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MAGE: a multimode acoustic detector for high-frequency gravitational 
waves and an Australian node for GravNet



https://storage.net-fs.com/hosting/6733080/0/index.htm

• Quantum Technology and Dark Matter Laboratory at UWA

The QDM Lab: https://www.qdmlab.com/ 
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QDM Lab Precision Metrology
Metrological Systems:

Photonic

• WGM Resonators 
• Specially Designed 

Microwave Cavities

Acoustic

• Superfluid 
• BAW Resonator

Science of precise 
measurement

Physics at low 
energies

Atomic/Spins
• H - Maser 
• Atomic Clocks 
• Spin Waves 
• Spin Ensembles in Solids



Searching for Axion Dark Matter
The Axion Particle Should Exist!

Frank Wilczek
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1) Solves Strong CP Problem 
2) Predicted to form in early Universe
3) Can solve inflation
4) Can solve matter-antimatter asymmetry 
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Searching for Axion Dark Matter
The Axion Particle Should Exist!

Frank Wilczek

Measure: 
Tunable Cavity

gaγγ

a
One Axion

γ1
Two Photons

γ0

axion-photon coupling  -> chiral anomalygaγγ

1 0 θa = gaγγa

gaγγ → (gaγγ, gaAB, gaBB)
Quantum 
Electromagnetodynamics 
(QEMD)
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jμ
cff ≡ ∂ν ( 1

2
hFμν + hν

αFαμ − hμ
αF∞ν)

jeff ∼ ωghB0

Ea = gaγγaB0 = θaB0jeff  ⊃ gaγγ∂laB0 ≃ ωaθaB0

 identifying θa ∼ h

Axion Detector are Sensitive to Ultra-High Frequency GWs (UHFGWs)
Inverse Gertsenshtein effect



comparing sensitivities

NIOBE

Precision Detectors: Sensitive to New Physics



DETECTOR COMPARISON: Defining Instrument Sensitivity independent of signal (Spectral): Also sensitive to GWs

 identifying θa ∼ h

ADMX and ORGAN (purple) with current tuning locus (blue);  
0.6-1.2 GHz for ADMX and 15.2 to 16.2 GHz for ORGAN 

θa = gaγγa ∼ hg

SNR =
1

2π ∫
∞

−∞

Θa( jω)2

SθN
(ω)

dω = 4∫
∞

0

Θa( f )2

S+
θN

( f )
df

arXiv:2409.03019 Schnabel and Korobko

Symmetry, vol. 14, no. 10, 2165, 2022
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θa = gaγγa ∼ hg

https://www.mdpi.com/2073-8994/14/10/2165
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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

• The Piezoelectric Bulk Acoustic GW Detector: Proposed in 2014

• Observation of Nyquist Noise using SQUID readout: 2014  

• Rare Events Detected with a Bulk Acoustic Wave HFGW Antenna: 2021

• The Multi-mode Acoustic GW Experiment (MAGE): First results 2025

Sci Rep 13, 10638, 2023 



Cryogenic Resonant Bar Gravity Wave Detectors  
-> Ultra precise optomechanical position measurement  
-> Low phase noise read-out and pump oscillator

J. Phys. D: App. Phys, 26, 2276-2291, 1993 
J.Phys D: App. Phys, 28, 1729-1736, 1995
Phys. Rev. Lett, 74, 1908, 1995
Rev. of Sci. Instrum., 67(7), 2435-2442, 1996 

CSO

* Photons
* Phonons
* Spins



Cryogenic Resonant Bar Gravity Wave Detectors  
-> Ultra precise optomechanical position measurement  
-> Low phase noise read-out and pump oscillator

J. Phys. D: App. Phys, 26, 2276-2291, 1993 
J.Phys D: App. Phys, 28, 1729-1736, 1995
Phys. Rev. Lett, 74, 1908, 1995
Rev. of Sci. Instrum., 67(7), 2435-2442, 1996 

My PhD project 1989 ->1993 UWA PhD Searching GW Signal Burst at 720 Hz 

CSO

* Photons
* Phonons
* Spins



Cryogenic Resonant Bar Gravity Wave Detectors  
-> Ultra precise optomechanical position measurement  
-> Low phase noise read-out and pump oscillator

J. Phys. D: App. Phys, 26, 2276-2291, 1993 
J.Phys D: App. Phys, 28, 1729-1736, 1995
Phys. Rev. Lett, 74, 1908, 1995
Rev. of Sci. Instrum., 67(7), 2435-2442, 1996 

My PhD project 1989 ->1993 UWA PhD Searching GW Signal Burst at 720 Hz 

CSO

* Photons
* Phonons
* Spins

Q = 2 × 108 at 700 Hz



Cryogenic Resonant Bar Gravity Wave Detectors  
-> Ultra precise optomechanical position measurement  
-> Low phase noise read-out and pump oscillator

J. Phys. D: App. Phys, 26, 2276-2291, 1993 
J.Phys D: App. Phys, 28, 1729-1736, 1995
Phys. Rev. Lett, 74, 1908, 1995
Rev. of Sci. Instrum., 67(7), 2435-2442, 1996 

My PhD project 1989 ->1993 UWA PhD Searching GW Signal Burst at 720 Hz 

CSO

* Photons
* Phonons
* Spins

Q = 2 × 108 at 700 Hz

τ =
2Q
ω0

= 1day



Cryogenic Resonant Bar Gravity Wave Detectors  
-> Ultra precise optomechanical position measurement  
-> Low phase noise read-out and pump oscillator

J. Phys. D: App. Phys, 26, 2276-2291, 1993 
J.Phys D: App. Phys, 28, 1729-1736, 1995
Phys. Rev. Lett, 74, 1908, 1995
Rev. of Sci. Instrum., 67(7), 2435-2442, 1996 

My PhD project 1989 ->1993 UWA PhD Searching GW Signal Burst at 720 Hz 

CSO

* Photons
* Phonons
* Spins

Q = 2 × 108 at 700 Hz

τ =
2Q
ω0

= 1day
4K->Cold Damped-> 370 mK
->Measure quickly 900 μK



Tommaso Tabarelli de Fatis (Universita & INFN, Milano-Bicocca (IT))



Bulk Acoustic Wave Devices

* Frequency range: 1-1000 MHz
* Tree mode family types: 2 transverse and 1 longitudinal 
* Piezoelectric Coupling
* Established technology (>70 years for time keeping 

applications)
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Quartz Bulk Acoustic Wave Resonators
• Acoustic analogue to a Optical Fabry-Perot cavity.

*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

Scientific Reports Vol. 3, 2132 (2013)



Quartz BAW coupled to a DC SQUID amplifier	 Highly sensitive resonant mass antenna



Large Unexplained Events

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 

  

Q
Quantum Technologies and Dark Matter Research Lab

D

https://arxiv.org/abs/2102.05859


Recent Experiment ?153 days of observation

153 days of observation
Q

Quantum Technologies and Dark Matter Research Lab

D
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Introducing: the Multimode Acoustic Gravitational wave Experiment (MAGE)

• MAGE main goals / features:
• Two identical quartz BAW detectors, maybe more? (funding application)
• 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



• 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



MAGE
Excluding PBH Binaries
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The Experiment Complex DAQ Chain.

~x32

x16

x16

Detector 1
Nb

Detector 2
Quartz BAW

T = 3.5 K

T = 50 K

Vacuum

SQUID

G

G

FPGA

Nb

• 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



• 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 × 214 samples segments ~ 23 minutes of data

• Detector 1 Fourier Transforms
• Channel 0 is 4.993 MHz 
• Channel 1 is 5.08 MHz



What does the signal look like ?

Produces a strain h0 proportional to the 
merger mass M and distance D

PBH merger ring-up to some frequency fISCO

For PBH of mass:
1*10-4 solar masses 

Reduced mass of binary system

Innermost Stable Circular Orbit



Be careful of signal duration

Time to coalescence at 15 MHz

MAGE operates in narrow bands in the MHz 
spectrum

Signal may only pass through detector band for a 
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.



• Transient energy impulses excite the crystal

• Distinguished from other non-Gaussian noise sources 
by implementing a template bank with multiple values 
of decay times τb = {τ1, ..., τλ, ..., τi} 

• Selecting candidate triggers for which ρ is optimised 
for τ ∼ τλ

Determining Candidate Events



Data analysis pipeline
Fourier transform output 
voltage segment {v(t)}

Fit Lorentzian to thermal
peak

Generate template bankCompute detector strain
from {v(t)}

Compute optimal filter

Search for    'triggers' with 

Cut triggers that dont
optimise template bank

Cut triggers that aren't 
coincident between two

detectors

Applying the optimal filter 
-> SNR as a time series ρ(t) 
-> represents SNR in excess narrowband fluctuations above the 
thermal Nyquist noise limit of the crystal
-> SNR fits a thermal distribution 
-> Statistical coincidences of thermal noise

Cumulative Histogram
 Event Rate per dayℛN



What characteristic strain can be excluded?

For a single mode

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

Choosing a threshold SNR>3 gives an exclusion to 
97.7% confidence on minimum detectable h0 

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

Maximum predicted 
merger rate for 100% 
PBH dark matter



Maxim Goryachev -> John Clarke Lab Berkeley

ADMX Amplifiers -> Near Quantum limited  

Now Cooled BAW to mK: Tunable Microstrip SQUID Amplifier (MSA)

Travelling wave Amplifiers from JPL 

Cooled to BAW mK, readout Nyquist Noise



  

Axion and GW Networks
• Expect there to be “fine structure” in the axion distribution


• Ciaran O’hare and Giovanni Pierobon USYd


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


• We collected ~30-TB of data with 


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

Credit: Eve Barlier



Perth UWA

•  Stawell SUPL

Future Detector Networks

Melbourne Swinburne

•  Milan Bicocca
• Chicago (Fermilab)

• Seattle UW
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