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Gravitational wave probes of new physics 

Focus on primordial GWs 

Overview of sources 

GWs from axion dynamics 
▶ Audible axions 
▶ Lattice results 
▶ Model variations 

NANOGrav GW evidence 

Spectral distortions as probe of early Universe dynamics 
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Thermal History
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Gravitational Waves?
Zoom into interesting region 

New window into early universe
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e.g. 
Electroweak symmetry 
breaking 
Baryogenesis 
Dark matter production



GWs & early Universe

CMB encodes information about the state of the universe 
at the time of its emission 

▶ Densities of matter, radiation, dark matter 

▶ Fluctuations, Hubble rate, … 

GWs could do the same 

▶ For earlier times 

▶ For different periods! 

▶ Need a strong source (CMB photons are just there!)
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Standard model

The hot early Universe sources GWs! 
▶ Classical picture: thermal fluctuations source tensor fluctuations 
▶ Quantum picture: gluon + gluon -> graviton 
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From Ringwald,
Schütte-Engel, Tamarit, 2020

Original computations:
Ghiglieri, Laine, 2015
Ghiglieri, Jackson, Laine,  
Zhu, 2020



Primordial sources of GWs

First order phase 
transitions (symmetry 
breaking) 

Inflation/Reheating 

Cosmic strings 
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FIG. 1: Slices of fluid energy density E/T 4
c at t = 400 T−1

c ,
t = 800 T−1

c and t = 1200 T−1
c respectively, for the η = 0.2

simulation. The slices correspond roughly to the end of the
nucleation phase, the end of the initial coalescence phase and
the end of the simulation.

W ε, contracting [∂µT µν ]
fluid

with Uν yields

Ė + ∂i(EV i) + p[Ẇ + ∂i(WV i)]−
∂V

∂φ
W (φ̇+ V i∂iφ)

= ηW 2(φ̇+ V i∂iφ)
2. (5)

The equations of motion for the fluid momentum density
Zi = W (ε+ p)Ui read

Żi+∂j(ZiV
j)+∂ip+

∂V

∂φ
∂iφ = −ηW (φ̇+V j∂jφ)∂iφ. (6)

The principal observable of interest to us is the power
spectrum of gravitational radiation resulting from bub-
ble collisions. One approach is to project Tij at every
timestep and then making use of the Green’s function to
compute the final power spectrum [34, 35]; this is quite
costly in computer time. Instead, we use the procedure
detailed in Ref. [36]. We evolve the equation of motion
for an auxiliary tensor uij ,

üij −∇2uij = 16πG(τφij + τ fij), (7)

where τφij = ∂iφ∂jφ and τ fij = W 2(ε+ p)ViVj . The phys-
ical metric perturbations are recovered in momentum
space by hij(k) = λij,lm(k̂)ulm(t,k), where λij,lm(k̂) is
the projector onto transverse, traceless symmetric rank 2
tensors. We are most interested in the metric perturba-
tions sourced by the fluid, as the fluid shear stresses gen-
erally dominate over those of the scalar field, although it
will be instructive to also consider both sources together.
Having obtained the metric perturbations, the power

spectrum per logarithmic frequency interval is

dρGW(k)

d ln k
=

1

32πGL3

k3

(2π)3

∫

dΩ
∣

∣

∣
ḣlm(t,k)

∣

∣

∣

2

. (8)

We simulate the system on a cubic lattice of N3 = 10243

points, neglecting cosmic expansion which is slow com-
pared with the transition rate. The fluid is imple-
mented as a three dimensional relativistic fluid [37], with
donor cell advection. The scalar and tensor fields are

evolved using a leapfrog algorithm with a minimal sten-
cil for the spatial Laplacian. Principally we used lat-
tice spacing δx = 1T−1

c and time step δt = 0.1T−1
c ,

where Tc is the critical temperature for the phase tran-
sition. We have checked the lattice spacing dependence
by carrying out single bubble self-collision simulations for
L3 = 2563 T−3

c at δx = 0.5T−1
c , for which the value of

ρGW at t = 2000T−1
c increased by 10%, while the final

total fluid kinetic energy increased by 7%. Simulating
with δt = 0.2T−1

c resulted in changes of 0.3% and 0.2%
to ρGW and the kinetic energy respectively.

Starting from a system completely in the symmet-
ric phase, we model the phase transition by nucleat-
ing new bubbles according to the rate per unit volume
P = P0 exp(β(t − t0)). From this distribution we gener-
ate a set of nucleation times and locations (in a suitable
untouched region of the box) at each of which we insert a
static bubble with a gaussian profile for the scalar field.
The bubble expands and quickly approaches an invariant
scaling profile [23].

We first studied a system with g = 34.25, γ = 1/18,
α =

√
10/72, T0 = Tc/

√
2 and λ = 10/648; this allows

comparison with previous (1 + 1) and spherical studies
of a coupled field-fluid system where the same parameter
choices were used [23]. The transition in this case is rela-
tively weak: in terms of αT , the ratio between the latent
heat and the total thermal energy, we have αTN

= 0.012
at the nucleation temperature TN = 0.86Tc. We also
performed simulations with γ = 2/18 and λ = 5/648, for
which αTN

= 0.10 at the nucleation temperature TN =
0.8Tc, which we refer to as an intermediate strength tran-
sition. We note that αTN

∼ 10−2 is generic for a first
order electroweak transition, while αTN

∼ 10−1 would
imply some tuning [38].

For the nucleation process, we took β = 0.0125Tc,
P0 = 0.01 and t0 = tend = 2000T−1

c . The simulation vol-
ume allowed the nucleation of 100-300 bubbles, so that
the mean spacing between bubbles was of order 100T−1

c .
The wall velocity is captured correctly, but the fluid ve-
locity did not quite reach the scaling profile before col-
liding. Typically, the peak velocity prior to collision is
20-30% below the scaling value for the deflagrations.

For the weak transition we chose η = 0.1, 0.2, 0.4 and
0.6. The first gives a detonation with wall speed vw %
0.71, and the others weak deflagrations with vw % 0.44,
0.24, and 0.15 respectively. The shock profiles are found
in Figs. 2 and 3 of Ref. [23]; slices of the total energy
density for one of our simulations are shown in Fig. 1.
The intermediate transition was simulated at η = 0.4,
for which the wall speed is vw % 0.44, very close to the
weak transition with η = 0.2.

Fig. 2 (top) shows the time evolution of two quantities

from Hindmarsh et al

Outline
Introduction

Binding to Galaxy
Hunting Cosmic Superstrings in the Galaxy

Conclusion

Cosmic Strings
Superstrings in String Theory
Cosmic Superstrings

Loops get formed from long (horizon-crossing) strings:

• The loops decay via gravitational radiation. Large loops live
longer.

• The inter-commutation probability Pic = 1 for ordinary strings,
but Pic  1 for superstrings. It can be as small as Pic ' 10�3.
(Jackson, Jones, Polchinski)

Henry Tye (with David Cherno↵) Gravitational Waves from Cosmic Superstrings

10°12 10°8 10°4 100 104 108 1012

Frequency [Hz]

10°20

10°17

10°14

10°11

10°8

10°5

h
2
≠

G
W

¢NeÆ (Planck 2019)

¢NeÆ
(CMB S4) E

T

B
-D

E
C

IG
OL

IS
A

BBO



8

Axions/ALPs!
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Axions/ALPs!
Peccei Quinn Phase transition   ✔ 

Axion Strings   ✔ 

Axion dynamics ➡ rest of this talk! 
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Axions/ALPs!
Peccei Quinn Phase transition   ✔ 

Axion Strings   ✔ 

Axion dynamics ➡ rest of this talk!  
▶ Note: After inflation/reheating. ALP is not the inflaton! 



Axion misalignment and DM

Axion EOM 

Starts rolling when 

Redshifts with        , i.e. like non-relativistic matter 

Candidate for non-particle dark matter 
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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

�3

�i = ✓f , �0
i ⇡ 0 , ✓ ⇠ O(1)

<latexit sha1_base64="qjZFLiw3lKPEGoNjyG7vIqFBZZc="></latexit><latexit sha1_base64="qjZFLiw3lKPEGoNjyG7vIqFBZZc="></latexit><latexit sha1_base64="qjZFLiw3lKPEGoNjyG7vIqFBZZc="></latexit><latexit sha1_base64="qjZFLiw3lKPEGoNjyG7vIqFBZZc="></latexit>

V (�)

�
�i = ✓f

�
00 + 2aH�

0 + a
2
m

2
�� = 0

H ⇠ m�

a�3



Relic abundance

Energy density 

Hubble 

Energy fraction 

Increases due to redshift
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Relic abundance II (ALP)
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ALP coupled to dark photon X

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

�3

�i = ✓f , �0
i ⇡ 0 , ✓ ⇠ O(1)
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ALP dynamics

Equation of motion 

Ordinary misalignment
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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

�3

�i = ✓f , �0
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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

�3

�i = ✓f , �0
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How does this work? 

Equation of motion (in momentum space) 

The rolling ALP induces a tachyonic instability 

Exponential growth of a range of dark photon modes 

            (Note: Ordinary ALP decay is inefficient)
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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



Dark photon spectrum

Initial condition violates parity (field rolls to the left or to 
the right) 

One dark photon 
helicity dominates 

A certain range 
of modes  
undergoes  
tachyonic growth
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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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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.	
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GW production
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Gravitational Waves

Dark	photon	modes	in	the	range																											which	were	ini3ally	in	
vacuum	grow	exponen3ally	when	the	axion	begins	to	oscillate	

These	rapidly	growing	modes	amplify	quantum	fluctua3ons	of	the	dark	
photon	into	a	3me-varying,	anisotropic	classical	energy	distribu3on	which	
sources	gravita3onal	waves

�8
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GW production II
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From dark photons to GWs

The exponential growth amplifies quantum fluctuations in 
the dark photon fields which source a chiral gravitational 
wave background

21

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.	
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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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10-7

� / �

��
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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

Mainly sensitive to high scale ALPs, since 

22
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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 

23

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

�3

�i = ✓f , �0
i ⇡ 0 , ✓ ⇠ O(1)
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V (�)

�
�i = ✓f

ϕ′ ′ + 2aHϕ′ + a2V′ (ϕ)

−∇2ϕ −
α

fa2
X′ ⋅ (∇ × X) = 0



Important to get correct relic abundance prediction
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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

25

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 –

From 2012.11584 with W. Ratzinger, B. Stefanek



Situation? 

Good: 
▶ GWs 
▶ More ALP DM parameter space 

Room for improvement: 
▶ Large coupling  required 

▶ ALP DM abundance still a problem 

▶ GWs only for large 

α ≳ 20

f

27



Possible solutions

Delay onset of ALP oscillations 
▶ Observable GWs with smaller  

▶ Realised e.g. in relaxion models with reheating 

Use ALP kinetic energy instead of potential energy 
▶ Again can lower  

▶ Now also works with smaller (perturbative) couplings 
▶ Realised in kinetic misalignment scenarios

f

f

28



Audible relaxion

Audible relaxion 

Dark photon  
friction essential 
for trapping  
relaxion after reheating 

→ Potentially observable GW signal
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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]
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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

◊
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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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⁄

d
3
k

(2fi)3

ÿ

⁄=±
X⁄(k, ·)Á⁄(k)â⁄(k) + h.c. (9)
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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
“0” and “ra” are evaluated today and at the time when
the potential barriers reappear, respectively. Second, the
GW amplitude is roughly given by the square of the en-
ergy density stored in the dark photon just before Tra,
cf. Eq. (28),
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where fl
0
c

= 3M
2
PlH

2
0 is the critical energy density of the

Universe today and f
ra
peak = ›Hra is the peak frequency

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,

≠ L ∏ V (H, „) + rX

4
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Xµ‹
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, (3)

with the potential of the relaxion field „ and Higgs dou-
blet H given by
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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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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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reappear. Here and in the following, quantities indexed
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cf. Eq. (28),
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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
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, 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,

≠ L ∏ V (H, „) + rX

4
„

f„

Xµ‹
ÂXµ‹

, (3)

with the potential of the relaxion field „ and Higgs dou-
blet H given by

V (H, „) = Vroll(„)+µ
2
H

(„)|H|
2+⁄|H|

4+Vbr(H, „) , (4)

where ⁄ is the Higgs’ quartic coupling and
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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

Banerjee, Madge, Perez, Ratzinger, PS, 2105.12135 



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! 

·ϕ
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NANOGrav saw something! 

31

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

From NANOGrav collaboration, 2009.04496
Now also consistent signals in PPTA, EPTA and IPTA - still not fully conclusive though



Fit with broken power law signals

32

Wolfram Ratzinger & PS, 2009.11875



Example: Audible Axion

Parameter reconstruction already possible 

Non-trivial constraints from cosmology (Neff)

33

Wolfram Ratzinger & PS, 2009.11875

    Excluded
    By NanoGrav
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Another probe of early Universe 
dynamics: 

CMB spectral distortions



Spectral distortions? 

Around , 
photon number is frozen 

Any energy added to the 
photons leads to a so 
called  distortion 

Energy source we 
consider here: 
Gravitational damping of 
dark sector fluctuations 

104 ≲ z ≲ 106

μ

35

Ramberg, Ratzinger & PS, 2209.14313



Spectral distortions as probes of low scale GWs

Tensor fluctuations (GWs) also source  distortions 
▶ But difficult to test. Better to directly go for the scalar 

fluctuations (that also source the GWs) 

μ

36

From Kite, Ravenni, Patil, Chluba, MNRAS 2021



Example source I: Annihilating domain walls 

Already probes allowed parameter space 

Complementary to GW probes, can break degeneracy  
▶ Multi-messenger cosmology

37

Ramberg, Ratzinger & PS, 2209.14313



Example source II: Dark sector phase transition

38

Note:  fixed to satisfy  constraints Ωd Neff Ramberg, Ratzinger & PS, 2209.14313



Source III: (global) cosmic strings 

Note: Local strings mainly radiate from small loops and are thus NOT 
an efficient source of spectral distortions 

39



Example source IV: Audible axions… 

Not yet…  

Results for scalar 
toy model 

Constraints not  
as strong since  
fluctuations are  
not horizon size 

Expect better sensitivity for axion 
fragmentation 

40

Ramberg, Ratzinger & PS, 2209.14313



Summary

GWs are cool 

New way to probe axions/ALPs  

Tachyonic particle production frequently 
used in model building  

▶ We now have precise numerical 
simulations  

NANOGrav might have seen a glimpse 
from a dark sector 

▶ Waiting for future data - exciting! 

CMB spectral distortions are also cool!  

41

Team: 

Wolfram Ratzinger 
Ben Stefanek

Camila Machado

Daniel Schmitt
Nicklas Ramberg
Enrico Morgante
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Signal shape and frequency is characteristic for the 
source. Examples: 

Phase transition 
▶ Peak position depends 

on critical temperature 

Cosmic strings 
▶ Flatter spectrum

43

Buchmuller,  
Domcke, 
Schmitz,  

2021

Madge, PS, 2018



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)

44

Wolfram Ratzinger & PS, 2009.11875



Frequency ranges

45

Pulsar timing arrays
Data already available
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FIG. 2. Noise curves (left) and PLI sensitivity curves (right) for various gravitational wave observa-
tories. Dashed black lines in the left-hand plot indicate the expected magnitude of several important
backgrounds, in particular super-massive black hole binaries (SMBHB) [55, 56], and galactic [57, 58] as
well as extra-galactic [59, 60] compact binaries (CB). In determining the power-law integrated sensitivity
curves (as well as in the toy model analyses presented in Section III), we assume that the SMBHB back-
ground will eventually be resolvable, while the CB background will remain unresolved. In the right-hand
plot, we also show example spectra generated by a phase transition at T nuc = 10GeV and with ↵ = 0.1,
�/H = 10 for both runaway and non-runaway bubbles. The parameter choices made for forthcoming
experiments are given in Appendix B, and the data underlying our noise curves and PLI sensitivity curves
can be found in the ancillary material.

noise ratio (SNR) ⇢. A stochastic gravitational wave background is detectable if the signal-to-
noise is greater than a certain threshold value ⇢thr, which is either given by the experimental
collaborations or extracted from existing data as described in Appendix B.

The optimal-filter cross-correlated signal-to-noise is [6, 61]4

⇢
2 = 2 tobs
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, (27)

where tobs is the duration of the observation, (fmin, fmax) is the detector frequency band, and
h
2⌦e↵(f) is the e↵ective noise energy density, i.e. the noise spectrum expressed in the same units

as the spectral gravitational wave energy density [61]. See Appendix B 1 for more details.
To make the comparison between the predicted signal and the noise even simpler, it has

become standard practice to quote so-called power-law integrated (PLI) sensitivity curves [61].
They are obtained by assuming the gravitational wave spectrum follows a power law with spectral
index b, i.e.
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where h2⌦b is the gravitational wave energy density at the arbitrarily chosen reference frequency
f̄ . According to Eq. (27), such a power-law signal is detectable if
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4
For the case of a single-detector auto-correlated analysis, the factor 2 in Eq. (27) has to be dropped.
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GW signal shape 
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Gravitational Wave Spectrum
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