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Multi-mode Acoustic Gravitational-wave Experiment (MAGE)



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



Motivation: Fundamental Physics

High frequency gravitational waves

Quantum gravity Dark Matter

The standard model

General Relativity

Lorentz invariance violations Minimum length



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
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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 
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MAGE
Excluding PBH Binaries



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 
* Improved constraints on minimum length models or Generalized 

Uncertainty Principle (GUP)

Scientific Reports Vol. 3, 2132 (2013)



The Experiment Complex DAQ Chain.
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• 61 days of non-continuous data collection

• 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



What does the data look like ?

We expect GWs to drive an acoustic mode -> decaying sinusoidal 



• 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.



Introduce characteristic strain
Dimensionless quantity introduced to account for the frequency evolution of a strain signals. It is more convenient 
to use than strain h0.

The characteristic strain, hc, excluded by the detector can be related to the strain amplitude h0 of a PBH in-spiral of
binary chirp mass M by;

h0 ≈
2
d ( Gℳ

c2 )
5/3

( πf
c )

2/3

h2
c = (2f h̃( f ))2 = 2h2

0 Ncycles (ℳ, f )



Searching for a signal in a noisy detector 
output

Well known / solved problem in the case of stationary gaussian noise -> optimal / matched filter.

We wish to still be able to detect a signal in the case where the noise is larger than the signal contribution



Matched filter
Introduce some filter function K(t) It is critical we know / assume the form of our signal h(t)

Then ask: “what is the form of K(t) that maximises the ratio of our signal expectation value to the 
noise” 



Matched filter
We have:

What is the K(f) that gives maximum S/N for a given h(t) ?

Substitute K(f) back in to get this 
equation for the most optimal SNR

Filter effectively weights the noisier detector regions



Determining detector strain
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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
However, we can exploit the multi-mode nature of MAGE and consider an in spiral signal that passes
Through the band of 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



Lower bounds determined by sampling rate

Maximum predicted merger rate for 100% PBH dark matter

Binary system of equal PBH 
mass ~ 4.4 × 10−3M⊙ Emits 
maximal HFGW at f = 5 MHz 
during its innermost stable 
circular orbit (ISCO)



RECENT PUBLICATIONS
ORGAN (Oscillating Resonant Group AxioN Experiment)

Ann. Phys. (Berlin)2023,2200622

Ann. Phys. (Berlin)2023,2200594

https://www.science.org/doi/10.1126/sciadv.abq3765


ORGAN -Q



2) ORGAN-Q /
ADMX-Sidecar 3) ORGAN

1)ORGAN/
ADMX-LOW



Perth UWA

•  Stawell SUPL

Future Detector Networks

Melbourne Swinburne

•  Milan Bicocca
• Chicago (Fermilab)

• Seattle UW




