Adding color to the
gravitational wave spectrum
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Perturbations of space-time
travelling as waves of frequency f

Characterised by 2 polarizations h, , (dimensionless)
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GWs carry energy. They have energy density
GWs couple to ANYTHING in your lab!
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Very large baseline atomic interferometers



Searches for fundamental physics in LISA/3G

SM: Astrophysical models of black holes (of several masses)
' Astrophysical models of stars (white dwarfs, neutron stars...)
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SM: Astrophysical models of black holes (of several masses)
Astrophysical models of stars (white dwarfs, neutron stars...)

Supernovae explosions LISA Red Book 2402.0757 |

LISA
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If one looks for new physics all the bands from may be too loud

BSM: Early Universe: inflation, new particles at high E

Signals from dark matter
Signals from new particles

Fundamental properties of gravity



If one looks for new physics all the bands from may be too loud

BSM: Early Universe: inflation, new particles at high E

S!gnals from dark mat.ter tough global fits
Qinnale frnmM naw nartirlac p (

How do we access BSM? as in hadron colliders)

» move to other bands
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Very large baseline atomic interferometers



Gravitational waves for fundamental physics
Gravitatignalwaves are a messenger of every violent process in the Univers
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Gravitational waves for fundamental physics
Gravitatignalwaves are a messenger of every violent process in the Univers
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This Is the less explored:

1073 C M No strong astrophysical sources
- ———  _am Not easy to get BSM here compatible
with other bounds
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This Is the Higgs-like band:

guaranteed Physics by the corner reasonable ideas for searches
. . /’
possible new Physics /
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microHz to 0.1 mHz
This Is the Higgs-like band:

guaranteed Physics by the corner

reasonable ideas for searches

2301.13854 [astro-ph.CO] Ellis et al

PTA Evidence 2023




microHz to LISA band

Plentiful new Physics possible
- Braglia et al. JCAP 12 (2021) 12

Inflation Lasky et al PRX 6, 011035 (2016
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Our proposal for Hz band: binary resonance!
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gravitational waves affect gravitationally bound systems

DB, A. Jenkins, 2107.04061, 2107.04063
J. Foster, DB et al., arXiv: 2504.15334 [astro-ph.CO]

.ol ; ; Foster, DB et al., arXiv:2504.16988 [gr-qcC]
]/'l — — 5R lO O}"] X. Xue, DB, et al. to appear
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h ~ cos(27 ft)
r ~ ecos(2nt/P)
possible resonances at f=n/P

uHz
Newtonian Potential
~ few days



Response of the system

Foster, DB et al., arXiv: 2504.15334 [astro-ph.CO]
Foster, DB et al., arXiv:2504.16988 [gr-qcC]
Xue, DB, et al. to appear

Keplerian, e =0.75, Large P
Keplerian, e =0.4, Large P

—Resonant responses: for the uHz band, P~ from days to months (Moon)



Two probes: precise timing of binaries

timing of binary pulsars lunar and satellite laser ranging

(pulsar animation credit: Michael Kramer)

(image credit: NASA)



Our estimates from 2025 for 2035

Foster, DB et al., arXiv: 2504.15334 [astro-ph.CO]
Foster, DB et a., arXiv:2504.16988 [gr-qc]
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* if they were tracked at levels at which LAGEOS is tracked + idealized data analysis



Our estimates from 2025 for 2035

Foster, DB et al., arXiv: 2504.15334 [astro-ph.CO]
Foster, DB et a., arXiv:2504.16988 [gr-qc]

© GUEST

* made be tracked as LAGEOS is tracked + from idealized to realistic data analysis



Gravitational
waves

Cube-corner
retroreflector

Laser

Geodesy
and tests
of gravity

Dark-matter
induced
fluctuations

GUEST
satellite

GUEST

satellite

Eccentric
orbit

Core members

Country Name Email Institution
Spain Diego Blas (Lead) dblas @ifae.es IFAE/ICREA
Spain José C. Rodriguez jcrodriguez @transportes.gob.es  IGN

Spain Jorge M. Camalich jcamalich@iac.es IAC

Belgium  Bruno Bertrand bruno.bertrand @observatory.be = ROB

Belgium  Sebastien Le Maistre  sebastien.lemaistre @oma.be ROB/UCLouvain
France Julien Chabé Julien.CHABE @geoazur.unice.fr OCA/GeoAzur
France Clément Courde courde @ geoazur.unice.fr CNRS/Geoazur
France Aurelien Hees aurelien.hees @obspm.ir LTE-Paris Obs.
France Nicola Tamanini nicola.tamanini @12it.in2p3.1r L2IT-CNRS
Germany Michael Hatner michael.haefner @bkg.bund.de BKG/AAGO
Germany Albert Roura albert.roura.dlr @ gmail.com DLR

Italy Giada Bargiacchi Giada.Bargiacchi @Inf.infn.it LNF-INFN
Italy Nicolo Burzilla nicolo.burzilla@Inf.infn.it LNF-INFN
Italy Marco Cinelli marco.cinelli@inaf.it IAPS-INAF
Italy Simone Dell’Agnello  simone.dellagnello@Inf.infn.it LNF-INFN
Italy David Lucchesi david.lucchesi @inatf.it IAPS-INAF
Italy Dario Vetrano d.vetrano @Inf.infn.it LNF-INFN
Romania Laurentiu Caramete  lcaramete @ spacescience.ro I. Space Science
UK Alexander C. Jenkins acj46@cam.ac.uk U. Cambridge
USA Joshua W. Foster jwioster @ftnal.gov U. Wisconsin
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Sensitivity: way to go
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Standard Analysis: Arcs method. Fit a best orbit + signal every 7 days (~6 orbits).
Derived for geodesy



Sensitivity: way to go

2p
Ay(Y) = -FA)  Data: set of points of time of travel of 2 ways laser
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Standard Analysis: Arcs method. Fit a best orbit + signal every 7 days (~6 orbits).
Derived for geodesy

Global Analysis: Fit a more global orbit model + signal



© GUEST 10 years sensitivity (one orbit)
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High frequency GWs (>10 kHz)

.  Exploratory: fundamental backgrounds & new technologies
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High frequency GWs (>10 kHz)

How to detect them?

Sources”’



High frequency GWs (>10 kHz)

How to detect them?

1) Frequencies and wavelengths closer to laboratory scales!

kHz — GHz
10° km — cm

2) Gravity couples to everything in your lab with ‘known’ Hamiltonians

Great opportunity to leverage sensing revolution!



High frequency GWs (>10 kHz)

How to detect them?  Exploring all possibilities!

Living Reviews in Relativity manuscript No. 2501 1 1 723 [g r—qC] ( V1 201 1 1 241 4 [g r'qC])

(will be inserted by the editor)

Livingston plot

Challenges and Opportunities
of Gravitational Wave Searches above 10 kHz

We are in the early days!

Rainer Weiss, ca. 1972 LIGO concept . ensumamon nesmancn
Weiss 1972 N

E.O. Lawrence
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GW detector sensitivity vs year of commissioning — a Livingston analogue
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Section 3: Overview of Detector Sensitivities and Possible Signals 17
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Ex1. GWs interact with light

Analogy with axion experiments, though different current

0,F"" =jle=(-V-P, VxM+ 9,P)

Key differences:
monochromatic,

GWSs can be ‘» transient with sweeping frequency
M stochastic



High frequency GWs (>10 kHz)

How to detect them?

Sources”’



If one looks for new physics all the bands from may be too loud

BSM: Early Universe: inflation, new particles at high E

S!gnals from dark mat.ter tough global fits
Qinnale frnmM naw nartirlac p (

How do we access BSM? as in hadron colliders)

» move to other bands



BSM: Early Universe: inflation, new particles at high E v/
Signals from dark matter
Signals from new particles
Fundamental properties of gravity

AN NN

More importantly there is a ‘Higgs like’ observable!

GWs from thermal
fluctuations of early
Universe

(Also non-stochastic sources possible)



Further enhance sensitivity by combining
HFGW detectors

Initial sites; Bonn, Mainz, Frascati, PSI

GPS based data-acquisition scheme
Experience from GNOME Network

Nine small resonant cavities (5-9 GHz)
operation of three cavities in one magnet

One large resonant cavity (100 MHz)

GravNet
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v
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Optimized modelling

Q)
Q
<
Z
0]



Source Modeling
and Data Analysis

Diego Blas (IFA

)

Resonant
Cavities

Matthias Schott (

50nn)

Quantum Sensing

Claudio Gatti (INFN)

Network
Operation

Dmitry

Budker (Mainz)



EM coupling



FIrSt reSU|tS: Search for high-frequency gravitational waves via re-analysis of 2511.17817

cavity axion data

Younggeun Kim,'%3[* Jordan Gué,* Changhao Xu,"?? Diego Blas,%® Dmitry
Budker,»% 37 Sungjae Bae,®? Claudio Gatti,'° Junu Jeong,!! Jihn E. Kim,!?

Kiwoong Lee,’ Arjan F. van Loo,'®1* Yasunobu Nakamura,'®!* Seonjeong

Oh,®? Wolfram Ratzinger,'® Taehyeon Seong,®® Yannis K. Semertzidis,® 16

Kristof Schmieden,!” Mattias Schott,'” Sergey Uchaikin,®® and SungWoo Youn®®

CAPP-12T MC EXPERIMENTAL DATA USED FOR HFGWS

GravNet



Many exciting things to do in the next 15 years!

HFGWSs
Binary Lab searches
resonance
R am Inflation

—\ am New particles
@ an Dark matter
QG
s GUEST -~

J [Hz]

guaranteed Physics by the corner (PTA signal at muHz) (GravNet

possible new Physics reasonable ideas for searches

106 107



Many exciting things to do in the next 15 years!

HFGWs

Binary

P N N NP S WY NP N

carly explorations: lot's of interesting Physics waiting!!!' .«
Analysis, sources, multiband, multimessenger, tter
cosmology connections, other Physics.

[y° 10°

J [Hz]

guaranteed Physics by the corner (PTA signal at muHz) (GravNet

possible new Physics reasonable ideas for searches



Our proposal: binary resonance!
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gravitational waves affect gravitationally bound systems
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Sensitivity: way to go



Sensitivity: way to go





