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Why high-frequency 
gravitational waves?



• Speculation by Poincaré (1905)


• Einstein provided a firm theoretical background for them (1916) 

Gravitational Waves
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□ hμν = − 16πGTμν
wave equation 
describing two 
polarization modes

The deformation of a ring of test masses 
due to the different polarization
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Gravitational Wave Spectrum
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High-frequency gravitational waves

A growing community is 
seriously considering the 
search of high frequency 
gravitational waves 
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Stochastic 

Coherent 

No known astrophysical objects are small and dense 
enough to produce gravitational waves beyond 10 kHz



Revisiting Gertsenhstein’s ideas
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• The conversion of gravitational waves into electromagnetic waves is a 
classical process. Its rate does not involve 


• Involving gravity the conversion probabilities are small. It may be 
compensated by a ‘detector’ of cosmological size.


• The process is strictly analogous to axion-photon conversion.

ℏ

Raffelt, Stodolski’89

The (inverse) Gertsenhstein Effect 
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P ∼ GB2L2
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• The conversion of gravitational waves into electromagnetic waves is a 
classical process. Its rate does not involve 


• Involving gravity the conversion probabilities are small. It may be 
compensated by a ‘detector’ of cosmological size.


• The process is strictly analogous to axion dark matter conversion.

ℏ

Raffelt, Stodolski’89

The (inverse) Gertsenhstein Effect 

20

P ∼ GB2L2
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The dark matter hypothesis is remarkably simple and explain 
observations at many other scales

 Dark Matter
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 Dark Matter



23

Bertone Tait, 2018

 Dark Matter



• Pseudoscalar field


• Solution to the strong CP problem


• Excellent dark matter candidate

a
ℒ = −

1
4

gaγγaFμνF̃μν

Peccei, Quinn 1977

Weinberg, Wilczek 1978
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QCD axion as dark matter
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The (inverse) Gertsenhstein Effect 
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Still far from 
testing Early 

Universe 
signals

The (inverse) Gertsenhstein Effect 



Gravitational waves in 
axion haloscopes 



Axions act as a source term to Maxwell's equations, effectively 
inducing an electromagnetic current.

∇ ⋅ B = 0
∇ × E + ∂tB = 0

∇ ⋅ E = j0

∇ × B − ∂tE = j

Sikivie, 1983
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j = gaγγ (∇a × E + ∂taB)j0 = − gaγγ ∇a ⋅ B

Axion electrodynamics 



Gravitational-wave electrodynamics 

gμν = ημν + hμν hμν ≪ 1
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GWs act as a source term to Maxwell's equations, effectively 
inducing an electromagnetic current.



Axion 
electrodynamics

Gravitational wave 
electrodynamics

An example Gertsenshtein effect

Effective current

( in  the TT gauge)

Benchmark QCD axion

jμ
eff = (−∇ ⋅ P, ∇ × M + ∂tP)

Pi = − hijEj Mi = − hijBj

McAllister et al, 1803.07755

Tobar et al, 1809.01654 


Ouellet et al, 1809.10709 

P = gaγγaB, M = gaγγaE

Domcke, CGC, Rodd,  2202.00695

a

h ∼ 10−22
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jeff

Magnetic

 flux

∇ × B − ∂tE = gaγγ ∂ta B0

jeff
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The electromagnetic fields produced by the axion drive a 
current through a pickup coil

Low mass axion haloscopes
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jeff

SHAFT

Magnetic

 flux

∇ × B − ∂tE = gaγγ ∂ta B0

jeff
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The electromagnetic fields produced by the axion drive a 
current through a pickup coil

Low mass axion haloscopes



Magnetic

 flux

jeff
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Haloscopes based on lumped-element detectors



Magnetic

 flux
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jeff

Φ ≈
ie−iωt

16 2
h×ω3Bmaxπr2Ra(a + 2R)s2
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Φaxions ≈ e−iωt gaγγ 2ρDMBmaxπr2R

Domcke, CGC, Rodd,  2202.00695

The sensitivity scaling with the 
volume is faster than for axions 

Only one polarization 


Suppression at small frequencies


Gravitational waves

 in low mass axion haloscopes
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Selection rules

Write down the detector response matrix for a wave coming from an arbitrary direction, 
and impose cylindrical symmetry for both external magnetic field and loop:

Domcke, CGC, Lee, Rodd, 2023 
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jeff

Domcke, CGC, Lee, Rodd, 2023 
Break cylindrical symmetry

Toroidal magnetic fields

jeff
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jeff

Domcke, CGC, Lee, Rodd, 2023 

Recast of axion searches to establish GW 
sensitivity,  taking into account the 
different time scales involved in the signals 
and detectors.

Haloscopes based on lumped-element detectors
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It resonates when the GW 
frequency matches one of 
the eigenmode frequencies

Haloscopes based on microwave cavities
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(∂2
t +

ωn

Qn
∂t + ω2

n) en(t) = −
∫

Vcav 
d3xE*n ⋅ ∂t jeff 

∫
Vcav

d3x En
2

E(x, t) = ∑
n

en(t)En(x)Eigenmodes
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It resonates when the GW 
frequency matches one of 
the eigenmode frequencies

Haloscopes based on microwave cavities
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The coupling of the mechanical 
modes can play an important role 


2303.01518

(∂2
t +

ωn

Qn
∂t + ω2

n) en(t) = −
∫

Vcav 
d3xE*n ⋅ ∂t jeff 

∫
Vcav

d3x En
2

E(x, t) = ∑
n

en(t)En(x)Eigenmodes



Experimental efforts 
at home
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(courtesy of B. Gimeno)

work in progress
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work in progress


(courtesy of B. Gimeno)
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work in progress


(courtesy of B. Gimeno)
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work in progress


(courtesy of B. Gimeno)



The techniques developed for detecting axion dark matter could potentially be used to discover 
new sources of gravitational waves.


Selection rules in detectors exhibiting cylindrical symmetry enforce cancellations in the flux 
associated to gravitational waves.


These cancellations can be avoided by changing the geometry of the pickup loop. We demonstrate 
this for different detector geometries, obtaining a parametric increase of sensitivity. 


Different experimental proposals have coalesced on a strain sensitivity of  for MHz GWs,  still 
orders of magnitude away from signals of the early Universe. Whether we can hope to probe such 
strain sensitivities remains to be determined.


10−22

Conclusions


