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known astrophysical objects can 
emit GW at frequency 

f ≲ 10 kHz

New physics from UHF-GWs

natural frequency for a  
self-gravitating body

f ≃
Gρ̄
4π

Schwarzschild radius 
bound

R ≳ 2GM

ultra-high-frequency 
f ≳ 10 kHz

cosmology BSM physics
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Late Universe sources

First galaxies Solar system

today

14 Gyrs9 Gyrs0.4 − 1 Gyrs

Sub-solar PBH mergers

Exotic compact objects

Superradiance

BSM physics



levitated sensors
bulk acoustic wave

interferometers magnetic conversion

Neutron stars
Primordial BHs
Exotic compact objects
Superradiance annihilation
Superradiance decay

Benchmark distance: 10 kpc

PBH mass: 10−9 < mPBH/M⊙ < 1

ECO compactness: 10−5 < C < 1/2

Superradiance: MBH ≳ M⊙

Late Universe: summary



f ≃ ( ma

10−9 eV ) 106 Hz ≃
100 kHz
MBH/M⊙

hc ≲ 10−23 ( 10 kpc
D ) ( 100 kHz

f )

1/ma ∼ 2GMBH

long-lived, monochromatic source of GWs

ma ≃
M⊙

MBH
10−10 eV

• Superradiance requires 

axion mass

• Axion cloud form around a rotating BH A. extract rotational energy from 
BH (superradiance instability) 

B. lose energy into GWs.

• Axions can transition from one level to another or annihilate into a graviton

‘gravitational atom’ with 
energy levels similar to the 

hydrogen atom

[A. Arvanitaki, A. Geraci, 1207.5320]

GWs from superradiance
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BBN

CMB
First galaxies

Solar system

inflation

9 Gyrs0.4 − 1 Gyrs300 kyrs

1 sec10−35 sec

~GUT/string

beyond LIGO

• Characteristic frequency

f0 ≃
1
ϵ (

Tp

1010 GeV ) kHz

for ϵ ∼ 1
(causality)

• GWs from the early Universe produce a 
stochastic background.

ϵ =
GW wavelength at production

horizon size at production
≤ 1

frequency prod. time prod. T

10−5 Hz

0.16 Hz

1.6 kHz
1.6 MHz

1.6 GHz

10−11 sec
10−19 sec

100 GeV

106 GeV

109 GeV10−27 sec
1013 GeV10−33 sec

1016 GeV10−39 sec

Early Universe sources



Cosmological GWs

• Stochastic background Ωgw =
1
ρc

dρgw

d log f
=

2π2

3H2
0

f 2h2
c

Ωgw,0 ≲ 10−6 hc ≲ 3 × 10−27 MHz
f

• GWs redshift as radiation bounds from CMB and BBN

characteristic value of the 
GW amplitude per unit 

logarithmic frequency interval

LIGO 
(design)102 Hz 4.1 × 10−25

GHz

f0 hc

4.1 × 10−29

4.1 × 10−32

MHz
h2

0 Ωgw ∼ 10−9

hc ≃ 1.3 × 10−21 ( 1 kHz
f ) h2

0Ωgw( f )



BBN

CMB
First galaxies

Solar system

inflation

9 Gyrs0.4 − 1 Gyrs300 kyrs

1 sec10−35 sec

Production mechanisms during inflation

Production mechanisms after inflation

• Extra species.

• Modified gravity.

• Second order scalar perturbations.

• Preheating.

• Oscillons.

• Phase transitions.

• Defects.

• Primordial BH evaporation.

• Cosmic gravitational wave 
background.

Early Universe sources



Post-Inflation: preheating

if non-perturbative effects are involved
PREHEATING

• Simplest example: self-resonance of bosons. [L. Kofman, A. Linde, A. Starobinsky, hep-th/9405187]

• After inflation, the energy density stored in the inflaton must (eventually) be 
converted into SM degrees of freedom.

f0 ∼ 108 Hz
Ωgw ∼ 10−9

[S. Antusch, F. Cefalà, S. 
Krippendorf, F. Muia, S. Orani, 
F. Quevedo, 1708.08922]

[D. Figueroa, F. Torrenti, 
1707.04533]

generic result



Inflation (extra-species)
Inflation (effective field theory)
Inflation (scalar perturbations)
Preheating
Oscillons
Phase transitions
Cosmic strings
Metastable strings
Gauge textures

BBN bound

Cosmic gravitational 
microwave background

levitated sensors
bulk acoustic wave

interferometers magnetic conversion

Early Universe: summary



Miscellaneous

• Brane world scenarios.

• Pre Big-Bang cosmology.

• Quintessential inflation.

• Magnetars.

• Reheating.

• Thermal gravitational noise of the Sun.

• Plasma instabilities.

[Ema, Jinno, Nakayama, 2020]

• Evaporating PBHs. [Anantua, Easther, Giblin, 2009]

[Seahra, Clarckson, Maartens, 2010]

[Gasperini, Veneziano, 2003]

[Giovannini, 1999]

[Wen, Li, Li, Fang, Beckwith, 2017]

[Bisnovatyi-Kogan, Rudenko, 2004]

[Servin, Brodin, 2003]



GWIC roadmap
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Potentially small scale experiments

Bulk acoustic wave devices

f0 ≃ 1 GHz ⟷ λ0 ≃ 1 cm

Small scale experiments?

[M. Goryachev, M. Tobar, 2014]

Magnetic conversion
[M. Cruise, 2012]
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Optically levitated sensors

• 1-meter prototype under construction 
@ Northwestern University (budget ~ 1M $).

Sn ≃ 10−19 Hz−1/2 @ 10 kHz

Sn ≃ 10−21 Hz−1/2 @ 100 kHz

• 10-meter instrument  1 order of magnitude→
• 100-meter instrument  2 orders of magnitude→

• Possible improvements: fiber-based cavities, 
more massive suspended particles.

[N. Aggarwal, G. Winstone, M. Teo, 
M. Baryakhtar, S. Larson, V. Kalogera, 

A. Geraci, 2010.13157]

[A. Arvanitaki, A. Geraci, 1207.5320]

[N. Aggarwal’s talk]



more than 20 
experimental proposals



[M. Goryachev, M. Tobar, 1410.2334]

[2102.05859]

Bulk acoustic wave resonators



more than 20 
experimental proposals



[A. Ejlli, D. Ejlli, M. Cruise, G. Pisano, H. Grote, 1908.00232]

Magnetic conversion



[A. Ejlli, D. Ejlli, M. Cruise, G. Pisano, H. Grote, 1908.00232]

Magnetic conversion



technological gap of at 
least 6 orders of 

magnitude

more than 20 
experimental proposals

need technological 
development



MTW book

first direct detection

50 years 
23 attempts

Need technology development
“[interferometers] have so low sensitivity that 

they are of little experimental interest”

page 1014

[Chen, Nester, Ni, 2016]



Technology roadmap

• Involve all interested groups to collect information about current/planned technologies.

• Clarify achievable goals in terms of sensitivities, with and without new technical 
developments, within a given timeframe and budget.

• Discuss fundamental limitations and best routes to pursue.

V. Domcke
CERN

(theory)

F. Quevedo
Cambridge

(theory)

J. Steinlechner
Maastricht

(exp)

S. Steinlechner
Maastricht

(exp)

M. Cruise
Birmingham

(exp)

N. Aggarwal
Northwestern

(exp)

A. Ringwald
DESY
(theory)

https://forms.gle/hNbJYCcv4Zpcr6qz9Online questionnaire at 

UHF-GW initiative

https://forms.gle/hNbJYCcv4Zpcr6qz9


new online 
meeting

discuss most 
promising technologies

discuss how to facilitate 
existing projects

plan construction of 
prototypes

sharpen science case
October ‘21
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http://www.ctc.cam.ac.uk/activities/UHF-GW.php
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Thanks!


