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Axion electrodynamics 
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a

ℒ = −
1
4

gaγγaFμνF̃μν
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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

Axion electrodynamics 
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j = gaγγ (∇a × E + ∂taB)j0 = − gaγγ ∇a ⋅ B
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• microwave cavities 
• MADMAX 
• ADMX 
• HAYSTAC 
• ABRACADABRA 
• Lumped element detectors 
• …

• CAST 
• IAXO 
• …..

• Light shining through the walls 
• OSCAR 
• ALPS II 
• …

Axion electrodynamics 
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• Helioscopes (X rays) 

• Haloscopes  (radio frequencies) 

• Purely lab experiments 
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 axions couple to fermions

gaγγ =
α

2π fa ( E
N

− 1.92)

E/N = 8/3 E/N = 0

KSVZ (Kim, Shifman, Vainshetein, Zakharov)  

axions couple to exotic heavy quarks only.

QCD axion

https://github.com
/cajohare/A

xionLim
its

Axion electrodynamics 
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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

It resonates when the axion 
frequency matches one of 
the eigenmode frequencies

Haloscopes based on microwave cavities
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Haloscopes based on lumped-element detectors

Magnetic 
 flux

Kahn, Safdi, Thaler 2016 
Sikivie, Sullivan and Tanner 2014

∇ × B − ∂tE = gaγγ ∂ta B0

jeff
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The electromagneticfields produced by the axion drive a 
current through a pickup coil
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∇ × B − ∂tE = gaγγ ∂ta B0

jeff

Haloscopes based on lumped-element detectors

Magnetic 
 flux

Kahn, Safdi, Thaler 2016 
Sikivie, Sullivan and Tanner 2014

Searches at frequencies lower than those 
achieved with conventional cavity haloscopes.

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

SHAFT

Haloscopes based on lumped-element detectors

Magnetic 
 flux

Kahn, Safdi, Thaler 2016 
Sikivie, Sullivan and Tanner 2014

∇ × B − ∂tE = gaγγ ∂ta B0

jeff
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Searches at frequencies lower than those 
achieved with conventional cavity haloscopes.

The electromagneticfields produced by the axion drive a 
current through a pickup coil
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2203.11246v1

DMRadio program

Searches at frequencies lower than those achieved with 
conventional cavity haloscopes.

 talk by Nicholas M. Rapidis
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Effective current for gravitational waves

gμν = ημν + hμν hμν ≪ 1

13

Gravitational waves act as a source term to Maxwell's 
equations, effectively inducing an electromagnetic current.
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P = gaγγaB, M = gaγγaE
McAllister et al, 1803.07755 

Tobar et al, 1809.01654  
Ouellet et al, 1809.10709 

∇ ⋅ E = − ∇ ⋅ P
∇ ⋅ B = 0

∇ × E = − ∂tB
∇ × B = ∂tE + ∇ × M + ∂tP

Axion electrodynamics 

14

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

gμν = ημν + hμν hμν ≪ 1

∇ ⋅ E = − ∇ ⋅ P
∇ ⋅ B = 0

∇ × E = − ∂tB
∇ × B = ∂tE + ∇ × M + ∂tP

Pi = − hijEj Mi = − hijBj ( in  the TT gauge)
Domcke, CGC, Rodd,  2202.00695
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Axion 
electrodynamics

Gravitational wave 
electrodynamics

An example 

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
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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
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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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Ideas and techniques developed for 
axions can be adapted to 
gravitational waves

Raffelt, Stodolski’89

a

The (inverse) Gertsenhstein Effect 

19
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Ideas and techniques developed for 
axions can be adapted to 
gravitational waves

Raffelt, Stodolski’89

a

The (inverse) Gertsenhstein Effect 

Far from testing Early Universe signals

20



High-frequency gravitational waves

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

21
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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

It resonates when the 
GW frequency 
matches one of the 
eigenmode 
frequencies

Haloscopes based on microwave cavities
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Magnetic 
 flux

Haloscopes based on lumped-element detectors
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Haloscopes based on lumped-element detectors
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Domcke, CGC, Rodd,  2202.00695
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Domcke, CGC, Rodd,  2202.00695

Haloscopes based on lumped-element detectors
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Domcke, CGC, Rodd,  2202.00695

Up-to-date estimate of PBH in binaries 
and their expected merger rate accounting 
for the local overdensity in the Milky Way

See also 2205.02153  by Franciolini, A. Maharana, and F. 
Muia, 

Haloscopes based on lumped-element detectors
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Conclusions

27

The axion program may discover not only 
the dark matter of our Universe, but also 
exotic sources of gravitational waves 

A number of distinct experimental 
proposals have coalesced on a strain 
sensitivity of  for MHz GWs, a level 
that is still orders of magnitude away from 
any signal of the early Universe. Whether 
we can hope to probe such strain 
sensitivities remains to be determined.

10−22

Domcke, CGC, Rodd,  2202.00695
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Backup slides
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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

• In the TT frame, the description of rigid bodies becomes 
unintuitive, as their coordinates are deformed by a passing GW 
due to the motion of the coordinate system.  This is crucial to 
implement boundary conditions. • In the proper detector frame the coordinate system is defined by 
rigid rulers and closely matches the intuitive description of an 
Earth-based laboratory, with the GW acting as a Newtonian 
force.  • Previous confusion in the literature due to this ( see e.g. 2012.12189)

Subtleties due to gauge fixing 
(TT vs detector frame gauge)
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Axion 
electrodynamics

Gravitational wave 
electrodynamics

An example Gertsenshtein effect

Effective current

Benchmark QCD axion

jμ
eff = (−∇ ⋅ P, ∇ × M + ∂tP) McAllister et al, 1803.07755 

Tobar et al, 1809.01654  
Ouellet et al, 1809.10709 

P = gaγγaB, M = gaγγaE

h ∼ 10−22

Domcke, CGC, Rodd,  2202.00695

a

Pi = − hijEj +
1
2

hEi + h00Ei − ϵijkh0jBk

Mi = − hijBj −
1
2

hBi + hjjBi + ϵijkh0jEk
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Upper bounds on stochastic gravitational waves
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