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¥Motivation: the Gertsenhstein effect
Axions versus high-frequency gravitational waves
¥Standard model backgrounds:

Solar gravitational waves

¥Nove| experimental approaches:
Axion haloscopes and polarimetry techniques
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Dark Matter

Triangulum Galaxy (M33)
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Collisionless Cold
Dark Matter

100 Iz

é; 80 I
The dark matter hypothesis is remarkably simple and explain Iy ! - kpc
observations at many other scales e
Velocity measurements )
distance from the center r (light years)

« Flat rotation curves of spiral galaxies

Velocity dispersion of stars in giant elliptical and
dwarf spheroidal galaxies

« Velocity dispersion of galaxies in clusters

Lensing
Weak lensing by large-scale structure and cluster

mergers
Strong lensing by individual galaxies and clusters

Universe at large scales

« Abundance of clusters
« Large-scale distribution of galaxies
« Power spectrum of CMB anisotropies

C!'miloG!rc’'! Cely, University of V !lenci! -CSIC



Collisionless Cold
Dark Matter

Dark Matter \ASReNZ! Standard Model stable particles:

- Mostly protons, electrons,
neutrinos and photons

E e Ay 08.3%

\ 1 87 G ?

Ry — ERgIW +Agw = — T
C )
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Collisionless Cold
Dark Matter

Standard- Sterile

model neutrinos
neutrinos

Neutrinos

Super- Extra
symmetry dimensions

Dark matter Weak scale

Simplified Eﬁ;?;g"e

models theory

. Other _
Macroscopic Macros particles WIMPzilla

. : Self-
Primordial MaCHOs Superfluid interacting

Bertone Tait, 2018 black holes
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QCD axion as dark matter

¥ Pseudoscalar ! eld

L =" Zga!!aF"#F_"#

¥ Solution to the strong CP problem

Peccei, Quinn 1977

¥ Excellent dark matter candidate

Weinberg, Wilczek 1978
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Axion electrodynamics

Y
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Axion electrodynamics

Axions act as a source term to Maxwell's equations, e" ectively
Inducing an electromagnetic current.

# $ B — O Sikivie, 1983

#%E+ &B =0
#$E=j°
#%B"&E =]

jO: } Gan #a3$B J = Gan (#a%E+ &faB)
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AXxion electrodynamics

¥Helioscopes (X rays)

Sunrise

¥casT
¥ax0

¥e.

¥microwave cavities

¥ MADMAX

¥ ADMX

¥ HAYSTAC

¥ ABRACADABRA
¥Lumped element detectors

¥e

¥Light shining through the walls
¥0SCAR
¥ALPS I

¥e
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Gravitational waves

¥ speculation by PoincarZ (1905)

¥Einstein provided a #rm theoretical background for them (1916)

wave equation

' h--# =" 16$GT"# describing two

polarization modes
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Gravitational waves

¥ speculation by PoincarZ (1905)

¥Einstein provided a #rm theoretical background for them (1916)

wave equation

' h--# =" 16$GT"# describing two

polarization modes

h, h

O
<> £/
O O
() 2

The deformation of a ring of test masses
due to the different polarization

13
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Gravitational waves

¥ speculation by PoincarZ (1905)
¥Einstein provided a #rm theoretical background for them (1916)

PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016

" hy =" 16%GT., &

Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott et al.”
(LIGO Scientific Collaboration and Virgo Collaboration)
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Gravitational waves
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Observation of Gravitational Waves from a Binary Black Hole Merger
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B.P. Abbott et al.”
(LIGO Scientific Collaboration and Virgo Collaboration)
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No known astrophysical objects are small and dense
enough to produce gravitational waves beyond 10 kHz

o N B O @



High-frequency gravitational waves

Part of a collection:

Gravitational Waves

Review Article | Open Access | Published: 06 December 2021

Challenges and opportunities of gravitational-wave
searches at MHz to GHz frequencies

Nancy Aggarwal &, Odylio D. Aguiar, Andreas Bauswein, Giancarlo Cella, Sebastian Clesse, Adrian Michael

Cruise, Valerie Domcke &, Daniel G. Figueroa, Andrew Geraci, Maxim Goryachev, Hartmut Grote, Mark

Hindmarsh, Francesco Muia &, Nikhil Mukund, David Ottaway, Marco Peloso, Fernando Quevedo &,

Angelo Ricciardone, Jessica Steinlechner &, Sebastian Steinlechner &, Sichun Sun, Michael E. Tobar,

Francisco Torrenti, Caner Unal & Graham White

Living Reviews in Relativity 24, Article number: 4 (2021) l Cite this article

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

-10

SOURCES LEGEND
........ BBN bound
. StOChaStiC - [nflation (extra-species)
5 = [nflation (effective field theory)

== [nflation (scalar perturbations)
- Preheating
Oscillons
- Phase transitions
= (Cosmic strings
Metastable strings

Gauge textures

— Cosmic gravitational

15 20 : ‘
log,o(f/Hz) microwave background
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Motivation
The Gertsenhstein effect

Axions versus high-frequency
gravitational waves
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Revisiting GertsenhsteinOs ideas

SOVIET PHYSICS JETP VOLUME 14, NUMBER 1 JANUARY, 1962

h A

(13
WAVE RESONANCE OF LIGHT AND GRAVITIONAL WAVES AAAAAAAA
AVAVAVAVAVAVAVAY

M. E. GERTSENSHTEIN

Submitted to JETP editor July 29, 1960
J. Exptl. Theoret. Phys. (U.S.S.R.) 41, 113-114 (July, 1961) B

The energy of gravitational waves excited during the propagation of light in a constant mag-
netic or electric field is estimated.

SOVIET PHYSICS JETP VOLUME 16, NUMBER 2 FEBRUARY, 1963
ON THE DETECTION OF LOW FREQUENCY GRAVITATIONAL WAVES < :

- 5 o Terrestrial
M. E. GERTSENSHTEIN and V. I. PUSTOVOIT y | . T T -

Submitted to JETP editor March 3, 1962
J. Exptl. Theoret! Phys. (U.S.S.R.) 43, 605-607 (August, 1962)

It is- shown that the sensitivity of the eléctromechanical experiments for detecting gravita-
tional.waves by means of piezocrystals is ten orders of magnitude worse than that .estimated
by Weber. (1] In the low frequency range'it should be possible to detect gravitational waves

by the, shift of the bands in an optical interferometer. The sensitivity’ of this method is.inr
§

vestigated.
18 . : : :
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The (Inverse) Gertsenhstein Effect

¥The conversion of gravitational waves into electromagnetic waves
*

IS a classical process. Its rate does not involve

P+ GB“L?

¥Cosmo|ogica| conversion

Potential of Radio Telescopes as High-
Frequency Gravitational Wave Detectors

Valerie Domcke and Camilo Garcia-Cely
Phys. Rev. Lett. 126, 021104 — Published 14 January 2021

¥The process is strictly analogous to axion conversion.

Raffelt, StodolskiO89
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QCD axion as dark matter

¥ Pseudoscalar ! eld

L =" Zga!!aF"#F_"#

¥ Solution to the strong CP problem

Peccei, Quinn 1977

¥ Excellent dark matter candidate

Weinberg, Wilczek 1978
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Collisionless Cold
Dark Matter

Dark Matter \ASReNZ! Standard Model stable particles:

- Mostly protons, electrons,
neutrinos and photons

E e Ay 08.3%

\ 1 87 G ?

Ry — ERgIW +Agw = — T
C )
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Axion electrodynamics

Y
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Axion electrodynamics

Axions act as a source term to Maxwell's equations, e" ectively
Inducing an electromagnetic current.

# $ B — O Sikivie, 1983

#%E+ &B =0
#$E=j°
#%B"&E =]

jO: } Gan #a3$B J = Gan (#a%E+ &faB)
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AXxion electrodynamics

¥Helioscopes (X rays)

Sunrise

¥casT
¥ax0

¥e.

¥microwave cavities

¥ MADMAX

¥ ADMX

¥ HAYSTAC

¥ ABRACADABRA
¥Lumped element detectors

¥e

¥Light shining through the walls
¥0SCAR
¥ALPS I

¥e
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Axion electrodynamics
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axions couple to fermions E/N = 8/3

Mg [eV]
%

Qar = Efa( N 1-92)

DFSZ (Dine, Fischler, Srednicki, Zhitniskii) KSVZ (Kim, Shifman, Vainshetein, Zakharov

axions couple to exotic heavy quarks onlye/N = 0
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The (inverse) Gertsenhstein Effect

1 - ALPS/OSQAR (Photon +B —» WISP —» WISP + B > Photon ) 2 - Our work (GW +B —» Photon) Grilitaitionial Wave .
| Magnets | I Magnets } T T jLMaEei I I
Source ’\:/\/'\’-;'\y/* Wisp I }B > ’\/\/\Y/\:f) Detector I ] 1 Y Detector
| | | IBEREEN]

"‘20 ' ' T ‘ 1 | T ] T

1

—25| L/ —=-CAST

OSQAR
” _ ALPS lic cmusnas AXO

Amplitude h,

45

10 20

Frequency f [Hz]

A. Ejlli&d, D. Ejlli, A. M. Cruise, G. Pisano & H. Grote

The European Physical Journal C 79, Article number: 1032 (2019)
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Standard model backgrounds

Solar gravitational waves



The (inverse) Gertsenhstein Effect

1 - ALPS/OSQAR (Photon +B —» WISP —» WISP + B > Photon ) 2 - Our work (GW +B —» Photon) Gravitational Wave

| Magnets | I Magnets }
Source ’\:/\/'\’/'\y/* Wisp I } >’\/\/\Y/\|f> Detector
B B

] U Detector

I L | Wages | T

IBEEEENI

-23 — e ==-CAST .

OSQAR
| ALPS Iic cmunnas AXO

-30

Infrared Photons and Gravitons*

“35rnBH — STEVEN WEINBERG}
Department of Physics, University of California, Berkeley, California
(Received 1 June 1965)

1

Amplitude h,

-40 8 The solar gravitational radiation power is then
i Po>~6X10" erg/sec. (4.24)
—45 I l 1 | 1 j
10 18 20

Frequency f [Hz]

A. Ejlli®, D. Ejlli, A. M. Cruise, G. Pisano & H. Grote

The European Physical Journal C 79, Article number: 1032 (2019)
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Helioscopes

PHYSICAL REVIEW D

VOLUME 33, NUMBER 4

15 FEBRUARY 1986

Astrophysical axion bounds diminished by screening effects

Georg G. Raffelt

PHYSICAL REVIEW D VOLUME 37, NUMBER 6 15 MARCH 1988

Plasmon decay into low-mass bosons in stars

Georg G. Raffelt

PHYSICAL REVIEW D 102, 043019 (2020)

Axion helioscopes as solar magnetometers

Ciaran A.J. O'Hare®,"* Andrea Caputo,”’ Alexander J. Millar,"** and Edoardo Vitaglianos®!

PHYSICAL REVIEW D 101, 123004 (2020)

Revisiting longitudinal plasmon-axion conversion in external magnetic fields

Andrea Capuio®,"” Alexander 1. Millar,*'" and Edoardo Vitaglianos*

Solar emission of axions

PHYSICAL REVIEW D 102, 123024 (2020)

Production of axionlike particles from photon conversions
in large-scale solar magnetic fields

Ensilia Guarini®," Pierluca Carenza®,"* Javier Galdn,” Maurizio Giannoti®," and Alessandro Mirizzio'

Axion emission by magnetic-field induced conversion of longitudinal plasmons

N. V. Mikheev

Deparmmens of Theoretxcal Physxcs, Yaraskavl Saxe Universay, Sovierskaya 14, Yarodavl IS0006, Russa

G. Raffelt

MaxPlanck-Instuw fur Physk (Wemer Hesenbery-Insamy), Fohnnger Ry 6, 80805 Munchen, Germany

L. A. Vassilevskaya

Solar axion flux from the axion-electron coupling

Javier Redondo (Munich U., ASC and Munich, Max Planck Inst.)
Oct 2, 2013
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The (inverse) Gertsenhstein Effect

Garc’a-Cely, Ringwald, 2024
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Solar emission of gravitational waves

Microscopic contribution: graviton emission

h

(1%

VVWVW

Bremsstrahlung Photoproductdon

Garc’a-Cely, Ringwald, 2024
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Solar emission of gravitational waves

Macroscopic contribution: Hydrodynamical !luctuations

Garc’a-Cely, Ringwald, 2024
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Solar gravitational waves

Garc’a-Cely, Ringwald, 2024
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Solar gravitational waves

Garc’a-Cely, Ringwald, 2024

Primordial-plasma
gravitational waves
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Solar gravitational waves

Garc’a-Cely, Ringwald, 2024

Primordial-plasma
gravitational waves
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Novel experimental approaches

Axion haloscopes and polarimetry
techniques
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How does It work?

Axions act as a source term to Maxwell's =" g, #a9$B
equations, e" ectively inducing an

. | = 0 +
electromaanetic current. J = Gy (#a%E + &ab)

Sikivie, 1983

Gravitational waves act as a source term to Maxwell's
eguations, e" ectively inducing an electromagnetic current.

Oy = &y + Dy ‘h'#‘) 1
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Haloscopes based on microwave cavities

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

—
—
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103 10t
10 °
10! 10
100 11 z
3
| 12 REF X S
N2 E
10 2 kdw e
N Q g ——————
10 13 a PP L KSVZ
0-
Iz

-
-
-

100 14 | --mmUE o -
10 15 | -
10 © 10 ° 10 4
ma [eV]

sHwIuoIXy/areyofea/wod gnynby/:sdny

!Vca \ydngﬁ $ &jeft

L |E|
. X | |
VCaV n

EX )=, &()E,X)

n
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Haloscopes based on microwave cavities

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

SHAFT

Magnetic
flux |
\ Je, /

#%B" &E = gy &aB,

le

The electromagnetic ! elds produced by the axion drive a
current through a pickup coll
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Haloscopes based on lumped-element detectors

< (@
' Magnetic \
flux

h” 3B $r’Raa+ 2R)s?
16\/§ i T Only one polarization

. , (selection rules)
B axions( e Jan 2) DM Bmaxd“sr R
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Selection rules

Domcke, CGC, Lee, Rodd, 2023
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Selection rules

Magnetic
flux

Figure-8
pickup loop
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Axion birefringence
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Axion birefringence
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Axion birefringence

work in progress with Luca Marsili, Aaron
Spector and Andreas Ringwald

ALPs experiment at DESY
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Birefringence due to a gravitational wave

work in progress with Luca Marsili, Aaron Spector and Andreas Ringwald

(1%
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Birefringence due to a gravitational wave

work in progress with Luca Marsili, Aaron Spector and Andreas Ringwald

(%
VWWVW
ALPs experiment at DESY
For GWs ¥The cross polarization has the same
coming cavity response function as axions
from the ¥The plus polarization decouples
zenith (selection rules)
PRELIMINARY
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Birefringence due to a gravitational wave

work in progress with Luca Marsili, Aaron Spector and Andreas Ringwald

(%
VWWWYW
ALPs experiment at DESY
Responselfunction
AXions 4’
(1" r3e
h, 0
2.1 i$ cos(,
hy, (e
V2(1" 172
50
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Birefringence due to a gravitational wave

work in progress with Luca Marsili, Aaron Spector and Andreas Ringwald

h/u/
VVWVVW
ALPs experiment at DESY
Responselfunction QWP
Axions 4 0
(1" r2)

r21" e¥costitlly(cos 7, + 3)sin 2¢,

h, 0

4/2(1" r?)2
h r2(1 + e$cosi V/2r2 (1 + %03 cos(, cog*
Y ( ) ( ) h h
V2(1" r2)2 (1" r2)2
51
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Conclusions

The techniques developed for detecting could potentially be used to discover
new sources of

Different experimental proposals have coalesced on a still
orders of magnitude away from signals of the early Universe.

because experiments are not optimized for gravitational wave
searches.

Indeed, theoretical studies indicate that limit the detectability of gravitational waves
in highly symmetric detectors.

of readout (such as the #gura-8 pickup loop or a quarter wave plate) can
overcome this limitation
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Solar emission of light spin-2 particles

-1
h Y m ~( m)
HY 10? 109 1071 1072 10-3
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CGC, Ringwald PRELIMINARY = 7
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Solar emission of light spin-2 particles

CGC, Ringwald PRELIMINARY
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Selection rules

Domcke, CGC, Lee, Rodd, 2023
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Proper detector frame

Fermi, 1922
Manasse and Misner, 1963
Ni and Zimmermamn, 1978

¥Coordinates given by ideal rigid rulers

¥The gravitational wave acts as a Newtonian force.

¥Crucia| for haloscopes Berlin et al 2022
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Excitation of mechanical modes

Fermi, 1922
Manasse and Misner, 1963
Ni and Zimmermamn, 1978

¥Coordinates given by ideal rigid rulers

¥The gravitational wave acts as a Newtonian force.

Berlin et al 2022
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Excitation of mechanical modes

¥The gravitational wave acts as a Newtonian force.

¥This can enhance the sensitivity Berlin et al 2022
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