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pl〈ḣijḣij〉, �h̄µν ∼

Tµν
M2

pl

ΩGW ∼
(
a∗
a0

)4 1
ρc

ρ2
source
f 2
∗M

2
pl

∼
(
a∗
a0

)4(H0

H∗

)2(H∗
f∗

)2

Ω2
source

2 / 16



SGWB from Primordial Sources

peak frequency

set by characteristic scale f−1
∗ at

production: f−1
∗ . H−1

∗

f0 ∼
a0

a∗
H∗

f∗
H∗

∼ 0.1 mHz
(

T∗
1 TeV

)(
f∗
H∗

)

peak amplitude

ρGW ∼M2
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Cosmological Phase Transitions
thermal corrections typically restore
spontaneously broken symmetries at
high temperatures
=⇒ symmetry breaking phase transition
can be crossover or first-order
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Phase Transition Parameters and Gravitational Wave Spectrum
Gravitational Wave spectrum obtained from numerical simulations and analytical
arguments, expressed in terms of few parameters:
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Decoupled Hidden Sectors

sub-MeV hidden sectors contribute to the effective number
of neutrino species Neff
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=⇒ sub-MeV hidden sector must be colder than SM
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Hidden Sector Cosmology
completely decoupled

Breitbach et al. (JCAP, 2019)
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Phase Transitions in Secluded Hidden Sectors
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Sensitivity
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Parameter Reconstruction

example: singlet w/ Z2 symmetry
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Bosonic Instabilities: Audible Axions

+

Misaligment Mechanism

coupling to dark photon
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=⇒ dark photon production during phase 2 (and 3)

=⇒ gravitational wave emission from dark photons

Machado et al. (JHEP 2019, PRD 2020)
Ratzinger et al. (SciPost Phys. 2021)

e.g. to deplete axion abundance
Agrawal et al. (JHEP, 2018)
Kitajima et al. (PLB 2018)

or for dark-photon dark-matter
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Co et al. (PRD 2019)
Bastero-Gil et al. (JCAP 2019)
Agrawal et al. (PLB 2019)
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Dark Photon Production
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modes with k <
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instability in one helicity

largest growth for k̃ =
∣∣∣αφ′(τ)
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∣∣∣ = k̃2

for oscillating axion: k̃ ∼ a−1/2
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Gravitational Wave Spectrum
GWs generated at t∗ around the time when the tachyonic band closes:

peak frequency:

fpeak ∼ 2 k̃∗
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Kinetic Misalignment
misalignment + large initial velocity =⇒ DM abundance and GW amplitude set by φ̇0

complex scalar P with V (P ) ∼ |P |4 and initial displacement |P | � fa

high-dim. PQ breaking: ∆V��PQ ∝ P n + h.c. =⇒ angular motion

PQ restored as |P | decreases =⇒ circular motion

=⇒ dark photon and
graviational wave
production
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Conclusion

Hidden sectors can generate GWs in several ways

The hidden sector can be decoupled

=⇒ GW spectrum suppressed: f 0
peak ∼ ξh, α ∼ ξ4

h

ALPs coupled to dark photons can produce SGWB via tachyonic instability

Thank you for your attention!
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Hidden Sector Benchmark Models
Singlet Scalars:

2 real scalars S and A
〈S〉 = vS , 〈A〉 = 0, A Z2-odd
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Dark Photon:
complex SM singlet scalar
charged under dark U(1)D

10−3 10−2 10−1 100 101

vS [MeV]

0.2

0.4

0.6

0.8

1.0

ξ h

CMB
BBN

CMB+H0

allowed for
fully decoupled hidden sector

SKA

20
years

10
years

5
years

e
± -

an
n
ih

.
T n
,γ
>
T B

B
N



Hidden Sector Phase Transition Detectability
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Audible Axion GW Spectrum
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Dark Photon Production in Kinetic Misalignment

X ′′± +
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2S ∼
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Gravitational Wave Spectrum in Kinetic Misalignment
=⇒ similar spectral shape as before, but with different parametric dependence:

GW emitted around a = aGW
when X modes have grown

=⇒ fpeak ∝ α
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Relaxion Evolution

L ⊃ −α4
φ

fφ
XµνX̃

µν =⇒ φ̈+ 3Hφ̇− Λ4
br
fφ

+ α

fφ

〈X̃µνX
µν〉

4 a4 = 0

initially: 〈X̃X〉 negligible =⇒ φ̇ ∼ t

dark photon friction kicks in when α
4a4 〈X̃X〉 ∼ Λ4

br

=⇒ define time of particle production: 〈X̃X〉4a4

∣∣∣
tpp

= Λ4
br
α

relaxion reaches terminal velocity: φ̇ = ξHfφ/α

O(10− 100)
relaxion stops when barriers reappear

tpp tra

φ̇
∼
t

φ̇ ∼ t−1



Dark Photon Production from Relaxion

dark photon EoM: X ′′±(τ, k) +
(
k2 ∓ kα φ

′(τ)
fφ

)
X±(τ, k) = 0

φ′ > 0 =⇒ only ’+’ helicity experiences
tachyonic instability

energy predominantly transferred to
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2
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Relaxion Gravitational Wave Spectrum
IR: f � fpeak
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