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Partial summary 
[O’Hare github]
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Do not require a = DM

Partial summary 
[O’Hare github]
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Dark Matter Decay
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For models of heavy axion DM, see e.g. 
[Foster, Kumar, Safdi, Soreq 2208.10504], 

[Panci, Redigolo, Schwetz, Ziegler 2209.03371]

Partial summary 
[O’Hare github]
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Require a = DM
Dark Matter Decay
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[Foster, NLR+ PRL 2021]

For models of heavy axion DM, see e.g. 
[Foster, Kumar, Safdi, Soreq 2208.10504], 

[Panci, Redigolo, Schwetz, Ziegler 2209.03371]

Partial summary 
[O’Hare github]
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Partial summary 
[O’Hare github]
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Partial summary 
[O’Hare github]
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Partial summary 
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[Salemi, NLR+ PRL 2021]

Partial summary 
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[Chaudhuri+ SNOWMASS LOI 2021] 
[Brouwer+ 2203.11246, 2204.13781]

Partial summary 
[O’Hare github]
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Motivation
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Partial summary 
[O’Hare github]

Bright 
Future!
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Outline

What else might we see with these instruments?
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Outline
1. Could non-dark matter axions leave a signal? 

The Cosmic Axion Background
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Outline

2. What other passing waves could a haloscope detect? 
High-Frequency Gravitational Waves

1. Could non-dark matter axions leave a signal? 
The Cosmic Axion Background
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WARMUP

How to Discover 
Dark Matter
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Axion Dark Matter

<latexit sha1_base64="ufD2TOHgrAs8oYsfWH03tqgux8g="></latexit>
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Introduces a new source for E&M fields

<latexit sha1_base64="f74BOHQ+dheYIajoToQoENSPR14="></latexit>

r⇥B = @tE+ J+ ga��B@ta

Not shown:  
and 

ρeff = − gaγγB ⋅ ∇a
Jeff = − gaγγE × ∇a
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AXION DARK MATTER

Detection with a Toroidal Magnet

B0

DMRadio-50L: toroidal geometry [Kahn, Safdi, Thaler 2016] 
DMRadio-m3: solenoidal geometry [Sikivie, Sullivan, Tanner 2014]
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AXION DARK MATTER

Detection with a Toroidal Magnet

B0

Dark  
matter

DMRadio-50L: toroidal geometry [Kahn, Safdi, Thaler 2016] 
DMRadio-m3: solenoidal geometry [Sikivie, Sullivan, Tanner 2014]
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AXION DARK MATTER

Detection with a Toroidal Magnet

Dark  
matter

DMRadio-50L: toroidal geometry [Kahn, Safdi, Thaler 2016] 
DMRadio-m3: solenoidal geometry [Sikivie, Sullivan, Tanner 2014]
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AXION DARK MATTER

Detection with a Toroidal Magnet

B0

Ja

Ba

<latexit sha1_base64="laCN8zuIP5GmAxTfqdnxFp0CSZw="></latexit>

Ja = ga��(@ta)B0

Dark  
matter

DMRadio-50L: toroidal geometry [Kahn, Safdi, Thaler 2016] 
DMRadio-m3: solenoidal geometry [Sikivie, Sullivan, Tanner 2014]
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AXION DARK MATTER

Detection with a Toroidal Magnet
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H � R+A
DMRadio-50L: toroidal geometry [Kahn, Safdi, Thaler 2016] 

DMRadio-m3: solenoidal geometry [Sikivie, Sullivan, Tanner 2014]



Cosmic Axion Background

[Dror, Murayama, NLR PRD 2021]
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The Cosmic Axion Background

Can we detect relativistic axions that 
are a relic of the early Universe?

[Dror, Murayama, NLR 2021]
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THE COSMIC AXION LANDSCAPE

Landscape
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[Dror, Murayama, NLR 2021]
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THE COSMIC AXION LANDSCAPE

Landscape
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[Dror, Murayama, NLR 2021]
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THE COSMIC AXION LANDSCAPE

Landscape
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cf. gravitational 
waves

=
1
ρc

dρa

d ln ω

Where is ? 
Coming in a few slides

gaγγ

[Dror, Murayama, NLR 2021]
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THE COSMIC AXION LANDSCAPE

Landscape

 

cf. gravitational 
waves

=
1
ρc

dρa

d ln ω

Where is ? 
Coming in a few slides

gaγγ

[Dror, Murayama, NLR 2021]
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THE COSMIC AXION LANDSCAPE

Landscape
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[Dror, Murayama, NLR 2021]
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THE COSMIC AXION LANDSCAPE

Landscape

[Dror, Murayama, NLR 2021]
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Exact string spectrum is an active debate 
Follow [Gorghetto+ 2018, 2020], see also 

[Buschmann+ 2022] & [Dine+ 2020]

Parametric resonance produces ~Gaussian 
spectrum [Micha, Tkachev 0403101]
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Late time production can achieve  

E.g. DM decay, subtle due to Bose enhancement
ρa > ργ

Additional Sources 
Moduli decay: [Conlon, Marsh 2013] 

Bosenova: [Eby+ 2022]
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THE COSMIC AXION LANDSCAPE

Landscape
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[Dror, Murayama, NLR 2021]
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THE COSMIC AXION LANDSCAPE

Landscape
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Classical wave description applies

[Dror, Murayama, NLR 2021]
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a ∼ 1
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THE COSMIC AXION LANDSCAPE

Rough Sensitivity
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THE COSMIC AXION LANDSCAPE

Rough Sensitivity
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THE COSMIC AXION LANDSCAPE

Rough Sensitivity
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THE COSMIC AXION LANDSCAPE

Rough Sensitivity
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THE COSMIC AXION LANDSCAPE

Rough Sensitivity
<latexit sha1_base64="h7R2B1oV1DgkE/icRn8FujWerdw=">AAACE3icbVDLSgMxFM3UV62vqks3wSK0CmVGRF0W3bisYB/QGYZMmrahyWRI7ghl6D+48VfcuFDErRt3/o3pY6HVAwkn59zLzT1RIrgB1/1yckvLK6tr+fXCxubW9k5xd69pVKopa1AllG5HxDDBY9YADoK1E82IjARrRcPrid+6Z9pwFd/BKGGBJP2Y9zglYKWweEzKUMG+4dJeqQw59qkyZV9J1if2BfgE+8mAh7wSFktu1Z0C/yXenJTQHPWw+Ol3FU0li4EKYkzHcxMIMqKBU8HGBT81LCF0SPqsY2lMJDNBNt1pjI+s0sU9pe2JAU/Vnx0ZkcaMZGQrJYGBWfQm4n9eJ4XeZZDxOEmBxXQ2qJcKDApPAsJdrhkFMbKEUM3tXzEdEE0o2BgLNgRvceW/pHla9c6r7u1ZqXY1jyOPDtAhKiMPXaAaukF11EAUPaAn9IJenUfn2Xlz3melOWfes49+wfn4BjOenHs=</latexit>

a(t) ⇠
X

i

cos(!it+ �i)

0 10 20 30 40 50

! [neV]

0.00

0.01

0.02

0.03

0.04

0.05

p(
!

)
[1

/n
eV

]

°10 0 10 20 30 40 50

(! °ma)£ 106 [neV]

0.00

0.02

0.04

0.06

0.08

0.10

p(
!

)
£

10
°

6
[1

/n
eV

]

<latexit sha1_base64="X8zL/FXwBsaSdN+F+ICjbbK5EZM="></latexit>

QDM ⇠ !̄

�!
⇠ 106

<latexit sha1_base64="ItbE8BMLLFQokVEugqDOujwxzZs="></latexit>

QCaB ⇠ !̄

�!
⇠ 1

[Dror, Murayama, NLR 2021]



Nick Rodd  |  Echos of the Early Universe in Axion Haloscopes

0 1 2 3 4

t [2º/ma]

°0.4

°0.2

0.0

0.2

0.4

a
[M

eV
]

Dark-Matter Axion

0 2 4 6 8 10

t [2º/!̄]

°20

°10

0

10

20

a
[e

V
]

CaB Gaussian (æ = !̄)

Dark 
Matter

C Ba

42

THE COSMIC AXION LANDSCAPE

Rough Sensitivity
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background 
Resolved with ADMX

[Dror, Murayama, NLR 2021]
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THE COSMIC AXION LANDSCAPE

Rough Sensitivity
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THE COSMIC AXION LANDSCAPE

Rough Sensitivity
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THE COSMIC AXION LANDSCAPE

Rough Sensitivity
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THE COSMIC AXION LANDSCAPE

Rough Sensitivity

Parametric scaling confirmed by detailed 
calculations for both resonant and 

broadband instruments

Lose: ρa ≪ ρDM Win: gDM
aγγ ≪ gSE

aγγ Lose: QCaB ≪ QDM
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[Dror, Murayama, NLR 2021]

Detection requires enhanced , e.g.  
[Choi, Im 2015], [Farina+ 2016], 

[Agrawal+ 2017], [Dror, Leedom 2020]

gaγγ



Nick Rodd  |  Echos of the Early Universe in Axion Haloscopes 47

THE COSMIC AXION LANDSCAPE

Experimental Landscape
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THE COSMIC AXION LANDSCAPE

Experimental Landscape
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THE COSMIC AXION LANDSCAPE

Experimental Landscape
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THE COSMIC AXION LANDSCAPE

Future Directions
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V = (10 m)3, B = 10 T

Could a dedicated instrument 
reach the thermal CaB?

[Dror, Murayama, NLR 2021]
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THE COSMIC AXION LANDSCAPE

Future Directions
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Could a dedicated instrument 
reach the thermal CaB?

Can ADMX already see dark-matter decay?

[Dror, Murayama, NLR 2021]

0 20 40 60

mDM [µeV]

10°11

10°10

10°9

10°8

g a
∞
∞

[G
eV

°
1 ]

CAST (2017)

ADMX (this work)

Proj. (Abs. Power)

Proj. (Abs. Power, R=L)

Proj. (Abs. Power, 10 mK)

[ADMX, NLR 2023]



Nick Rodd  |  Echos of the Early Universe in Axion Haloscopes 52

THE COSMIC AXION LANDSCAPE

Future Directions
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Could a dedicated instrument 
reach the thermal CaB?

Can ADMX already see dark-matter decay?

Does the logic 
extend to other 

axion couplings?
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[Dror, Murayama, NLR 2021]
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THE COSMIC AXION LANDSCAPE

Summary

The Cosmic Axion Background could 
emerge as we drive towards dark matter
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[Domcke, Garcia-Cely, NLR PRL 2022]

High-Frequency  
Gravitational Waves
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High-Frequency Gravitational Waves

Is an axion haloscope also a 
gravitational-wave telescope?

[Domcke, Garcia-Cely, NLR 2022]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Gravitational Wave Electrodynamics

<latexit sha1_base64="/OfJXsywuWPZ3JTswr7YmNoiq2s="></latexit>

gµ⌫ = ⌘µ⌫ + hµ⌫ , |hµ⌫ | ⌧ 1

Work with a linearized metric
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Induces terms of the schematic form
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hF 2

[Gertsenshtein 1962] 
[Boccaletti+ 1970] 

[Raffelt, Stodolsky 1988]

[Domcke, Garcia-Cely, NLR 2022]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Gravitational Wave Electrodynamics
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gµ⌫ = ⌘µ⌫ + hµ⌫ , |hµ⌫ | ⌧ 1

Work with a linearized metric
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Induces terms of the schematic form

[Gertsenshtein 1962] 
[Boccaletti+ 1970] 

[Raffelt, Stodolsky 1988]
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Clear analogy with 
axion electrodynamics

[Domcke, Garcia-Cely, NLR 2022]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Gravitational Wave Electrodynamics

0th order estimate by pushing this analogy

<latexit sha1_base64="huliKNifW7E8FVi7vGSJLQ07qo0="></latexit>

hF 2 $ ga��aF F̃

[Domcke, Garcia-Cely, NLR 2022]

See also [Berlin, Blas, Tito D’Agnolo, Ellis, 
Harnik, Kahn, Schutte-Engel 2021]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Gravitational Wave Electrodynamics

0th order estimate by pushing this analogy
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[Domcke, Garcia-Cely, NLR 2022]

See also [Berlin, Blas, Tito D’Agnolo, Ellis, 
Harnik, Kahn, Schutte-Engel 2021]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Gravitational Wave Electrodynamics

0th order estimate by pushing this analogy
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[Domcke, Garcia-Cely, NLR 2022]

See also [Berlin, Blas, Tito D’Agnolo, Ellis, 
Harnik, Kahn, Schutte-Engel 2021]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Gravitational Wave Electrodynamics

0th order estimate by pushing this analogy

<latexit sha1_base64="huliKNifW7E8FVi7vGSJLQ07qo0="></latexit>
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QCD Axion

[Domcke, Garcia-Cely, NLR 2022]

See also [Berlin, Blas, Tito D’Agnolo, Ellis, 
Harnik, Kahn, Schutte-Engel 2021]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Gravitational Wave Electrodynamics

0th order estimate by pushing this analogy

<latexit sha1_base64="huliKNifW7E8FVi7vGSJLQ07qo0="></latexit>
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QCD Axion

[Domcke, Garcia-Cely, NLR 2022]

See also [Berlin, Blas, Tito D’Agnolo, Ellis, 
Harnik, Kahn, Schutte-Engel 2021]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Gravitational Wave Electrodynamics

0th order estimate by pushing this analogy
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Far from bound on cosmological sources

Only sensitive to late time sources 
e.g. PBH Binary signal within reach

<latexit sha1_base64="F/MNMeULRndX/7z+9cBdzeFq9h8="></latexit>
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[Domcke, Garcia-Cely, NLR 2022]

See also [Berlin, Blas, Tito D’Agnolo, Ellis, 
Harnik, Kahn, Schutte-Engel 2021]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Gravitational Wave Electrodynamics

As for the axion, induce new E&M sources

although with a more complicated from
<latexit sha1_base64="qS36VwB9UUu8ppfzA+g2OcraCFM="></latexit>

Pi = �hijEj +
1
2hEi + h00Ei � ✏ijkh0jBk

Mi = �hijBj � 1
2hBi + hjjBi + ✏ijkh0jEk

<latexit sha1_base64="6yGQ0ui6oiQdCitJ1Y+zkzkT6KE="></latexit>

r ·E = �r ·P
r⇥B = @tE+r⇥M+ @tP

Axion equivalent 
<latexit sha1_base64="CToSkdYBmYL0hBpAUa/wt8uux9Q="></latexit>

P = ga��aB, M = ga��aE

[Domcke, Garcia-Cely, NLR 2022]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Gravitational Wave Electrodynamics

As for the axion, induce new E&M sources

although with a more complicated from
<latexit sha1_base64="qS36VwB9UUu8ppfzA+g2OcraCFM="></latexit>

Pi = �hijEj +
1
2hEi + h00Ei � ✏ijkh0jBk

Mi = �hijBj � 1
2hBi + hjjBi + ✏ijkh0jEk

<latexit sha1_base64="6yGQ0ui6oiQdCitJ1Y+zkzkT6KE="></latexit>

r ·E = �r ·P
r⇥B = @tE+r⇥M+ @tP

Axion equivalent 
<latexit sha1_base64="CToSkdYBmYL0hBpAUa/wt8uux9Q="></latexit>

P = ga��aB, M = ga��aE

Following [Berlin+ 2021] work in proper detector frame, where 
<latexit sha1_base64="Wl/JD0ryax5zvaYz4fbz9IXd81A="></latexit>

h ⇠ !2 +O(!3)

[Domcke, Garcia-Cely, NLR 2022]

See also [Fortini and Gualdi 1982], 
[Marzlin 1994], [Rakhmanov 2014]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Detection Strategy

B0

[Domcke, Garcia-Cely, NLR 2022]



Nick Rodd  |  Echos of the Early Universe in Axion Haloscopes 67

HIGH-FREQUENCY GRAVITATIONAL WAVES

Detection Strategy

B0

GW

[Domcke, Garcia-Cely, NLR 2022]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Detection Strategy

GW

 also non-zeroJz

[Domcke, Garcia-Cely, NLR 2022]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Detection Strategy

GW

 also non-zeroJz

[Domcke, Garcia-Cely, NLR 2022]

Cf. axion: Ja = gaγγ(∂ta)B0
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HIGH-FREQUENCY GRAVITATIONAL WAVES

r
R

A

H

B0

Figure-8
pickup loop

<latexit sha1_base64="oDjBbf4hxLBnkvBMHmRsFxSuPMo="></latexit>
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Optimized Reach

Circular loop is not optimal  
Why? Symmetry implies 
selection rules for GW 

[Domcke, Garcia-Cely, Lee, 
NLR 2306.03125]

[Domcke, Garcia-Cely, NLR 2022]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Optimized Reach

[Domcke, Garcia-Cely, NLR 2022]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Future Directions

[Domcke, Garcia-Cely, NLR 2022]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Future Directions

[Domcke, Garcia-Cely, NLR 2022]

<latexit sha1_base64="kQkDxPnVv0Mgc/tsfqEuJYOLy9w=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9USk0PTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66LqX1Zr97VK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/AL8Nj0E=</latexit>. . .

[Li, Baker+ 0806.1989] led to a JASON report
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Future Directions

[Domcke, Garcia-Cely, NLR 2022]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Future Directions

 nhλ3
h ∼

ρ
ω4

∼
h2M2

Pl

ω2
∼ 1

Gas of gravitons - not a 
gravitational wave

[Domcke, Garcia-Cely, NLR 2022]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Future Directions

 nhλ3
h ∼

ρ
ω4

∼
h2M2

Pl

ω2
∼ 1

Gas of gravitons - not a 
gravitational wave

[Domcke, Garcia-Cely, NLR 2022]

Confirm CAST sensitivity 

How many signal events would CAST see in one year? 

∼ (# of incident gravitons) × p(graviton → photon)
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Future Directions

 nhλ3
h ∼

ρ
ω4

∼
h2M2

Pl

ω2
∼ 1

Gas of gravitons - not a 
gravitational wave

[Domcke, Garcia-Cely, NLR 2022]

Confirm CAST sensitivity 

 (nhAT ) × p(g → γ) = (h2M2
PlωL2T) × ( B2L2

M2
Pl ) = h2ωB2L4T

∼ 10 ( h
10−28 ) ( ω

1 keV ) ( B
1 T )

2

( L
1 m )

4

( T
1 year )
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Future Directions

 nhλ3
h ∼

ρ
ω4

∼
h2M2

Pl

ω2
∼ 1

Gas of gravitons - not a 
gravitational wave

[Domcke, Garcia-Cely, NLR 2022]

Confirm CAST sensitivity 
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Future Directions

 nhλ3
h ∼

ρ
ω4

∼
h2M2

Pl

ω2
∼ 1

Gas of gravitons - not a 
gravitational wave

[Domcke, Garcia-Cely, NLR 2022]

Confirm CAST sensitivity 

 (nhAT ) × p(g → γ) = (h2M2
PlωL2T) × ( B2L2
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Pl ) = h2ωB2L4T

∼ 10 ( h
10−28 ) ( ω

1 keV ) ( B
1 T )

2

( L
1 m )

4

( T
1 year )



Nick Rodd  |  Echos of the Early Universe in Axion Haloscopes 80

HIGH-FREQUENCY GRAVITATIONAL WAVES

Future Directions

 nhλ3
h ∼

ρ
ω4

∼
h2M2

Pl

ω2
∼ 1

Gas of gravitons - not a 
gravitational wave

[Domcke, Garcia-Cely, NLR 2022]

Confirm CAST sensitivity 

 (nhAT ) × p(g → γ) = (h2M2
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Future Directions

Gas of gravitons - not a 
gravitational wave

Can the boundary be crossed? 
[Dyson “Is a graviton detectable?” 2013] No 

[Carney, Domcke, NLR 2308.12988] Yes, but this 
wouldn’t prove gravity was quantised

[Domcke, Garcia-Cely, NLR 2022]

 nhλ3
h ∼

ρ
ω4

∼
h2M2

Pl

ω2
∼ 1
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Summary

Axion haloscopes are 
gravitational wave telescopes

[Domcke, Garcia-Cely, NLR 2022]



Conclusion

[Dror, Murayama, NLR PRD 2021] [Domcke, Garcia-Cely, NLR PRL 2022]
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Our deepening search for dark matter 
opens a path to many new discoveries

NICK RODD   |   Max Planck Institute for Physics, Munich   |   21 November 2023
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Sources

Late Universe Early Universe

[Aggarwal+ 2020]

[Domcke, Garcia-Cely, NLR 2022]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Sources: Phase Transitions

<latexit sha1_base64="RyNGMngRarql1hxX53ZDrUxOXeI="></latexit>
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[Domcke, Garcia-Cely, NLR 2022]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Sources: CGMB

Blackbody only if  - arises from non-thermal emissionTRH > MPl

[Ringwald, Schütte-Engel, Tamarit 2020]

[Domcke, Garcia-Cely, NLR 2022]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Proper Detector Frame

<latexit sha1_base64="9icsLxnyiVvsj6D/Zz7DLqNkg4I="></latexit>
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,

F (⇠) = (ei⇠ � 1� i⇠)/⇠2 = �1/2 +O(⇠)

[Domcke, Garcia-Cely, NLR 2022]

TT gauge: GW is a plane wave ∼ ei(k⋅r−ωt)

Proper Detector Frame: more involved

See also [Domcke, Garcia-Cely, 
Lee, NLR 2306.03125]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Proper Detector Frame

<latexit sha1_base64="SfMnIi88wnQro49OgKwF2Wt0//k="></latexit>
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[Domcke, Garcia-Cely, NLR 2022]

TT gauge: GW is a plane wave ∼ ei(k⋅r−ωt)

Proper Detector Frame: more involved

See also [Domcke, Garcia-Cely, 
Lee, NLR 2306.03125]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Proper Detector Frame

In the TT gauge GW satisfies

Treating the GW as a plane wave, takes the form

<latexit sha1_base64="2NwUz7rl3ryssqQbxb3dG3bT7m4="></latexit>

h0µ = 0, hµ
µ = 0, @µhµ⌫ = 0
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Incident angle (θh, ϕh) Convention

TT frame is not a locally inertial coordinate system:  
description of experimental apparatus complex

[Domcke, Garcia-Cely, NLR 2022]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Proper Detector Frame

Use Fermi normal coordinates

<latexit sha1_base64="HIFMnRUlftwnzsUGA5K0IqW2Cus="></latexit>
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[Fortini and Gualdi 1982], [Marzlin 1994], [Rakhmanov 2014]

Locally inertial coordinates 
along a geodesic [Fermi 1922]

 is evaluated at the 
coordinate origin

R̂

[Domcke, Garcia-Cely, NLR 2022]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Proper Detector Frame

Proper detector frame:  
Fermi normal coordinates transformed to the non-

inertial reference frame of the detector

[Ni, Zimmermann 1978]

Non-inertial corrections (Earth’s gravity, Coriolis 
effect, etc) are irrelevant at higher frequencies - 
effectively can just use Fermi normal coordinates

[Domcke, Garcia-Cely, NLR 2022]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Proper Detector Frame

All orders currents for a toroidal magnetic field

κ = ik ⋅ r

[Domcke, Garcia-Cely, NLR 2022]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Detection Strategy

r
R

A

H

B0

Circular
pickup loop

cf. axion
<latexit sha1_base64="80DuEztUbxhkB5jep6/u/6Sipvc="></latexit>
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[Domcke, Garcia-Cely, NLR 2022]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Detection Strategy

r
R

A

H

B0

Circular
pickup loop

<latexit sha1_base64="fnZKcj7cSWrdNW6rEOK3pbJitmA="></latexit>
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 contribution 
has vanished!

𝒪(ω2)

[Domcke, Garcia-Cely, NLR 2022]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Circular pickup loop reach
Sensitivity set by Φh = Φa(Qa/Qh)1/4

<latexit sha1_base64="Llx5pkdxnbD0h35V2c2SzzYhqsc="></latexit>
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[Domcke, Garcia-Cely, NLR 2022]
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What happened to the leading contribution?

Leading contribution 
vanishes when integrated 
over a circular pickup loop

97

HIGH-FREQUENCY GRAVITATIONAL WAVES

But why? Symmetry imposes selection rules GW must satisfy

Optimized Reach

[Domcke, Garcia-Cely, Lee, NLR 2023]
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What happened to the leading contribution?

Leading contribution 
vanishes when integrated 
over a circular pickup loop

98

HIGH-FREQUENCY GRAVITATIONAL WAVES

But why? Symmetry imposes selection rules GW must satisfy

Optimized Reach

[Domcke, Garcia-Cely, Lee, NLR 2023]

Selection rules: determine 
leading terms without calculating 

Apply also to scalar ( ) vs 
axion ( )

ϕF2

aFF̃
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HIGH-FREQUENCY GRAVITATIONAL WAVES

What could CAST see?
Detecting gravitons requires an extremely large flux

<latexit sha1_base64="Ogpf/2sI2rHb+5n//O4N4J679zY="></latexit>
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Could be produced by a nearby PBH inspiral, naively require

At this mass, PBHs can be 100% of 
DM [Carr, Kühnel 2021] 

Final merger generate  
gravitons

f ∼ keV
Distance incorporates the extremely 

short duration of such a merger

But in principle possible, unlike examples Dyson gave

<latexit sha1_base64="BCw1qGWMskfbZqINiD9xUFgRM7w="></latexit>

m ' 2⇥ 10�15 M�, d ' 1.4⇥ 106 m ' 0.2 R�

[Carney, Domcke, NLR 2023]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

What could CAST see?

Would such a detection prove a GW is made of quanta? No 

Even if the GW was perfectly antibunched,   evidence for a 
quantised signal would require the following number of events 

 

Cf. the proposal on the last slide: 

1σ

N ≳ p(g → γ)−2 ≃ 1070

N = 1

[Carney, Domcke, NLR 2023]
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THE COSMIC AXION LANDSCAPE

Detecting the Thermal C Ba

Thermal  
C Ba

Potentially detectable!
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THE COSMIC AXION LANDSCAPE

Detecting the Thermal C Ba
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V = (10 m)3, B = 10 T

Lose sensitivity at higher masses as
<latexit sha1_base64="ks99770D/LIYLG8PIYVgP9DjEuQ="></latexit>
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THE COSMIC AXION LANDSCAPE

Axion NMR

Axion signal continues to 
grow for τa < T < T2

<latexit sha1_base64="1idocUCvoqiNSoPJpjK6+tTnKGg="></latexit>

L � gN (@µa)N̄�µ�5N

[Dror, Gori, Leedom, NLR 2022]
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THE COSMIC AXION LANDSCAPE

Hubble Tension
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See e.g. [Valentino+  “In the Realm of the 
Hubble tension − a Review of Solutions” 2021] 

Not a finalist in the H0 Olympics  
[Schoneberg+ 2021]

[Dror, Murayama, NLR 2021]
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THE COSMIC AXION LANDSCAPE

Bose Enhancement

Relevant when fa ≫ 1

<latexit sha1_base64="hspqNAAthMhB7YRPflnftxcRNN0="></latexit>
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Large over the entire range we consider

[Dror, Murayama, NLR 2021]
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THE COSMIC AXION LANDSCAPE

Bose Enhancement

Can lift with cascade decays
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Finalizing this analysis with ADMX

Exploit daily modulation 
of the signal

[Dror, Murayama, NLR 2021]
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THE COSMIC AXION LANDSCAPE

Cosmic Strings

Cosmic string spectrum depends on the symmetry breaking scale  
(here ) and the exact distribution is an area of active debate 

We follow [Gorghetto, Hardy, Villadoro 2018, 2020], but see also 
[Buschmann+ 2021] & [Dine, Fernandez, Ghalsasi, Patel 2020]

fa
1015 GeV

[Dror, Murayama, NLR 2021]
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THE COSMIC AXION LANDSCAPE

Parametric Resonance

[Dror, Murayama, NLR 2021]
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The Irreducible Axion
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[Langhoff, Outmezguine, NLR 2022]
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The Irreducible Axion

Take  
Early Universe: photon conversion ( )  

freezes-in axions 

    (1)

ma = 10 keV
γe → ae

ℱa ≃ 10−4 (
gaγγ

gHB
aγγ )

2

( TRH

5 MeV )
= ρa /ρDM UV dominated

[Langhoff, Outmezguine, NLR 2022]
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The Irreducible Axion

X-ray constraints at ~10 keV require 

 

Must satisfy  and , so 

    (2)

τDM ≳ 1029 s ⇒ gDM
aγγ ≲ 7 × 10−19 GeV−1 ≃ 10−8gHB

aγγ

ρa/τa ≲ ρDM/τDM τ−1 ∝ g2
aγγ

ℱa ≲
τa

τDM
= (

gDM
aγγ

gaγγ )
2

[Langhoff, Outmezguine, NLR 2022]
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The Irreducible Axion

    (1)                     (2) 

Combine (1) and (2) 

 

 

ℱa ≃ 10−4 (
gaγγ

gHB
aγγ )

2

( TRH

5 MeV ) ℱa ≲
τa

τDM
= (

gDM
aγγ

gaγγ )
2

10−4 (
gaγγ

gHB
aγγ )

2

≲ (
gDM

aγγ

gaγγ )
2

⇒
gaγγ

gHB
aγγ

≲ 104 (
gDM

aγγ

gHB
aγγ )

2
1/4

≃ (10−12)1/4 ≃ 10−3

⇒ gaγγ ≲ 7 × 10−14 GeV−1 ≪ gHB
aγγ

[Langhoff, Outmezguine, NLR 2022]
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The Irreducible Axion
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[Langhoff, Outmezguine, NLR 2022]
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QCD Axion Mass

At  one can compute the axion effective potential 

 

Expanding out, we find 

T = 0

V(a) = − m2
π f2

π 1 −
4mumd

(mu + md)2
sin2 ( a

2fa )

ma =
mπ fπ

fa

mumd

mu + md
≃ 0.5

mπ fπ
fa

[Cortona, Hardy, Vega, Villadoro 2015]
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Axion Dark Matter
In an FRW universe, the axion evolves according to 

 

For early times, ,  

At late times,  

 

The energy density, , behaves like CDM 

··a + 3H ·a + m2
aa = 0

H ≫ ma a(t) = a0

H ≪ ma

a = [ R(H = ma)
R(t) ]

3/2

a0 cos(mat)

ρ ∝ a2

ρ(t) = ρ(H = ma)[ R(H = ma)
R(t) ]

3

See, e.g. [Hook 2018]
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Axion Dark Matter

Signal Power of the QCD Axion

<latexit sha1_base64="vNWiWyrgNTrO4v3ikuAavDDPEg8="></latexit>

Pa ' 5 yW at 5GHz
<latexit sha1_base64="vf5V7BkE4gJ6iUi085LGlQ0h87U="></latexit>

10�24

For a detailed discussion see [Brubaker 2018]


