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Science Background

High-Frequency Gravitational Waves (𝜈 > 10 kHz)

Image: https://www.ctc.cam.ac.uk/activities/UHF-GW.php



𝟏𝟎𝟏𝟕𝐆𝐇𝐳



transient/continuous 

Stochastic 

BBN Bound gives “no go theorem”  

A little more on High frequency Gravitational Wave Sources

Large Review: 2011.12414



Known Standard Model Sources (as of 2024)

Garcia-Cely, Ringwald 2024 



10 kpc ~ 1020 m

0.01 Au ~ 109 m

1 km ~ 103 m

10−2𝐻𝑧

10−9𝐻𝑧

100 𝐻𝑧

104𝐻𝑧 and above

Tabletop ~ m

Ultra-High Frequency GWs

(+ astrophysical!)

LISA



High Frequency Gravitational Waves

Bulk Acoustic Wave Resonators - 2307.00715

Quantum Levitated Sensors - 1207.5320Cavities - 2303.01518

High-Frequency Gravitational Wave Detection via Optical 
Frequency Modulation - 2304.10579

See also work by Valerie, Sebastian, Camilo, Joachim, Nick on co-opting axion experiments, 2202.00695, 2408.01483, 2409.06462
 



Ultra-high frequency gravitational waves: where to next ?

Dec 2023 CERN

https://indico.cern.ch/event/1257532/


Gravitational Waves 
𝒉𝝁𝝂

Photons

Astrophysical Detection 



Axions High-Frequency Gravitational Waves

(GWs)

Inverse Primakoff Inverse Gertsenshtein

Astrophysical Detection 



Gravitational Waves 
𝒉𝝁𝝂

Photons

CMB (spectral distortions) Galaxies Neutron StarsEarth



Rich array of astrophysical constraints on axions

https://cajohare.github.io/AxionLimits/docs/ap.html



Astrophysical Constraints on High-Frequency Gravitational Waves

A Few Years Ago:



Today :
20242021

2024

2024

2024

(from update to Living Rev. Rel. 24 (2021) 1, 4 – in prep)

Astrophysical Constraints on High-Frequency Gravitational Waves



Galactic

CMB

Neutron Stars

Domcke, Garcia-Cely 2021

Lella, Calore, Carenza, Mirizzi (2024)

Dandoy, Bertolez-Martinez, Costa (2024)

JM, Ellis (2024)

Ito, Kohri, Nakayama (2024)



ℎ𝜇𝜈
𝛾

𝐁𝑵𝑺

Probing High-Frequency Gravitational Waves with Neutron Stars





Observations 

Stellar Populations
Foster et al, Phys. Rev. Lett. 129, 251102 (2022)
[GBT, Galactic Centre]

Foster et al  Phys. Rev. Lett. 125 (2020) 17, 171301]
[GBT, Effelsberg, Galactic Centre + Isolated NSs]
Battye, Bhura, JM, Srinivasan (2407.19028 in press JCAP)

Single Objects
Darling [Phys. Rev. Lett. 125 (2020) 12, 121103]

Battye, Darling, JM, Srinivasan
[Phys. Rev. D 105 (2022) 2, L021305]
[Galactic Centre Magnetar, VLA, PSR J1745−2900]

Battye, Keith, JM, Srinivasan, Stappers, Weltevrede
[Phys. Rev. D 108 (2023) 6, 063001]
[MeerKAT, matched-filter/time-domain search PSR J2144-3933]

Green Bank Telescope (GBT) - USA Effelsberg - Germany Very Large Array (VLA) - USA MeerKAT – S. Africa



Resonant Gravitational Wave Photon Conversion 

Plasma Vacuum Birefringence 
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Applications on High Frequency Gravitational Waves

ℎ𝜇𝜈 𝛾

𝐁𝑵𝑺

JM, S. Ellis - PRD
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(Goldreich Julian Model 1969) 



Axion-Photon Conversion in 3D Plasmas

Maxwell’s Equations



Axion-Photon Conversion in 3D Plasmas

−𝛁𝟐 𝐄 + 𝛁 𝛁 ⋅ 𝑬 − 𝝎𝟐ε. 𝑬 = 𝒈𝒂 𝜸𝜸𝝎𝟐𝒂 𝑩 

Axion fieldLight



 Raffelt, Stodolsky Phys. Rev. D 37 (1988) 1237 

𝐁

Solve a Toy Problem in 1D ?
photonaxion

dilute plasmas

- Magnetized plasmas: eigenmodes are polarized both parallel and perpendicular to B

- Not valid in 3D 

- Longitudinal effects (∇. 𝐸 ≠ 0 )  dense plasmas have longitudinal excitations

- Conductivity in an anisotropic medium can mix different components (⊥, ∥)

- Axions and photons have different worldlines: 𝜕𝑧 

relativistic limit 



𝐁

Solve a Toy Problem in 1D ?

photonaxion



−𝛁𝟐 𝐄 + 𝛁 𝛁 ⋅ 𝑬 − 𝝎𝟐𝜺 ⋅ 𝑬 = 𝒈𝒂 𝜸𝜸𝝎𝟐𝒂 𝐁 

Battye, Garbrecht, JM et al Phys. Rev. D 102 (2020) 2, 023504

Solve Numerically ?

Huge Numerical Hierarchies !
See also - Gines, Noordhuis, Weniger, Witte [hep-ph/Xiv:2405.08865]



Analytical Solutions : Two Approaches 

Kinetic Theory

Photon Phase Space

Wave Equations
[JM, Millington, Garbrecht, JCAP 12 (2023) 031] JM, Millington JCAP 09 (2024) 072

𝑃𝑎→𝛾
3𝐷



Kinetic Theory

𝜕𝑡 𝑓𝛾 + 𝒗𝜸 ⋅ ∇𝐱  𝑓𝛾 + 𝐹𝛾  . ∇𝒌𝑓𝛾 = 𝐶𝑎  𝑓𝑎

[JM, Millington, Garbrecht, JCAP 12 (2023) 031]

𝑓𝛾 = 𝑓𝛾(k , x)

𝐶𝑎 ∼  𝑔𝑎𝛾𝛾
2  𝛿 𝐸𝛾

2 − 𝐸𝑎
2 𝐸𝛾 𝝐𝛾. 𝑩

2

Photons



Kinetic Theory

[JM, Millington, Garbrecht, JCAP 12 (2023) 031]

𝑓𝛾 = 𝑓𝛾(k , x)

d𝑓𝛾

𝑑𝜆
= 𝐶𝑎𝑓𝑎

𝑃𝑎→𝛾
3𝐷 = 𝑓𝛾/𝑓a ∼

𝑔𝑎𝛾𝛾
2 𝐸𝛾 𝑩 ⋅ 𝝐𝛾

2

|𝒌 ⋅ ∇𝒙𝐸𝛾|

𝑑𝒙𝛾

𝑑𝜆
= 𝒗𝑔,

𝑑𝒌𝛾

𝑑𝜆
= −𝛻𝑥𝐸𝛾:

𝐶𝑎 ∼  𝑔𝑎𝛾𝛾
2  𝛿 𝐸𝛾

2 − 𝐸𝑎
2 𝐸𝛾 𝝐𝛾. 𝑩

2



Θ = 𝑐𝑜𝑛𝑠𝑡 = 𝑝ℎ𝑜𝑡𝑜𝑛 𝑤𝑎𝑣𝑒𝑓𝑟𝑜𝑛𝑡𝑠 

𝐤𝜸 = ∇ Θ 

−𝛁𝟐 𝐄 + 𝛁 𝛁 ⋅ 𝑬 − 𝝎𝟐𝜺 ⋅ 𝑬 = 𝒈𝒂 𝜸𝜸𝝎𝟐𝑎0𝑒𝑖 𝐤𝑎 . 𝐱 𝐁

𝒌𝑎

Solutions via Classical Wave Equations 𝐄 = 

JM, Millington JCAP 09 (2024) 072

axion



Solutions via Classical Wave Equations

JM, Millington JCAP 09 (2024) 072

Transport Energy Density

Transport Field Amplitude

Poynting/axion Flux

𝐄 = 

Resonant Surface



Universal Form of Resonant Conversion Probability

Easily adaptable  for arbitrary particles/spins (dark photons, gravitons etc)

Incorporates photon refraction 

No “dephasing” (photon bending seems not to suppress conversion)

Valid for any medium, any polarization/dispersion relation (for k in WKB regime)

Divergence free! 𝑝𝑜𝑤𝑒𝑟 ∼ ∫ 𝑑3𝑘∫ 𝑑𝐴. 𝑘 𝑃𝑎→𝛾𝑓𝑎 𝑑𝐴 ∥ ∇𝐸𝛾

Direct link with ray-tracing

𝑃𝑋→𝛾
3𝐷 ∼

𝜋|𝑀𝑋→𝛾 |2

𝐸𝛾|𝒌 ⋅ ∇𝒙𝐸𝛾|



Comparison With Numerical Studies

Gines, Noordhuis, Weniger, Witte, PRD 110 (2024) 8, 083007

Plasma Distribution



Comparison With Numerical Studies

Kinetic Theory (2023) = Classical (2024)

Numerical (2024)

(2021)

Gines, Noordhuis, Weniger, Witte 

Millar, Baum, Lawson, Marsh JCAP 11 (2021) 013 

JM, Millington, Garbrecht



Repeat These Steps with Gravitons  

𝑃ℎ→𝛾
3𝐷 ∼

𝜋|𝑀ℎ→𝛾 |2

𝐸𝛾|𝒌 ⋅ ∇𝒙𝐸𝛾|



stochastic GW background ℎ = 10−20

JM, Ellis PRD 110 (2024) 10, 103003

Flux From Resonant GW Conversion 



Thanks - Jeremy Hare, George Pavlov, 
Bettina Posselt, Oleg Kargaltsev, Tea Temim and 
StevenChen for JWST data – (2024)

JM, Ellis PRD 110 (2024) 10, 103003



Constraints on Stochastic GWs from Neutron Stars

JM, Ellis PRD 110 (2024) 10, 103003



Galaxies

ℎ𝜇𝜈
𝛾

𝐁𝑵𝑺



Galactic Magnetic Fields 
ℎ𝜇𝜈 𝛾

𝐁𝐥𝐚𝐛



Summary 
- High-frequency gravitational waves are an exciting emerging field

- Lots more to do on indirect astrophysical probes (as with axions)

- Lots of interesting R&D to do in the lab to increase sensitivity 



Backup 





Conjectured effects of photon refraction  1D Calculation
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