominated by
the scalar field oscillations. Kination starts once the kinetic energy
of the scalar field dominates.

have f ∝ a−(1+3ω)/2
k and Eq. (1) leads to

ΩGW ∝ fβ , with β ≡ −2

(
1− 3ω

1 + 3ω

)
, (5)

Therefore, modes entering the horizon during radiation (ω =
1/3), matter (ω = 0) and kination (ω = 1) eras have spectral
indices β = 0,−2, and 1, respectively. GW resulting from
modes that enter during the radiation era have the standard
flat spectrum

Ωst
GWh

2 ' (1.29× 10−17)G(Tk)

(
V

1/4
inf

1016 GeV

)4

, (6)

where G(Tk) = (g∗(Tk)/106.75)(g∗,s(Tk)/106.75)−4/3, Tk
is the temperature when a given mode re-enters the horizon,
and V

1/4
inf is the inflationary energy scale. Therefore, even

assuming the largest inflation energy scale allowed by CMB
data [2], this GW background cannot be observed by the fu-
ture GW observatories LISA [3] and Einstein Telescope [4, 5].
Only Big Bang Observer [6] may be sensitive to it. In this
letter, we show how axion models produce a kination era pre-
ceeded by a matter era inside the standard radiation era, as
illustrated in Fig. 1. The transition between these eras pro-
vides a sign change in the spectral index and leads to a peaked
GW signature. The high-frequency slope -2 is associated to
the matter era while the low-frequency slope +1 is associated
to the kination era. The overall GW spectrum over frequency
range can be written as

ΩGW,0h
2(f) = Ωst

GW(f∆)h2 × (7)
1 ; f < f∆,

(f/f∆) ; f∆ < f < fKD,

(fKD/f∆) (fKD/f)
2

; fKD < f < fM ,

(fKD/f∆) (fKD/fM )
2

; fM < f,

where the GW in standard cosmology Ωst
GW is given by Eq.

(6), and f∆, fKD (peak frequency), fM are the characteristic

frequencies corresponding to the modes re-entering the
horizon right after the end of the kination era, at the beginning
of the kination era, and at the beginning of the matter era
respectively. They are defined as:

f∆ =
H∆a∆

2πa0
' 2.6× 10−6 Hz (8)

×
(
g∗(T∆)

106.75

)1/2(
g∗,s(T∆)

106.75

)−1/3(
T∆

102 GeV

)
,

fKD =
HKDaKD

2πa0
= f∆

(
ρKD

ρ∆

)1/3

= f∆e
2NKD (9)

' 1.07× 10−3Hz×G1/4(T∆)×

(
ρ

1/4
KD

10 TeV

)
eNKD/2

10
.

where the e-folding of the kination era is eNKD =
(ρKD/ρ∆)1/6. This peak frequency fKD thus encodes infor-
mation about the duration of the kination era. The peak am-
plitude at fKD is

ΩGW,KD = Ωst
GWh

2(f∆)

(
fKD

f∆

)
= Ωst

GWh
2(f∆)e2NKD

' 2.84× 10−13

(
g∗(T∆)

106.75

)(
g∗,s(T∆)

106.75

)−4/3

×

(
V

1/4
inf

1016 GeV

)4(
exp(2NKD)

22000

)
, (10)

where exp(10) ≈ 22000. Finally:

fM =
HMaM
2πa0

= f∆

(
ρM
ρKD

)1/6

. (11)

The amplitude difference between flat parts is

ΩGW(f > fM )

ΩGW(f < f∆)
=

(
fKD

f∆

)(
fKD

fM

)2

=

(
1

ρ∆
· ρ

2
KD

ρM

)1/3

.

(12)
If no entropy dilution occurs after the matter domination era,
ρ∆ = ρ2

KD/ρM and the above ratio equals to unity. The re-
sulting typical spectra are plotted in Fig. 2 for three bench-
mark points reported in Fig. 3 and corresponding to different
choices of kination energy scales and kination duration. The
shape of this spectrum is quite unique and very different from
any other predictions of stochastic GW signals of cosmolog-
ical origin. For instance, the peak that results from a cosmo-
logical first-order phase transition is very narrow as the source
is active at a specific temperature [7] while here the kination
era responsible for the peak lasts for several efolds. Another
main source is cosmic strings. In this case, the source is long-
lasting. The spectrum has a very different shape. It may fea-
ture a peak-like structure [8], depending on the precise cos-
mological history. It can be close to scale-invariant over some
frequency range, while the slope at low-frequency slope rises
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Figure 2: The matter-kination scenario leads to a peaked GW
spectrum from primordial inflation. The peak’s height and position
are determined by the inflationary scale Einf , the kination e-folding
NKD, and the kination energy scale EKD. The shown spectra corre-
spond to the benchmark points in Fig. 3. The dashed lines represent
the positions of the peak generated in different models of QCD axion
dark matter (according to Eq. 13).

as ∝ f3/2. The effect of a kination era on the GW spectrum
from cosmic strings are presented in a sister publication [9].
If such cosmic string source is present, a multiple-peak struc-
ture may arise. Finally, another source of stochastic GW may
come from the couplings of the inflaton. A well-known exam-
ple is axion inflation that may lead to an enhanced signal due
to parametric resonance effects induced by the inflaton cou-
pling to gauge fields [10]. The spectral shape of this signal
is also very different from what we predict from a short ki-
nation era. In this letter, we focus on the model-independent
irreducible background from inflation. Fig. 3 shows which
types of cosmological histories, characterised by the energy
scale of kination and duration of kination, can be probed by
LISA [3], BBO [6], ET [4, 5], CE [11] and SKA [12]. To
derive these regions, we have used the integrated power-law
sensitivity curves of [8]. Note that a kination era lasting more
than ∼ 12 efolds is not viable as it would lead to a too large
energy density in GW, violating theextra relativistic-species
(Neff ) constraint from Big Bang Nucleosynthesis (BBN) [1].

Having derived the GW smoking gun signature resulting
from an intermediate matter era followed by the kination era
inside the radiation era, we will next argue that such cosmo-
logical history is a characteristic feature of axion field dynam-
ics, that arises for instance in the Peccei-Quinn framework
before the axion starts oscillating and relaxes the strong CP
parameter to unobservably small values. Our discussion is
very general and applies to any axion-like particle (ALP), the
PQ axion being one particular example. We will discuss two
possible implementations. The first implementation relies on
the interplayed dynamics of the radial and angular modes of
the PQ field. A large kinetic energy can be transferred to the
axion by the dynamics of the radial mode at early times. The
second one called “trapped misalignment” only involves the
axion, the angular mode of the complex PQ field, and was in-
troduced in Ref. [13, 14]. In this framework, the axion has a
large mass Ma at early times. At some temperature Tc, the

Einf = 1.6 × 1016 GeV

Figure 3: Model-independent probes of a short kination era in the
early universe by GW experiments. Coloured regions indicate ob-
servable windows for each experiment. BBN constrains the energy
scale at which kination ends (gray) and the amount of GW (red-
hatched). Dashed lines indicate the temperature T∆ when kination
ends. Peaked signals exist in the white region but are not observable
in planned experiments. Like in Fig. 2, this figure does not assume
anything about axions, it just relies on a kination era as defined in
Fig. 1. Only the three parallel solid lines refer to specific models
where the kination era is triggered by a QCD axion. The black line
denotes the scenario where kination is induced by the spinning of
conventional QCD axion DM, the corresponding GW peaks would
require new observatories sensitive to ultra-high frequencies. The
lighter QCD axion DM with ZN -symmetry [13, 14] can induce a
GW signal, from the shown benchmark points, e.g. at ET, BBO, and
LISA for N ' 25, 31, 39, respectively.

axion potential vanishes abruptly. In this process, the axion
acquires a large kinetic energy that induces a kination era. In
both cases, the kination era lasts a few efolds, until the energy
density of the scalar field, which redshifts as a−6 is overcome
by radiation, and the standard evolution then takes over. Be-
fore describing these two cases in turn, we investigate the gen-
eral case where the axion makes all the dark matter (DM) of
the universe, as this represents one of the golden scenario that
has led to a large variety of experimental searches.

GRAVITATIONAL WAVES AND AXION DARK MATTER
RELATION

From the so-called kinetic misalignment mecha-
nism [15, 16] or kinetic axion fragmentation [17] the
ALP relic abundance today reads Ωa,0/ΩDM,0 '
170.94 (ma/1eV) (Ya/40), where the comoving ax-
ion number density is conserved after kination has
started, Ya = na/s = f2

a θ̇KD/s(TKD). Eq. (9)
can be re-written in terms of Ya, fKD = 4.6 ×
10−9HzG1/4(T∆)G3/4(TKD) (fa/Ya) e2NKD , such that
we can relate the GW peak amplitude to the ALP abundance
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Figure 4: Ability of future GW experiments to probe a generic spin-
ning ALP-DM as well as QCD axion-DM, whose abundance is set by
kinetic misalignment. The peaked GW is observable on the left side
of each of the colored lines. Hatched regions are excluded experi-
mentally (LIGO O2 [18]) and theoretically (kination era after BBN).
The BBN bound includes the case where axion is trapped before ki-
nation ends. For larger fa or ma, the kinetic misalignment is not
effective (below gray-dotted line). The QCD axion mass relations
are shown in black lines for the canonical (solid) and the ZN -axion
models (dashed).

today:

ΩGW,KDh
2 = (6.48× 10−19)

(
G(T∆)
G(TKD)

)3/4 (
Einf

1016 GeV

)4
×

(
fKD

1 Hz

)(
109 GeV

fa

)(
1 eV
ma

)(
Ωa,0

ΩDM,0

)
. (13)

From this, we can deduce a bound on the axion mass for which
a given GW experiment will be able to probe the GW peak
from a kination era induced by the axion of a given relic abun-
dance. We report these bounds in the case where the axion
accounts for all the dark matter in the universe in Fig. 4.

KINATION FROM A ROTATING COMPLEX SCALAR
FIELD

We consider a complex scalar field Φ with a Lagrangian

L = (∂µΦ)†∂µΦ− V (|Φ|)− V
��U(1)(Φ), (14)

where V is a globally U(1)-symmetric potential with
spontaneous-symmetry breaking (SSB) vacuum, and V

��U(1) is
an explicit U(1)-breaking term. The complex scalar field can
be written as two real fields describing the radial φ and angu-
lar θ directions

Φ = φeiθ, (15)

case II: ϕini = fa Angular potential

U(θ)

for T ≥ Tc

case I: ϕini ≫ fa

ϕ = fa

V(Φ) I

II
for T < Tc

δ

θ0

·θ

0 2ππ 3π 4π

angular direction: θ

case II: ϕini = fa Angular potential

U(θ)

for T ≥ Tc

case I: ϕini ≫ fa

ϕ = fa

V(Φ) I

II
for T < Tc

δ

θ0

·θ

0 2ππ 3π 4π

angular direction: θ

Figure 5: Field-space evolution generating a kination era in two
classes of models: (I) rotating complex condensate, relying on the
interplayed dynamics between the radial and angular modes of the
PQ field and (II) trapped misalignment, that only involves the an-
gular mode dynamics, controlled by an abrupt change in the axion
mass at some temperature Tc.

where the U(1)-symmetry acts as a shift symmetry of θ. In
most of the literature on axion cosmology, the dynamics of
the radial mode is not considered. One focuses on the oscil-
lations of the axion at late times, once the radial mode has
settled to its present value fa. On the other hand, the early
dynamics of the axion’s companion, the radial mode φ, can be
of crucial importance to motivate the initial conditions for the
axion oscillations. As first pointed out in [15, 16] and later
exploited in [19, 20], the axion can indeed acquire a large ini-
tial velocity due to the early dynamics of the radial mode of
the Peccei-Quinn field. In this section, we strongly rely on
such general framework and show how a kination era is natu-
rally induced. In this case, the PQ symmetry is spontaneously
broken before or during inflation and φ acquires a large VEV
during inflation due to a Hubble-size negative mass induced
by Planck-suppressed operators [21–23]. From this large ini-
tial VEV, it starts its evolution towards the minimum of the
potential at φ = fa. Once it reaches the bottom, its kinetic
energy dominates over the potential energy and allows the pe-
riod of kination. The kinetic energy induced by V

��U(1) is stored
by the field motion in this flat direction, which is crucial for
kination. We consider only the homogeneous part of the field,
the Lagrangian in the angular representation is

L =
1

2
φ̇2 +

1

2
φ2θ̇2 − V (|Φ|)− V

��U(1)(Φ), (16)
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where the first and second terms denote the kinetic energy in
the radial and angular modes, respectively. In the absence of
the explicit breaking, the angular equation of motion can be
written as a constant of motion

d

dt

(
a3φ2θ̇

)
= 0, (17)

where φ2θ̇ is the comoving conserved charge corresponding
to the restored U(1)-symmetry.

In this story, the kination era occurs when the rotating field
that dominates the universe settles down to the SSB minimum.
The rotation of the axion field is generated similarly to the
Affleck-Dine mechanism [21] where the explicit breaking po-
tential imparts a kick in the angular direction. In contrast,
the U(1)-symmetric potential excites the radial motion. With
kicks in both directions, the field behaves as a coherent con-
densate with elliptic motion. For a nearly-quadratic poten-
tial, the radial oscillation induces an equation of state close
to ω = 0. If this matter stage lasts long enough, the scalar
field energy density can dominate the total energy density of
the universe. We show the field trajectory in Fig. 5-top. A
damping process is needed to suppress the oscillation along
the radial direction φ̇ → 0. This can happen from interac-
tions between the condensate and the thermal bath or from
parametric resonance effects. These effects are studied in [9].
Under these circumstances, the field accomplishes a circular
orbit, where centrifugal force and curvature of the potential
balance each others, and whose size decreases with time due
to Hubble friction

θ̇ =
√
V ′′(φ) and φ ∝ a−3/2. (18)

When the circular orbit reaches the bottom of the potential
φ → fa, the energy density of the universe becomes dom-
inated by the kinetic energy of the angular field, and starts
evolving with a kination equation-of-state

θ̇ = a−3 and ρ ∝ a−6. (19)

In summary, the following conditions must be satisfied:

• a U(1)-conserving potential V with spontaneous break-
ing which is nearly-quadratic in order to generate a mat-
ter era,

• an explicit U(1)-breaking potential V
��U(1) to induce the

angular motion at early time,

• a large initial radial field-value φini � fa, and a small
angular displacement θini 6= 0, for V (φini) to be large
and V

��U(1)(φini) to be non negligible,

• a damping mechanism for the radial mode only in order
to circularize the trajectory.

The scalar field at Φini starts to move when the Hubble friction
becomes smaller than the potential curvature along the radial

direction, i.e., around the temperature Tkick ∼
√
mrMpl,

with

mr(φ) ≡
√
V ′′(φ). (20)

At the same time, the field gets kicked along the angular direc-
tion by the U(1)-breaking term. If V

��U(1)(Φini) and V (φini)

are comparable, then the initial kick speed θ̇ is of order
mr(φini). In this letter, we consider this case for simplicity.
A smaller ratio suppresses the rotational speed and, hence,
the following kination energy scale and duration. We leave
further discussions to the companion paper [9]. After a few
Hubble times of evolution, the explicit breaking term of order
(φ/Mpl)

l for l > 4 decouples from the equations of motion
and the U(1) charge conservation law in Eq. (17) is restored.

The complex scalar field dominates the energy density of
the universe and generates a matter-domination era at the en-
ergy density

ρM ' m2
rφ

2
ini

(
φini

Mpl

)6

. (21)

The matter era transits into a kination stage when the
circularly-rotating complex scalar field reaches the flat direc-
tion of the potential φ→ fa, at the energy density

ρKD ' m2
rf

2
a . (22)

The kination era ends when the radiation energy density takes
over. For simplicity, we neglect the entropy injected into the
radiation bath during radial damping, which is the case if
damping occurs before domination. So the radiation energy
density scales as a−4 from the time the scalar starts rolling
to the kination ending. The energy density at the end of the
kination stage is

ρ∆ = ρ2
KD/ρM ∼ m2

rf
2
a

(
fa
φini

)2(
Mpl

φini

)6

, (23)

and the number of e-folding of kination era reads

exp(NKD) = (ρM/ρKD)1/6 ∼
(
φini

fa

)1/3(
φini

Mpl

)
.

(24)
In order to allow for the presence of a kination era, the initial
field value should satisfy φini & M

3/4
pl f

1/4
a . We will give

more details on the expected value for φini in [9].
In Fig. 6-top, we show the region of parameter space in

(fa,mr/fa) plane where the peak of the inflationary GW sig-
nal induced by the kination era is observable by either SKA,
BBO, ET, CE and LISA. We also indicate the contours where
the QCD axion can lead to the correct DM abundance as dis-
cussed earlier.

KINATION FROM TRAPPED AXION MISALIGNMENT

There is an alternative way to induce a kination era, that
does not rely on the radial mode dynamics but only involves
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Figure 6: The kination GW-peak allows future observatories to
probe the model of the rotating axion (top) and the trapped misalign-
ment (bottom). Some regions of parameter space cannot consistently
generate kination era, e.g., by violating BBN bound, generating sec-
ond period of inflation, or violating EFT bound. The black solid lines
denote the conventional and the ZN -extension of the QCD axion.
On the right of the black dashed line, the DM abundance is set by the
standard misalignment mechanism. In case I, Λstab parametrizes the
size of higher-dimensional (Planck-suppressed) stabilising operators
in the scalar potential.

the axion [13, 14]. In this case, we do not need to assume that
the symmetry was broken during inflation. We can just con-
sider the dynamics of the axion alone once the radial mode
has already reached its VEV fa. The extra assumption is
that the axion mass acquires a large mass Ma at early times
and therefore starts oscillating well before the QCD scale.
The scalar field is initially frozen with the energy density

ρosc = U(θi) ≈ 1
2M

2
af

2
a (θi − δ)2, where δ denotes the shift

between the early-time and late-time minima and where we
work in the small-misalignment limit. The field starts mov-
ing when the Hubble rate drops to 3H ∼ Ma, or equiva-
lently when the energy density of the background radiation
is ρrad

osc = 1
3M

2
plM

2
a . As the field oscillates in the effec-

tive quadratic potential and redshifts as pressure-less matter,
it eventually dominates the Universe. At some lower temper-
ature Tc, the cosine potential vanishes. The field then moves
freely and drives a kination era if the kinetic energy exceeds
the vacuum potential, see Fig. 5-bottom. The energy density
of the field at Tc is ρKD = ρosc (aosc/ac)

3
, where ac is the

scale factor when the thermal-bath temperature drops to Tc.
On average over many oscillations, the kinetic energy of the
field is half of the total energy, and the axion obtains a speed
θ̇c '

√
2ρKD/f2

a when the cosine potential vanishes. The
kination era starts with the energy density

ρKD =
1

2
(θi−δ)2f2

aT
2
c

(
Tc
Mpl

)(
Ma

Mpl

)1/2 [
π2

10
g∗(Tc)

]3/4

.

(25)
Kination era ends when the radiation becomes dominant
again. This happens when the e-folding of kination satisfies
exp(NKD) '

√
ρKD/ρrad(Tc),

exp(NKD) ' (θi − δ)2 f
2
a

Tc

(
Tc
Mpl

)(
Ma

Mpl

)1/2

g
−1/4
∗ (Tc).

(26)
Fig. 6-bottom shows the GW observability regions in the
(fa, Tc) plane for Ma = 1012 GeV. We also indicate the con-
tours where the QCD axion can lead to the correct DM abun-
dance either from kinetic or standard misalignment mecha-
nism [17]. There is potentially a domain wall problem or
constraints from isocurvature perturbations, which can be ad-
dressed in various ways [9].

CONCLUSION

We showed that a short kination era in the cosmological
history generates a substantial enhancement of the irreducible
stochastic gravitational wave background from inflation, with
a characteristic peaked spectrum that can be observed at the
next generation of GW interferometers. An intermediate kina-
tion era cannot be obtained by any random scalar field dynam-
ics in the early universe. It requires some very specific scalar
field evolution, which we have argued to be symptomatic of
axion-like particles. We illustrated the predictions for the
generic ALP case as well as for the QCD axion. The observa-
tion of the peaked GW signal we have discussed above would
be a unique signature of ALP dynamics in the early universe
as model parameters can be extracted from precise measure-
ment of the GW spectrum. The signature from Peccei-Quinn
symmetry breaking on the other hand motivates the design of
ultra-high frequency GW experiments [24].
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