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2 types of gravitational-wave (GW) signals

• Astrophysical signals 
(in the late universe)

Not yet detected Detected 

time

Note: Astrophysics background can lead to stochastic background if it is unresolvable.

• Cosmological background filling the whole Universe 
A noisy signal from the early or “primordial” Universe.
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 well-tested (age ) ⟶ ≳ 1 secUniverse younger than 1 sec is unconstrained  ⟵
Big-bang nucleosynthesis (BBN) 
Energy  MeV∼

Electro- 
magnetic- 

wave 
probes

GW propagates freely and carries information about the Universe when it is produced. 

Primordial GW as probes of the early Universe (age  1 sec)  
& high-energy physics (energy )

≲
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Current and Future Gravitational-Wave Experiments

Pulsar 
timing 
arrays(B-mode) (spectral distortion) Space-based Earth-based

Interferometer (laser/atomic)

as
tr

om
et

ry

Ultra-high frequency 
(challenging regime) 

Axion experiments 
via 

GW-photon conversion 

[review 2011.12414]

PS, Thesis

Evolution of Universe

Energy scale/temperature of the Universe
MeV GeV TeV  GeV106  GeV1015 GeV1012 GeV109keVeV

( )λGW ∼ H−1/100
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Cosmic Microwave Background
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Standard-Model sources 
Thermal plasma, Primordial inflation

Particle physics beyond the Standard-Model
Preheating, First-order Phase Transitions, Cosmic strings

Sources of Primordial Gravitational Waves

PS, Thesis
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Standard Cosmology

Learning about high-energy phase transitions 
Beyond the Standard Models with Cosmic Strings JCAP 07 (2020) 032, [1912.02569]. 

Gouttenoire, Servant, PS 

Gμ = 10−10

(S
ig

na
l s

tr
en

gt
h)

Network of cosmic strings 
(a type of topological defects)

[Allen & Shellard, 1990]

Evolution of Universe

This GW spectrum encodes 
the entire history of our Universe.
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Gouttenoire, Servant, PS 

UV cut-offs from 
particle productions 

or frictions
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Learning about high-energy phase transitions 
Beyond the Standard Models with Cosmic Strings JCAP 07 (2020) 032, [1912.02569]. 
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Gouttenoire, Servant, PS 

Decay of cosmic-string
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Learning about high-energy phase transitions 
Beyond the Standard Models with Cosmic Strings JCAP 07 (2020) 032, [1912.02569]. 
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[Gouttenoire, Servant, PS, 2108.10328 & 2111.01150] 

[Co, Harigaya, Hall, et. al., 2108.09299]  

Non-standard cosmology 
from the “rotating” axion. case II: ϕini = fa Angular potential 

U(θ)
for T ≥ Tc

case I: ϕini ≫ fa

ϕ = fa

V(Φ) I

II
for T < Tc
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θ0

·θ
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Discovery of a new signature 
of axion physics in gravitational waves.

Complementary to the very active field  
of laboratory axion searches. 
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Collaborations

LISA White paper: Cosmology with the Laser Interferometer Space Antenna
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Present and future plans

II. Science case of high-frequency GW experiments 
Related to axion experiments @ DESY

I. Investigation of potential interpretations of 
GW signal at pulsar timing arrays
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Dark matter from the rotating axion & GW signature.

GW as a complementary probe 
to other axion searches!

Model B, Scenario I

Einf = 1.6 × 1016 GeV Einf = 1.6 × 1016 GeV
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Tracing the history of the Universe

High-freq. limit 
 

( ) 

f max
GW ≃ 1013 Hz

λGW ∼ H−1 ∼ M−1
pl

Low-freq. limit 
 f min

GW ≃ H−1
0

≃ 10−18 Hz

GW frequency observed today:   fGW,0 ≃ λ−1
GW(aprod/a0) ≃ 10−6 Hz [

H−1
prod

λGW ] [
Tprod

100 GeV ]
<latexit sha1_base64="lrywv+McP/BndmFWG5BQ6emoH7I=">AAACInicbZDLSgMxFIYz9VbrbdSlm2ARXEidkeJlV3ShOyvYC3RKyaSnbWgyMyaZQhn6LG58FTcuFHUl+DCmF6G2/hD4+c45nJzfjzhT2nG+rNTC4tLySno1s7a+sbllb++UVRhLCiUa8lBWfaKAswBKmmkO1UgCET6Hit+9GtYrPZCKhcG97kdQF6QdsBajRBvUsC+8WwFt0kg8KfB1ZYA9eIhZD3uyE/7CI2eAj6eIDrVBDTvr5JyR8LxxJyaLJio27A+vGdJYQKApJ0rVXCfS9YRIzSiHQcaLFUSEdkkbasYGRICqJ6MTB/jAkCZuhdK8QOMRnZ5IiFCqL3zTKYjuqNnaEP5Xq8W6dV5PWBDFGgI6XtSKuTkSD/PCTSaBat43hlDJzF8x7RBJqDapZkwI7uzJ86Z8knNPc/m7fLZwOYkjjfbQPjpELjpDBXSDiqiEKHpEz+gVvVlP1ov1bn2OW1PWZGYX/ZH1/QOWXaMT</latexit> ⌦
G
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to
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[ ]H ≃ T2/Mpl

 cosmic evolution For , LISA  TeV scale. 

For string loops ( ), ET  TeV scale.

λGW ∼ H−1 ⇔
λGW ≪ H−1 ⇔
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Rotating Axion.

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

 with global -symmetryΦ ∼ ϕeiθ U(1)

: Difference from the usual axion cosmology! 

The usual axion cosmology with  
where only axion matters, 

In our case,  the radial/axion interplay 
leads to large kinetic energy in the axion, allowing for kination.

§1
⟨Φ⟩ = 0

⟨Φ⟩ ≫ fa

Angular mode : “axion” (Goldstone boson)θ

Radial mode  with mass   ϕ mr ≃ V′ /ϕ

Rotating complex scalar is not new. 
“Affleck-Dine Baryogenesis” (Affleck, Dine, 1984) 

“Spontaneous Baryogenesis” (Cohen, Kaplan, 1987) 

“Spintessence” (Boyle, Caldwell, Kamionkowski, 2001) 

“Affleck-Dine Magnetogenesis” (Kamada, Shin, 2019) 

“Axiogenesis” (Co, Harigaya, 2019)

What’s new in our case: 
the rotating axion survives until late times, 
generating kination era and explaining DM.

: Difference from other rotating complex field! §2

Nothing exotic and could be QCD axion!
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Intermediate Kination 
e.g., rotating axion
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Step feature from 
intermediate matter
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New bound on 
the heavy-unstable particles 
[Gouttenoire, Servant, PS, 1912.03245].
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Kination right 
after inflation

My few pages on GW from cosmic strings


