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Searching for Axion Dark Matter
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Magnetic conversion (Inverse Gertsenshtein effect)

m Gravitational-wave propagating in magnetic fields convert into photons.
Gertsenshtein, Sov. Phys., JETP 14, 84 (1962), G. A. Lupanov JETP 25, 76 (1967)

Source Magnetic field Photon detector
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Axion Detector are Sensitive to Ultra-High Frequency GWs (UHFGW:s)

Inverse Gertsenshtein effect

PHYSICAL REVIEW D 105, 116011 (2022)

Detecting high-frequency gravitational waves with microwave cavities
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Comparing Instrument Spectral Sensitivity of Dissimilar SpeCial |Ssue

Symmet l"y Electromagnetic Haloscopes to Axion Dark Matter and High The Dark Universe: The Harbinger of a Major Discovery
Frequency Gravitational Waves '
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* 1) Leading Axion Dark Matter Experiments @ UWA (ORGAN) -> utilise the “Inverse Gertsenshtein Effect”
» 2) “Resonant-Mass” Detector Technology for HFGW @ UWA (MAGE)
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Observation of Nyquist Noise using SQUID readout: 2014
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Observation of the fundamental Nyquist noise limit in an ultra-high Q-factor cryogenic

bulk acoustic wave cavity
Maxim Goryachev, Eugene N. lvanov, Frank van Kann, Serge Galliou, and Michael E. Tobar

Gravitational wave detection with high frequency phonon
trapping acoustic cavities

Maxim Goryachev and Michael E. Tobar"
ARC Centre of Excellence for En; ered Quantum Systems, School of Physics, Citation: Applied Physics Letters 105, 153505 (2014); doi: 10.1063/1.4898813
University of Western Australia, 35 Stirling Highway, Crawley,

ern Australia 6009, Australia View online: http://dx.doi.org/10.1063/1.4898813

(Received 25 September 2014; published 24 November 2014)




Technology at UWA to detect HFGWs

* 1) Leading Axion Dark Matter Experiments @ UWA (ORGAN) -> utilise the “Inverse Gertsenshtein Effect”
» 2) “Resonant-Mass” Detector Technology for HFGW @ UWA (MAGE)
NIOBE @ UWA . 1990_2000 VOLUME 74, NUMBER 11 PHYSICAL REVIEW LETTERS 13 MARCH 1995

[ J
. . . . High Sensitivity Gravitational Wave Antenna with Parametric Transducer Readout
* The Piezoelectric Bulk Acoustic GW Detector: Proposed in 2014 .G Blan BN, Ianov. M_E. Tobar. .. Turer. . van Kann. and LS. Hong
Physics Department, University of Western Australia, Nedlands, Western Australia, 6009
(Received 4 April 1994; revised manuscript received 27 September 1994)
* Observation of Nyquist Noise using SQUID readout: 2014
* Rare Events Detected with a Bulk Acoustic Wave HFGW Antenna: 2021

PHYSICAL REVIEW D 90, 102005 (2014) N . . e ey . N .
Observation of the fundamental Nyquist noise limit in an ultra-high Q-factor cryogenic

bulk acoustic wave cavity
Maxim Goryachev, Eugene N. lvanov, Frank van Kann, Serge Galliou, and Michael E. Tobar

Gravitational wave detection with high frequency phonon
trapping acoustic cavities

Maxim Goryachev and Michael E. Tobar"
ARC Centre of E-\‘(‘t’/((’”('(’ Jor Engine Quantum Systems, School of Physics, Citation: Applied Physics Letters 105, 153505 (2014); doi: 10.1063/1.4898813
University of W 1 Australia, 35 Stirling Highway, Crawley, . . .
Western Australia 6009, Australia View online: http://dx.doi.org/10.1063/1.4898813
(Received 25 September 2014; published 24 November 2014)

PHYSICAL REVIEW LETTERS 127, 071102 (2021)

Rare Events Detected with a Bulk Acoustic Wave High Frequency
Gravitational Wave Antenna

Maxim Goryachev,' William M. Campbell®,' Ik
ov,' and M

'ARC Centre of Excellence for En,

Sc
Department of Time and Fre



Technology at UWA to detect HFGWs
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* The Multi-mode Acoustic GW Experiment (MAGE): First results 2025
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Quartz Bulk Acoustic \Wave Resonators

e Acoustic analogue to a Optical Fabry-Perot cavity.
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Quartz Bulk Acoustic \Wave Resonators

e Acoustic analogue to a Optical Fabry-Perot cavity.
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* RESEARCH WITH ACOUSTIC RESONATORS @ UWA

* Search for High frequency GWs

* Detection of a Graviton

* Search for Scalar DM:

* Search for Lorentz invariance violations

* Tests of Quantum Gravity
* Improved constraints on minimum length models or Generalized

Uncertainty Principle (GUP)

* Test Collapse Models
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Quartz BAW coupled to a DC SQUID amplifier

Hi
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FIG. 2. Results of noise measurements for Cs 0, Az00, Bso,0, and As .
The latter is measured using the downconversion as shown in the inset.
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Observation of the fundamental Nyquist noise limit in an ultra-high Q-factor
cryogenic bulk acoustic wave cavity

Maxim Goryachev,"® Eugene N. Ivanov,' Frank van Kann,? Serge Galliou,®

and Michael E. Tobar
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Large Unexplained Events

PHYSICAL REVIEW LETTERS 127, 071102 (2021)

Rare Events Detected with a Bulk Acoustic Wave High Frequency Dm_
Gravitational Wave Antenna

Maxim GOIyac:heVl William M. Campbell ) Ik Siong Heng - Serge Galliou®,
Eugene N. Ivanov,' and Michael E. Tobar®""
'ARC Centre of Excellence for Enqmeeied Quantum Systems, ARC Centre of Excellence for Dark Matter Particle Physics,
Department of Physics, University of Western Australia, 35 Stirling Highway, Crawley, Western Australia 6009, Australia
*SUPA, School of Physics and Astronomy, University of Glasgow, Glasgow, Scotland G12 8QQ, United Kingdom

3De/)arrment of Time and Frequency, FEMTO-ST Institute, ENSMM, 26 Chemin de I’Epitaphe, 25000 Besangon, France

Excluded sources:
LIGO/VIRGO event catalogue, weather perturbations, earthquakes,
meteor events / cosmic showers, FRBs

Possible sources:
Internal solid state processes, internal radioactive events, cosmic ray
events, domain walls, WIMPs, dark matter



https://arxiv.org/abs/2102.05859

Recent Experiment 2153 days of observation
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FIG. 1. Experimental setup showing BAW cavity connected to
SQUID amplifier and shielding arrangement. Note that 4 and
50 K shields as well as stainless still vacuum chamber not shown.
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FIG. 2. Timeline of described experiment as well as histogram
of total data collection at the detector output. Blue and green lines
on timeline show separate data acquisition periods for two runs.
Arrows point to the dates of two observed events.
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FIG. 3. Top figure displays averaged amplitude spectral density
(ASD) of each output channel of lock-ins for longest continuous
data taking run; here, each mode has been demodulated from the
carrier. Bottom figure shows corresponding spectral strain sensi-
tivity determined for each trace, as well as current best sensitivity
in region given by Holometer experiment [6], which uses the
cross spectral density (CSD) of two identical interferometers to
search for HFGWs.
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FIG. 4. Time series traces for two event signals detected by
system. Each plot shows two quadratures for each mode. Also
shown are histograms of output magnitude samples from only the
3B mode from both the entire corresponding run (gray) and just
10 s of data around the event (black). It is clear from this plot that
the overwhelming majority of non-Gaussian outliers is due to
these signals.
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Multi-mode Multi-Detector monitoring with FPGA DAQ

High number of modes 16 modes (5-15 MHz range) per crystal

Wider bandwidth SQUID; 5 — 200 MHz +

Cosmic particle veto system. Potentially cryogenic ?

Sub-Kelvin operation -> quantum limited, higher Qs, Quantum Metrology
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I]?alrk matter could be composed of primordial black
oles

A new theory for the origin and nature of dark matter resolves some inconsistencies between cosmological

predictions and astronomical data.

- Sub-solar mass black
hole binary systems are
yet to be confirmed

« Production mechanism
for sub-solar mass black
holes confines them to
be of primordial origin




Experimental Limits on Planetary Mass Primordial Black Hole Mergers

M A G E William M. Campbell ,1’* Leonardo Mariani ,2 Michael E. Tobar ,1 and Maxim Goryachevl
'Quantum Technologies and Dark Matter Labs, Department of Physics,

University of Western Australia, 35 Stirling Highway, Crawley, WA 6009, Australia
2Department of Physics “Giuseppe Occhialini,” University of Milano-Bicocca,
Piazza dell’Ateneo Nuovo, 1 - 20126, Milan (Mi), Italy

Excluding PBH Binaries

® (Received 4 June 2025; revised 29 July 2025; accepted 8 December 2025; published 19 December 2025)

The multimode acoustic gravitational wave experiment (MAGE) is a high-frequency gravitational
wave detection experiment featuring cryogenic quartz bulk acoustic wave resonators operating as
sensitive strain antennas in the MHz regime. After 61 days of noncontinuous data collection, we present
bounds on the observable merger rate density of primordial black hole binary systems of chirp mass

1.2x10#My < M < 1.7 x 107°M. The maximum achieved limit on the merger rate density is
R < 1.3 x 10'® kpc—=3 yr~!, which corresponds to constraining yearly mergers to a distance of reach on
/\ the order of the Solar System, or 1.0 x 10~ kpc during the observational period. In addition, we exclude
significantly rare and strong events similar to those observed in previous predecessor experiments as
(\ nongravitational background signals, utilising coincident analysis between multiple detectors.

‘ PHYSICAL REVIEW LETTERS 135, 251402 (2025)
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The Experiment
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« 61 days of non-continuous data collection
Nov 2024—Mar 2025

« Optimal filtering approach
« Coincident with the two MAGE detectors,

« Removes non-gravitational background
signals by coincident analysis

+ High energy events seen previously
observed to never occur in both detectors

Complex DAQ Chain.
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« FPGAs mimics 32 lockin-amps, Phase is time dependent and equal to 2Hz
- Sampled at a frequency of 238 Hz
 -> data streams, broken into 20 x 214 samples segments ~ 23 minutes of data



What does the signal look like ?

/ \

PBH merger ring-up to some freque@ o .
For PBH of mass:
M, 3x107° 7 1*10-4 solar masses
fISCQ — 4400 Hz , ?
mp + my B 2x10719}
<
: : 1x1071° ¢
Produces a strain h, proportional to the
merger mass M and distance D
O,
108 108 107

ho

Q

5 <G./\/l>5/3 (nf)w 1000  10* f

D\ ¢ C
,/\/l Reduced mass of binary system



Be careful of signal duration

2 ~5/3 ~5/3
Noveles = 3 ~ 2.2 % 10° / _MPBH
y f 9

Time to coalescence at 15 MHz GHz 10—9 Mg
100! N MPBH —-5/3 f —-8/3
_ 7(f) ~ 83 sec (—10_12 M@) (GHZ)
z
~ 0.01;
107 — | |
, MAGE operates in narrow bands in the MHz
r<§hS 10t - ) spectrum
1000 10* 10° 10° 10’

Signal may only pass through detector band for a
f VERY brief moment in time.

The expected signature of a short HFGW burst in a high-Q resonator is an impulsive excitation followed by an exponential ringdown



Implementing the matched filter.

optimal filter(data, template, Fs, NFFT):

fft = np.fft.fft(data)

zero_pad = np.zeros(data.size - template.size)

template pad = np.append(template, zero pad)

fft_template = np.fft.fft(template pad)

plt.plot()

power_dat, freq PSD = plt.psd(data, Fs=Fs, NFFT = NFFT, visible =
freq dat = np.fft.fftfreq(data.size)*Fs

power _spec = np.interp(freq_dat, freq PSD, power dat)

val cal = np.max(template)
= np.fft.ifft(fft_template*fft_template.conjugate()/power_spec).real
( = val_cal/np.amax(OF)

df = np.abs(freq_dat[1] - freq_dat[2])
opt_filter = K * fft * fft_template.conjugate() / power_spec
dat_filt = np.fft.ifft(opt_filter)

sigmasq = 2*(K**2 * fft_template * fft_template.conjugate() / power_spec).sum() * df
sigma = np.sqrt(np.abs(sigmasq))
SNR = np.abs(2*dat_filt) / (sigma)
return SNR, dat_filt

signal = Se-16*np.exp(-t_sig/(taul))

template = np.exp(-t_sig/(taul))

zero_pad = np.zeros(h.size - signal.size)

template pad = np.roll(np.append(signal, zero_pad),b50060)

h_inject = template _pad + np.abs(np.random.normal(@, 1.66*np.std(h), size = len(h)))
h_inject2 = np.abs(np.random.normal(®, 1.66*np.std(h), size = len(h)))




Determining Candidate Events
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- Transient energy impulses excite the crystal

« Distinguished from other non-Gaussian noise sources
by implementing a template bank with multiple values
of decay times T = {11, ..., T, ..., Ti}

- Selecting candidate triggers for which p is optimised
for T ~ T\

FIG. 2. Instantaneous vibrational energy of a single mode is plotted as a histogram for a 23 minute segment of data. The
blue (orange) histogram represents the energy distribution before (after) optimal filtering. Both histograms clearly follow an
expected x? distribution, however the effect of optimal filtering greatly reduces the effective temperature at which events can

be identified with SNR = 1.
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Applying the optimal filter
-> SNR as a time series p(t)

-> represents SNR in excess narrowband fluctuations above the

thermal Nyquist noise limit of the crystal
-> SNR fits a thermal distribution

10°

-> Statistical coincidences of thermal noise

104

Data analysis pipeline

Fourier transform output
voltage segment {v(t)}

l

Fit Lorentzian to thermal
peak

— X

Compute detector strain
from {v(t)}

Generate template bank
Ty = {T1, ... Txy - Ti }

Uha(t)}

Compute optimal filter

1)}

Search for 'triggers' with

p(t) >1

y

Cut triggers that dont

N

optimise template bank
[p = max(p(t))]

4

Cut triggers that aren't
coincident between two
detectors




What characteristic strain can be excluded?

£

T

h A > Tmax A

(2imf)? + 7')\_1 + (27 f))?

For a single mode

e
Afa

Exploit the multi-mode nature of MAGE
Consider an inspiral signal that passes through
every mode in both detectors

)\A

o [l S N
0 f S"(f f,\ hn f/\)

Choosing a threshold SNR>3 gives an exclusion to
97.7% confidence on minimum detectable h,

1036
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Chirp Mass M (M)

This can be converted in a corresponding distance of reach D for a PBH system of some mass M
Constrain yearly mergers to a distance of reach on the order of the solar system
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Now Cooled BAW to mK: Tunable Microstrip SQUID Amplifier (MSA)

Maxim Goryachev -> John Clarke Lab Berkeley

Calbrated Gain Power Spectrum Plot 0 g Tn MSA Plot 0
30 -

25-
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ADMX Amplifiers -> Near Quantum limited

140

] 120 Travelling wave Amplifiers from JPL
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Cooled to BAW mK, readout Nyquist Noise
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e
Axion and GW Networks >%TTER@

« Expect there to be “fine structure” in the axion distribution
e Ciaran O’hare and Giovanni Pierobon USYd

* Need to collect “High-Resolution” data (no averaging)
., Of _
. We collected ~30-TB of data with 7 ~ 10710
« Michael Hatzon (PhD student) is currently analysing this data

* (Can also use this data to detect HF gravity waves

 We are part of GravNet -> A Global Network to
Search for High Frequency Gravitational Waves

31



Axion and GW Networks

___ Pre-inflationary lineshape
(Smooth Maxwellian)
Post-inflationary lineshape
(void + streams)

Expect there to be “fine structure” in the axion distribution

Ciaran O’hare and Giovanni Pierobon USYd

S(w) [a.u.]

Need to collect “High-Resolution” data (no averaging)

We collected ~30-TB of data with %f ~ 10710 0.0

1.0

© 2.0 ' >
mg 1) x 106
Michael Hatzon (PhD student) is currently analysing this data

O’Hare, Ciaran A. J,, et al. Axion Minicluster Streams in the
Solar Neighbourhood. 2023

Can also use this data to detect HF gravity waves

 We are part of GravNet -> A Global Network to
Search for High Frequency Gravitational Waves

Credit: Eve Barlier 31



Detector Networks

&U SCIA

High-frequency GW
[>100 kHZ] (*)

Low-mass and
compact objects,
DM candidates?

Perth UWA

= well SUPL -

© WorldAtlas.com @Ibourne Swinburne



GravNet Collaboration Meeting

Jun 26 -27, 2025
HIM

Europe/Berlin timezone

Overview
Timetable
Contribution List
Registration

Participant List

GravNet: A Global Network for the Search for High-Frequency
Gravitational Waves Receives ERC Synergy Grant 2024

GravNet - Searching for High Frequency Gravitational Waves
with a Global Detector Network

Location: University of Mainz, Germany

Date: Thursday, 26th of June 2025 to Friday, 27th of June 2025




Beijing (CN): Magnetometer; Hz

Chicago (US): OLS; 100 kHz

Milan (EU-IT): BAW; 1 MHz

Perth (AU): BAW, RF Cavity; 1 MHz, 10 GHz

Mainz (EU-DE): RF Cavity, Magnetom.; Hz,10 GHz
Frascati (EU-IT): RF Cavity; 100 MHz ,10 GHz

Legnaro (EU-IT): RF Cavity, e-spin; 10 GHz
Bonn (EU-DE): RF Cavity; 10 GHz

Tenerife (EU-ES): Dielectric: 10 GHz, 30 GHz
Manchester (GB): RF Cavity: 30 GHz

Abu Dhabi (AE): Dielectric; 300 THz

(2

=)

®

Future Detector Networks
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THE END: The QDM Lab
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