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Audible Axions - from NANOGrav 
to the lattice 

Listening for Invisible Axions
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ALP and Dark Photon Abundances
• The	ALP	begins	to	oscillate	when	the	Hubble	rate	drops	below	the	

ALP	mass	

• For	simplicity,	we	assume	the	no	ini3al	abundance	for	the	dark	

photon.	However,	it	can	be	sourced	as	the	ALP	rolls.
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Overview

• ALPs in the early universe 

• GW production from ALPs coupled to dark photons 

• New numerical results  

• Fit to NANOGrav GW signal
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ALPs and the early Universe
• ALP: Pseudoscalar with shift symmetric potential 

(discrete or continuous) 

• Motivation:  
‣ DM candidate via misalignment mechanism 

‣ Often appear in UV theories 

•
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ℒ ⊃
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∂μϕ∂μϕ − V(ϕ) −
α
4f

ϕXμνX̃μν + …

mϕ ∼ 10−16 eV − 1 eV

f ∼ 1012 GeV − 1018 GeV



ALPs and GWs
• Superradiance 
‣ Probes presence of very light scalars due to BH spin-

down 

• GWs from phase transitions 
‣ Probes possible UV completions of ALP models 

• Here: GWs sourced by axion dynamics after 
inflation 
‣ In models where ALP couples to dark photon
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ALP dynamics
• Equation of motion
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Vacuum Misalignment

• Since	the	ALP	has	no	reason	to	be	near	the	minimum	of	the	
poten3al	when	it	3lts,	we	generically	expect	ini3al	condi3ons	of	
the	form
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ALP dynamics
• Equation of motion 

• ALP starts rolling when  

• Redshifts like non-relativistic matter ( ) 

‣ Candidate for “non-particle” DM

H ∼ mϕ

a−3
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Vacuum Misalignment

• Since	the	ALP	has	no	reason	to	be	near	the	minimum	of	the	
poten3al	when	it	3lts,	we	generically	expect	ini3al	condi3ons	of	
the	form
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�i = ✓f , �0
i ⇡ 0 , ✓ ⇠ O(1)
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ALP dynamics - with dark photon
• Equation of motion 

• ALP starts rolling when  

• ALP is damped due to exponential production of 
dark photons 
‣ Reduced relic abundance

H ∼ mϕ
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Vacuum Misalignment

• Since	the	ALP	has	no	reason	to	be	near	the	minimum	of	the	
poten3al	when	it	3lts,	we	generically	expect	ini3al	condi3ons	of	
the	form
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What about the dark photon? 
• Equation of motion (in momentum space) 

• The rolling ALP induces a tachyonic instability 

• Exponential growth of a range of dark photon 
modes
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We limit our analysis to the case of a massless dark photon, which allows us to work

in temporal gauge X0 = 0. In an expanding background ds2 = a2(⌧)(d⌧2 � dx2), the

equations of motion governing the system are

�00 + 2aH�0
�r2�+ a2V 0(�)�

↵

fa2
X 0

·
�
r⇥X

�
= 0 , (2.3)

X 00 +r⇥ (r⇥X) +
↵

f

⇥
�0(r⇥X)�r� ·X 0⇤ = 0 , (2.4)

where primes denote derivatives with respect to conformal time ⌧ and H = a0/a2 is the

Hubble rate. Additionally, one has the Gauss constraint

r ·
⇥
X 0 +

↵

f
� (r⇥X)

⇤
= 0 . (2.5)

We assume the PQ symmetry is broken before the end of inflation f > HI , leading to

an axion field that is spatially homogeneous over the visible universe. The initial field

value of the axion is drawn from a uniform random distribution ✓ = �0/f 2 [�⇡,⇡], where

✓ ⇠ O(1) is the initial misalignment angle. While H > m is satisfied, Hubble friction is

important and the axion field is overdamped, thus the initial velocity tracks the slow-roll

attractor. As is well known, massless vector modes are not excited during inflation so

we take the dark photon to be in the Bunch-Davies vacuum initially. We further assume

that the universe is radiation-dominated with the axion contributing sub-dominantly to

the total energy density.

With these initial conditions, one can study the axion-dark photon system by initially

neglecting any spatial dependence of the axion �(⌧,x) ! �(⌧). In this limit, the equation

of motion for the dark photon in momentum space becomes

X 00
±(⌧,k) +

✓
k2 ± k

↵

f
�0(⌧)

◆
X±(⌧,k) = 0 , (2.6)

where X± are the mode functions of the two circular polarizations of the dark photon. This

modification of the dispersion relation leads to the modes k ⇠ ↵|�0
|/(2f) of the polarization

�sgn(�0) experiencing a tachyonic instability once H drops below m and the axion starts

to freely oscillate. Due to this instability, the energy in the dark photon quickly grows from

the vacuum value k4 ⇠ m4 to an O(1) fraction of the axion energy / m2f2. At this point,

one expects a backreaction of the dark photon onto the axion dynamics and for the axion

field to develop anisotropies. Thus, one must study the system on the lattice in order to

correctly capture the dynamics. Throughout this work, it will be useful to compare the

case where the axion is treated as a homogeneous field as in Eq. (2.6) and Refs. [14, 32, 33]

to the fully general lattice study. We thus define the linear analysis as the case where

the axion is treated as a homogeneous field, valid before the dark photon backreacts on

the axion dynamics.

3 Lattice Formulation and Validation

We solve the full equations of motion of the coupled axion and dark photon system by

discretizing space and time. To ensure that we recover the correct theory in the continuum

– 4 –

X′ ′ ± + ω±(τ)X± = 0 with ω± = k2 ∓ k
α
f

ϕ′ 

X(τ) ∝ e|ω|τ for k ∼
αϕ′ 

2f



From dark photons to GWs
• The exponential growth amplifies quantum 

fluctuations in the dark photon fields which source 
a chiral gravitational wave background
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Dark Photon Spectrum and Parity Violation

Because	the	ini3al	sign	of						determines	which	helicity	becomes	tachyonic	
first,	the	system	violates	parity	and	one	helicity	experiences	exponen3ally	
more	produc3on	than	the	other.	

Tachyonic	modes:	

Most	tachyonic	mode:
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FIG. 2. Black lines give benchmark gravitational wave spectra for various values of the model parameters (shown in
Table I). The black dots show the prediction of the peak location using the scaling relation in Eq. 23. Colored curves
are power law sensitivities for various gravitational wave detectors- Green (dotted): IPTA (SKA), Red: LISA 4-yr
(projected), Blue: LIGO 2022 (projected), Brown: DECIGO (projected), Magenta: BBO (projected). ADD ET IN
CAPTION AS WELL.

detectors. The low mass region 10�19 eV . m .
10�13 eV will also be probed by the black hole su-
perradiance with data from LISA [10], showing some
unexpected complementarity of GW measurements
by LISA and PTAs.

GW Spectrum m (eV) f (GeV) ✓ ↵ ⇢0�/⇢
0
DM �Ne↵

ALP 1 5.6⇥ 10�14 2.0⇥ 1017 1.0 75 0.011 0.24

QCD Axion 1 3.0⇥ 10�11 2.0⇥ 1017 1.0 73 1.1 0.18

QCD Axion 2 6.1⇥ 10�11 1.0⇥ 1017 1.3 55 1.9 0.075

ALP 2 1.0⇥ 10�2 1.0⇥ 1017 1.2 55 1.7 0.030

ALP 3 5.0⇥ 10�1 2.0⇥ 1017 1.0 75 0.85 0.069

ALP 4 1.0⇥ 102 1.0⇥ 1017 1.1 65 0.020 0.018

ALP 5 1.0⇥ 1010 2.0⇥ 1017 1.0 50 ⇤ ⇤

TABLE I. Parameter values for the gravitational wave
spectra shown in Figure 2. The present time ratio of the
axion and DM energy densities is given by ⇢0�/⇢

0
DM.

B. Chirality of the Gravitational Wave
Spectrum

As we discussed in Section III B, the dark photon
population is completely dominated by a single he-
licity and has a relatively narrow range of momenta
corresponding to the modes that experienced signif-
icant tachyonic growth. Since gravitational waves
are sourced by exponentially amplified dark photon
quantum fluctuations, they inherit the parity viola-
tion in the dark photon population. The peak of
the gravitational wave spectrum comes from the ad-
dition of two approximately parallel “+” polarized
dark photons of similar momenta k, such that a “+”

10-2 0.1 1 10 100
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� / �
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FIG. 3. Emission time gravitational wave spectrum for
the ALP 2 model parameters. The solid black line gives
the total spectrum while the dashed lines show the con-
tributions from the “+” (red) and “�” (blue) helicities
of the spectrum.

circularly polarized gravitational wave is produced
with momentum ⇡ 2k. In contrast, the low-k tail
of the gravitational wave spectrum comes from two
approximately anti-parallel “+” polarized dark pho-
tons of similar momenta k. This results in an ap-
proximate cancellation of the polarizations and mo-
menta, leading to the production of unpolarized, low
momentum gravitational waves. These features can
be seen in Figure 3, where the peak of the gravita-
tional wave spectrum is dominated by “+” polarized
gravitational waves while the tail has equal compo-
nents of both helicities such that the net spectrum
is unpolarized.

Dark photon 
spectrum GW spectrum

Machado, Ratzinger, Stefanek, PS, 1811.01950



GW probes of audible ALPs
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• Mainly sensitive to high scale ALPs, since 
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Listening for Invisible Axions
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Machado, Ratzinger, Stefanek, PS, 1912.01107



ALP dynamics - once more
• Equation of motion 

• Once a significant population of dark photons is 
produced, the back-scattering into ALP fluctuations 
becomes non-negligible  

• Requires fully numerical treatment on the lattice 
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Vacuum Misalignment

• Since	the	ALP	has	no	reason	to	be	near	the	minimum	of	the	
poten3al	when	it	3lts,	we	generically	expect	ini3al	condi3ons	of	
the	form
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Important to get correct relic abundance 
prediction

12

Figure 4. Evolution of the comoving axion energy density for ✓ = 1. Around a = aosc, the
axion starts oscillating and scaling like matter ⇢� ⇡ a�3m2f2. Without particle production, this
scaling would persist (blue dot-dashed line) yielding the standard abundance from misalignment.
For ↵ = 60, the backreaction of dark photon production becomes strong around a/aosc ⇠ 9. The
thin gray line shows the result from the linear analysis, while the solid orange line gives the lattice
result. The lattice result shows a suppression of the final axion abundance by ⇡ 10�2 compared
to the case with no particle production, in stark contrast to the linear analysis which suggests a
much stronger suppresion. The dotted lines show possible further suppression in case where the
final mass is adiabatically reduced, while the brown dashed line corresponds to a time dependent
potential that vanishes around a/aosc = 100 (see Sec. 5 for details).

the axion mass, locking in a suppression of about 10�2 compared to the scenario without

particle production.

As shown in Fig. 5, we find that the amount of suppression has only weak dependence

on ✓ and ↵ in the regime where dark photon production is e�cient (✓↵ & 30) and friction

from particle production does not cause the axion to slow-roll (✓↵ . 200). In Ref. [26], a

similar study was performed in the QCD axion case (where the axion mass posses a time

dependence) that comes to roughly the same conclusion. The lattice computation results in

a more predictable relic abundance compared to the linear analysis, where the final abun-

dance depended chaotically on the initial conditions [33]. Since an axion overabundance

limits the parameter space with detectable gravitational waves, we discuss two potential

paths to further suppress the axion abundance in Sec. 5.

4.2 Gravitational Wave Spectrum

Since the gravitational wave spectrum is dominantly produced in the short period after

the energy densities of the axion and dark photon become comparable, the main features

of the GW spectrum computed in the linear analysis of Ref. [14] survive on the lattice. In

particular, the linear analysis leads to the expectation that the GW signal resulting from

a polarized vector carries the same polarization as its source. Looking at the bottom panel

of Fig. 3, we see that the GW spectrum is indeed strongly polarized at a/aosc = 9, since

up to this point the anisotropic stress is dominated by the highly polarized dark photon.

On the lattice, we are now consistently including the axion scalar perturbations as a GW

– 9 –

without back-scattering Lattice result

See also Kitajima, Sekiguchi, Takahashi, 2018
Agrawal, Kitajima, Reece et al, 2020 

From 2012.11584 with W. Ratzinger, B. Stefanek



Corrections to GW signal

• Qualitative features unchanged, but polarisation is 
washed out at large couplings

13

From 2012.11584 with W. Ratzinger, B. Stefanek 
see also 2010.10990 by (Kitajima, Soda, Urakawa)



Detectable region - update
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Figure 8. ALP parameter space in the mass vs. inverse decay constant plane with ↵ = 100 and
✓ = 1 held fixed. The parameter space below the bright colored curves could be probed by future
GW experiments, such as pulsar timing arrays (SKA) as well as space- (LISA, DECIGO, BBO,
µAres) and Earth-based (ET) interferometers. The filled orange region corresponds to the present
limits from Planck+BICEP2+Keck and the dashed line shows the possible improvement by the
LiteBird mission. The blue curve is the limit on CMB spectral distortions that could be probed
by the Voyage2050 mission. The purple region is where the model could account for the recently
reported NANOGrav signal. The gray region is excluded in case of a relativistic dark photon by
bounds on Ne↵ , while in the green region a massive dark photon can be a viable DM candidate.
The solid diagonal lines refer to axion dark matter scenarios in which, from left to right, there is no
particle production (standard misalignment), only the suppression from particle production ⇡ 10�2

(PP only), or further suppression ⌘ from model extensions (PP + ⌘). In the blue shaded area, the
axion is cool enough to be DM, assuming su�cient suppression of the relic abundance.

on the model for fixed ↵ = 100 and ✓ = 1. The GW detectability curves were computed

using the GW spectrum obtained from the lattice, with the IR scaling for k . maosc taken

to be / k3 as expected from causality. Furthermore, we use the improved scaling relations

from Appendix A to calculate the axion and dark photon relic abundance.

Varying the ALP mass gives detectable GW signals across a vast range of frequencies,

from the earth-based Einstein Telescope (ET) laser interferometer to the space-based in-

terferometers LISA, BBO, DECIGO and µAres as well as the current and future pulsar

timing arrays NANOGrav and SKA. For NANOGrav, we show the 2� region where the

model could explain the recently observed signal [52]. At even lower masses, gravitational

waves from ALPs can cause spectral distortions in the CMB. The solid blue curve shows

the parameter space testable by the Voyage2050 mission that will be able to probe these

spectral distortions at the 10�9 level [53]. For even smaller ALP masses, the bounds on

CMB B-mode polarization induced by gravitational waves from Planck+BICEP2+Keck

are already able to constrain the model [54]. We also show the possible improvement of

– 14 –



Audible relaxion
• Audible relaxion 

• Dark photon  
friction essential 
for trapping  
relaxion after reheating 

• → Potentially observable GW signal

15
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FIG. 1. Available parameter space for › = 100 (top), and for › = 10 (bottom). The red and orange shaded regions are
excluded by the indicated constraints or combinations thereof. Above the red solid line, the relaxion decay constant becomes
super-Planckian. The grey dashed line encloses the parameter space in which relaxation can be realized without dark photon
friction, which is discussed in more details in Appendix A. The prospective GW sensitivity of µAres (green) as well as SKA after
an observation period of 5 years (turquoise) and 20 years (blue) is indicated by the respective coloured regions. In the purple
coloured region, a sub-range of the viable reappearance temperatures can be excluded using current NANOGrav data from the
11-year data set. The regions bounded by the coloured dotted lines need super-Planckian decay constants to be probed by the
respective experiment. In the lower panel, the grey shaded region can reproduce our best-fit spectrum (at Tra ≥ 20 MeV) to
the potential stochastic GW background seen in the recent NANOGrav data.

and the relaxion-Higgs mixing angle can then be written
as [7, 9]

m
2
„

ƒ
�6

br
f

2
„
�vH

, sin ◊h„ ƒ
Ô

2
A

m
4
„
f„�2

vH m
6
h

B 1
3

, (6)

in terms of the theory parameters. Here, mh = 125 GeV
is the Higgs mass.

A. Relaxion and dark photon evolution

After reheating, the EW symmetry will be restored due
to thermal corrections to the potential, provided that the
reheating temperature is above the EW phase transition
temperature. As a consequence, the relaxion will start

rolling again, leading to exponential production of dark
photon modes. To see the interplay, the coupled di�er-
ential equations describing the evolution of the spatially
homogeneous relaxion and the dark photon modes are
given by

◊
ÕÕ + 2aH◊

Õ + a
2

f
2
„

ˆVroll
ˆ◊

= ≠
a

2

f
2
„

rX

4 a4
+
Xµ‹X̃

µ‹
,

, (7)

X
ÕÕ
⁄

(k, ·) + (k2
≠ ⁄ k rX◊

Õ)X⁄(k, ·) = 0 , (8)
where ◊ = „/f„, and primes denote derivatives with re-
spect to conformal time · with a d· = dt. We have
written the dark photon in terms of its Fourier modes
X⁄(k, ·) in Coulomb gauge, Ò · X = 0, as
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signal as follows. First, the peak frequency at present
time is obtained by redshifting the dominant k-mode at
the time of reappearance, cf. Eq. (35)
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where Tra is the temperature when the potential barriers
reappear. Here and in the following, quantities indexed
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ergy density stored in the dark photon just before Tra,
cf. Eq. (28),

�peak
GW ≥

1
fl0

c

(flra
X

/f
ra
peak)2

M
2
Pl

3
ara
a0

44

≥ 10≠10
3

25
›

423
m„

0.1 eV
f„

1010 GeV
GeV2

T 2
ra

44

(2)

≥ 10≠10
3

25
›

4230.1 eV
m„

sin ◊„h

1.6 ◊ 10≠13

4123TeV
�

GeV
Tra

48
,

where fl
0
c

= 3M
2
PlH

2
0 is the critical energy density of the

Universe today and f
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without red-shifting. In the last line we have re-expressed
the signal strength in terms of the relaxion-Higgs mixing
sin ◊h„ and the cut-o� scale �. This result shows that
some of the parameter space of the model may lead to
a visible signal in near future GW experiments, allow-
ing us to probe parameter regions that are currently un-
explored by other experiments, as discussed below. In
addition we note that the relation between the physical
parameters of the models and the GW amplitude is given
by sin ◊h„ Ã m„ ◊

1
�peak

GW

21/12
, showing a rather mild

dependence on the actual amplitude.
For convenience, the range of relaxion masses, m„, and

mixing angles with the Higgs boson, sin ◊h„, which can
be probed via current or future gravitational wave ex-
periments as well as the corresponding constraints on
the parameter space are summarized in Fig. 1. The
green and blue/turquoise coloured regions can be ac-
cessed with µAres and SKA, respectively, depending on
the temperature of barrier reappearance. In the pur-
ple region, the reappearance temperature is restricted
by current NANOGrav data. In addition to that, in
the grey shaded region, we present the parameter range
in which our model can account for the potential GW
signal recently observed in NANOGrav data. The grey
dashed line encloses the region in which the relaxion can
be trapped without dark photon friction. On the other
hand, as the figure illustrates, there is a large fraction of
parameter space where an additional source of friction is

reappearance can also generate gravitational wave, a scenario
considered in [14].

required for the viability of the relaxion mechanism, and
thus motivates us to add a relaxion dark photon cou-
plings to the model. A more detailed discussion of the
figure is deferred to Section IV.

This paper is organized as follows. We briefly review
the relaxion and the dark photon dynamics in Section II.
Sections II A and II B contain a brief discussion of the
interplay of the relaxion-dark photon dynamics, and the
possibility of the relaxion being DM, respectively. In Sec-
tion II C we review the constraints on our model, and
discuss the available parameter space. Subsequently, the
production mechanism of the GW background is stud-
ied in Section III. We derive the GW spectrum in Sec-
tion III A and briefly describe how the detectability of
the signal is evaluated in Section III B. The results of
this paper are then discussed in Section IV. Section V
concludes the paper. A brief discussion of the minimal
relaxion scenario (without a dark photon coupling) is de-
ferred to Appendix A. Further details regarding the cal-
culation of the dark photon and GW spectra are provided
in Appendices B and C, respectively.

II. SETUP

In this work, we consider the relaxion „ coupled to a
dark photon field Xµ,
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Here, c is an order one number, g is a dimensionless pa-
rameter, � is the Higgs mass cut-o� scale, �br is the
back-reaction scale, vH = È|H|Í = 174 GeV is the Higgs’
vacuum expectation value, and f„ is the decay constant
of the relaxion.

During Inflation, the relaxion rolls down the linear
slope of its potential Vroll. It thereby scans the Higgs
mass parameter µ

2(„). Once µ
2 crosses zero, the Higgs

acquires a non-vanishing vacuum expectation value, trig-
gering the breaking of the EW gauge symmetry. The
Higgs then back-reacts creating wiggles in the relaxion
potential via Vbr. Once the Higgs back-reaction balances
the rolling potential, the relaxion is trapped in the first
minimum it encounters. Choosing cg�3

f„ ≥ �4
br, we end

up with a weak-scale expectation value for the Higgs bo-
son, solving the hierarchy problem. The relaxion mass
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GWs from kinetic misalignment
• Consider the case of large initial  

• Detectable signal  
also for smaller  
decay constants 

• Fix ALP mass to 
fit DM relic  
abundance 

• Also consistent with 
Axiogenesis! 
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fϕ = 5 × 1013 GeV



NANOGrav saw something! 
17

NANOGrav (kind of) detected stochastic GW background!

Significant Strain at low frequencies

No 4� evidence for Quadrupole

from NANOGrav colaboration: 2009.04496

Whispers from the dark side 2 / 13



Fit with broken power law signals
18

Wolfram Ratzinger & PS, 2009.11875



Example: Audible Axion

• Parameter reconstruction already possible 

• Non-trivial constraints from cosmology (Neff)

19

Wolfram Ratzinger & PS, 2009.11875



Fit with Phase Transition

• Generic PT parameterisation, best fit with PT at temperatures in few MeV 
range 

• Also here, challenging to build model that does not break cosmology 
(BBN and/or Neff)

20

Wolfram Ratzinger & PS, 2009.11875



Summary
• Gravitational waves offer unique window into the early 

universe 

• New way to probe axions/ALPs  

• Tachyonic particle production frequently used in model 
building (inflation, relaxion, reheating) 

‣ We now have precise numerical simulations  

• NANOGrav might have seen a glimpse from a dark 
sector 

‣ Waiting for future data - exciting!
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