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Axion Detection with Precision 
Frequency Metrology



Why	Frequency	Metrology?
Frequency and time can be controlled 

with a nearly 10-18  accuracy, 
meaning that such a clock created at 
the time of the big bang would be 
today accurate within 1 second.



Why	Frequency	Metrology?
Frequency and time can be controlled 

with a nearly 10-18  accuracy, 
meaning that such a clock created at 
the time of the big bang would be 
today accurate within 1 second.

In the same time, accuracy of Josephson 
Junction voltage standards achieve only 

10-8 uncertainty level 

It seems that frequency is a better “observable” than
voltage/amplitude



Frequency	Metrology	@	UWA

Low Phase Noise Measurements (E. Ivanov)

Cryogenic Sapphire Oscillators 
with frequency stability of 10-16

Ultra-Stable Frequency Transfer 
(S. Schediwy)

Ytterbium Atomic Clock (J. McFerran)

Ultra-Stable Acoustic Oscillators



Frequency	Metrology	for	Fundamental	
Physics	(UWA)

+ other related projects



Frequency	Metrology	in	Paraphoton	Detec@on

New alternative to Light Shining through a Wall

Paraphoton coupling to the 2nd cavity modulate resonance frequency



System for Axion Detection
photonic cavity with two 

mutually orthogonal modes
optical or 
microwave

Axion Electrodynamics

normal ED

arXiv:1806.07141

axion
interaction<latexit sha1_base64="HURfdIaPh8sTG4ksaSATLEG70fY=">AAACHXicbVDLSgNBEJz1bXxFPXoZDIIihN0g6EUQvXhUMFHIxqV30msGZx/M9Iph2R/x4q948aCIBy/i3ziJOfgqGCiquumpCjMlDbnuhzM2PjE5NT0zW5mbX1hcqi6vtEyaa4FNkapUX4RgUMkEmyRJ4UWmEeJQ4Xl4fTTwz29QG5kmZ9TPsBPDVSIjKYCsFFR3/BioJ0AVx2XgE95SASXf536kQRR+1pOXjbJoxAGU261Nn3pIsBVUa27dHYL/Jd6I1NgIJ0H1ze+mIo8xIaHAmLbnZtQpQJMUCsuKnxvMQFzDFbYtTSBG0ymG6Uq+YZUuj1JtX0J8qH7fKCA2ph+HdnKQxfz2BuJ/XjunaK9TyCTLCRPxdSjKFaeUD6riXalRkOpbAkJL+1cuemB7IVtoxZbg/Y78l7Qadc+te6c7tYPDUR0zbI2ts03msV12wI7ZCWsywe7YA3tiz8698+i8OK9fo2POaGeV/YDz/gmndaI3</latexit>

<latexit sha1_base64="aX1KUT7Kw9EzLxGPWp8f03p8UrI="></latexit>

<latexit sha1_base64="te0LMxK8xyIavB3GIDSEG7CpmcA="></latexit>

<latexit sha1_base64="m22A4CnrjeFpTzPxkUWYmJmwryM=">AAACPHicbVDJSgNBEO2JW4xb1KOXxiAIQpgRQS9CUIRchIhmgcww9HR6kiY9C901Yhjmw7z4Ed48efGgiFfPdpZDFh80vH6viqp6Xiy4AtN8M3JLyyura/n1wsbm1vZOcXevoaJEUlankYhkyyOKCR6yOnAQrBVLRgJPsKbXvx76zUcmFY/CBxjEzAlIN+Q+pwS05BbvsR0Q6FEi0mqGL6d/bmoDe4L05jbL8MmsQxaUcS0PIcvcYsksmyPgRWJNSAlNUHOLr3YnoknAQqCCKNW2zBiclEjgVLCsYCeKxYT2SZe1NQ1JwJSTjo7P8JFWOtiPpH4h4JE63ZGSQKlB4OnK4b5q3huK/3ntBPwLR18UJ8BCOh7kJwJDhIdJ4g6XjIIYaEKo5HpXTHtEEgo674IOwZo/eZE0TsuWWbbuzkqVq0kceXSADtExstA5qqAqqqE6ougZvaNP9GW8GB/Gt/EzLs0Zk559NAPj9w+sua+p</latexit>

Hamiltonian Density



Axion Mediated Mode-Mode Interaction
based on axion Electrodynamics we derive axion induced coupling between two cavity modes

<latexit sha1_base64="mkkeyZEJbIazaw6BDUTut1OxW+c="></latexit>

<latexit sha1_base64="WMLk96pVirQkYEam2LnW2pV7FAY="></latexit>

<latexit sha1_base64="wILVa+5ksjgZjoJOP7NGQfPv1Bg="></latexit>

Dimensionless Orthogonality Form Factors Effective Coupling

<latexit sha1_base64="YVF1plRbqkxwS3N5AV2Q2pohzKQ=">AAACAHicbZDLSsNAFIZP6q3WW9WFCzeDRXBVkiLoRii6cVnBXqAJYTKdtENnkjAzEUvoxldx40IRtz6GO9/GSZuFth4Y5uP/z2Hm/EHCmdK2/W2VVlbX1jfKm5Wt7Z3dver+QUfFqSS0TWIey16AFeUsom3NNKe9RFIsAk67wfgm97sPVCoWR/d6klBP4GHEQkawNpJfPXIfme8mAl2hnByD+d3wqzW7bs8KLYNTQA2KavnVL3cQk1TQSBOOleo7dqK9DEvNCKfTipsqmmAyxkPaNxhhQZWXzRaYolOjDFAYS3MijWbq74kMC6UmIjCdAuuRWvRy8T+vn+rw0stYlKSaRmT+UJhypGOUp4EGTFKi+cQAJpKZvyIywhITbTKrmBCcxZWXodOoO3bduTuvNa+LOMpwDCdwBg5cQBNuoQVtIDCFZ3iFN+vJerHerY95a8kqZg7hT1mfP4tClbc=</latexit>

<latexit sha1_base64="NZAslD7IHMotI5JUBbeAalfYcYY="></latexit>

<latexit sha1_base64="iFxQ7tAo9lrrlQIrbkzaviflwew="></latexit>



Axion Mediated Mode-Mode Interaction
based on axion Electrodynamics we derive axion induced coupling between two cavity modes

(B)

(A)

<latexit sha1_base64="mkkeyZEJbIazaw6BDUTut1OxW+c="></latexit>

<latexit sha1_base64="WMLk96pVirQkYEam2LnW2pV7FAY="></latexit>

<latexit sha1_base64="wILVa+5ksjgZjoJOP7NGQfPv1Bg="></latexit>

Axion	UpConversion	
<latexit sha1_base64="lsPFkjbCnPQorEv6YdR1fEH6eOM=">AAACB3icbZDLSgMxFIYz9VbrbdSlIMEiuLHMFEE3QtGNywr2Au0wZNJMG5rLkGSEMnTnxldx40IRt76CO9/GtB1BW38IfPznHE7OHyWMauN5X05haXllda24XtrY3NrecXf3mlqmCpMGlkyqdoQ0YVSQhqGGkXaiCOIRI61oeD2pt+6J0lSKOzNKSMBRX9CYYmSsFbqHXclJH4UIXsIcq/D0B/3QLXsVbyq4CH4OZZCrHrqf3Z7EKSfCYIa07vheYoIMKUMxI+NSN9UkQXiI+qRjUSBOdJBN7xjDY+v0YCyVfcLAqft7IkNc6xGPbCdHZqDnaxPzv1onNfFFkFGRpIYIPFsUpwwaCSehwB5VBBs2soCwovavEA+QQtjY6Eo2BH/+5EVoViu+V/Fvz8q1qzyOIjgAR+AE+OAc1MANqIMGwOABPIEX8Oo8Os/Om/M+ay04+cw++CPn4xuPx5fR</latexit>

<latexit sha1_base64="2gJGTK9c6tidWUuQIhB9TpIEMXc="></latexit>

Axion	DownConversion	
<latexit sha1_base64="gUJINFByBuCTSv1yvMx67iAccL4=">AAACB3icbZDLSgMxFIYz9VbrbdSlIMEiCEKZKYJuhKIblxXsBdphyKSZNjSXIckIZejOja/ixoUibn0Fd76NaTuCtv4Q+PjPOZycP0oY1cbzvpzC0vLK6lpxvbSxubW94+7uNbVMFSYNLJlU7QhpwqggDUMNI+1EEcQjRlrR8HpSb90TpakUd2aUkICjvqAxxchYK3QPu5KTPgoRvIQ5VuHpD/qhW/Yq3lRwEfwcyiBXPXQ/uz2JU06EwQxp3fG9xAQZUoZiRsalbqpJgvAQ9UnHokCc6CCb3jGGx9bpwVgq+4SBU/f3RIa41iMe2U6OzEDP1ybmf7VOauKLIKMiSQ0ReLYoThk0Ek5CgT2qCDZsZAFhRe1fIR4ghbCx0ZVsCP78yYvQrFZ8r+LfnpVrV3kcRXAAjsAJ8ME5qIEbUAcNgMEDeAIv4NV5dJ6dN+d91lpw8pl98EfOxzeMrZfP</latexit>

<latexit sha1_base64="lOyH+w6Q11Sk82i/axTjBtaIdck="></latexit>

Rotating Wave Approximation

beam	spliFer

parametric	amplifica@onarXiv:1806.07141

Dimensionless Orthogonality Form Factors Effective Coupling

<latexit sha1_base64="YVF1plRbqkxwS3N5AV2Q2pohzKQ=">AAACAHicbZDLSsNAFIZP6q3WW9WFCzeDRXBVkiLoRii6cVnBXqAJYTKdtENnkjAzEUvoxldx40IRtz6GO9/GSZuFth4Y5uP/z2Hm/EHCmdK2/W2VVlbX1jfKm5Wt7Z3dver+QUfFqSS0TWIey16AFeUsom3NNKe9RFIsAk67wfgm97sPVCoWR/d6klBP4GHEQkawNpJfPXIfme8mAl2hnByD+d3wqzW7bs8KLYNTQA2KavnVL3cQk1TQSBOOleo7dqK9DEvNCKfTipsqmmAyxkPaNxhhQZWXzRaYolOjDFAYS3MijWbq74kMC6UmIjCdAuuRWvRy8T+vn+rw0stYlKSaRmT+UJhypGOUp4EGTFKi+cQAJpKZvyIywhITbTKrmBCcxZWXodOoO3bduTuvNa+LOMpwDCdwBg5cQBNuoQVtIDCFZ3iFN+vJerHerY95a8kqZg7hT1mfP4tClbc=</latexit>

allows optical search at 
microwaves and mm-

wave

allows microwave search 
at mm-wave



Axion Mediated Mode-Mode Interaction

Experimental Approaches

<latexit sha1_base64="2gJGTK9c6tidWUuQIhB9TpIEMXc="></latexit> <latexit sha1_base64="lOyH+w6Q11Sk82i/axTjBtaIdck="></latexit>

arXiv:1806.07141

beam splitter parametric amplification



Axion Mediated Mode-Mode Interaction

Experimental Approaches

<latexit sha1_base64="2gJGTK9c6tidWUuQIhB9TpIEMXc="></latexit> <latexit sha1_base64="lOyH+w6Q11Sk82i/axTjBtaIdck="></latexit>

Power Detection

arXiv:1806.07141

Pump

Out

P. Sikivie: arXiv:1009.0762

beam splitter parametric amplification



Axion Mediated Mode-Mode Interaction

Experimental Approaches

<latexit sha1_base64="2gJGTK9c6tidWUuQIhB9TpIEMXc="></latexit> <latexit sha1_base64="lOyH+w6Q11Sk82i/axTjBtaIdck="></latexit>

Power Detection

arXiv:1806.07141

Cross Correlation

Pump

Out

P. Sikivie: arXiv:1009.0762

Pump

Pump Cr
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or
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n

beam splitter parametric amplification



Axion Mediated Mode-Mode Interaction

Experimental Approaches

<latexit sha1_base64="2gJGTK9c6tidWUuQIhB9TpIEMXc="></latexit> <latexit sha1_base64="lOyH+w6Q11Sk82i/axTjBtaIdck="></latexit>

Power Detection

arXiv:1806.07141

Cross Correlation Eigenfrequency Shift

Pump

Out

P. Sikivie: arXiv:1009.0762

Pump

Pump Cr
os

s C
or

re
la

tio
n

Phase Shift

Phase Shift

beam splitter parametric amplification



Axion Mediated Mode-Mode Interaction

arXiv:1806.07141

Perturbation Analysis

Decompose the solution into large 
steady state and small fluctuating parts

Solve for Steady State components
neglecting fluctuating components

<latexit sha1_base64="ujVAhYHnU4Ou++i5L4vCS9YcNCY=">AAACAHicbVDJSgNBEO1xjXGLevDgpTEI8RJmRNCLEPTiMYJZIBlCT09N0qRnobtGCcNc/BUvHhTx6md482/sLAdNfFDweK+KqnpeIoVG2/62lpZXVtfWCxvFza3tnd3S3n5Tx6ni0OCxjFXbYxqkiKCBAiW0EwUs9CS0vOHN2G89gNIiju5xlIAbsn4kAsEZGqlXOmQVPKVXtPsofEAhfchYbqReqWxX7QnoInFmpExmqPdKX10/5mkIEXLJtO44doJuxhQKLiEvdlMNCeND1oeOoRELQbvZ5IGcnhjFp0GsTEVIJ+rviYyFWo9Cz3SGDAd63huL/3mdFINLNxNRkiJEfLooSCXFmI7ToL5QwFGODGFcCXMr5QOmGEeTWdGE4My/vEiaZ1XHrjp35+Xa9SyOAjkix6RCHHJBauSW1EmDcJKTZ/JK3qwn68V6tz6mrUvWbOaA/IH1+QML3ZVp</latexit>

<latexit sha1_base64="6LdakZTWQ/3RlS5Fk62T+F+2gqw=">AAACCnicbVBNS8NAEN3U7/pV9ehltQiKUBIR9CIUvXisYFuhDWGzmejiZhN2J0oJPXvxr3jxoIhXf4E3/43bj4NaHww83pthZl6YSWHQdb+c0tT0zOzc/EJ5cWl5ZbWytt4yaa45NHkqU30VMgNSKGiiQAlXmQaWhBLa4e3ZwG/fgTYiVZfYy8BP2LUSseAMrRRUtnigdnGPntCzQNF92r0XEaCQERS8P7SCStWtuUPQSeKNSZWM0Qgqn90o5XkCCrlkxnQ8N0O/YBoFl9Avd3MDGeO37Bo6liqWgPGL4St9umOViMaptqWQDtWfEwVLjOkloe1MGN6Yv95A/M/r5Bgf+4VQWY6g+GhRnEuKKR3kQiOhgaPsWcK4FvZWym+YZhxtemUbgvf35UnSOqh5bs27OKzWT8dxzJNNsk12iUeOSJ2ckwZpEk4eyBN5Ia/Oo/PsvDnvo9aSM57ZIL/gfHwDhaKY5g==</latexit>

Linearise the EoM for small fluctuating 
parts around steady state solutions

Solve linear EoMs in the frequency 
domain

<latexit sha1_base64="Z31Mc/rtcHUcuD6sGlw+1GfRZpM="></latexit>

steady-state 
amplitude

fluctuating part

pump

Note: take into account 
axion & signal phases

<latexit sha1_base64="Pe3FJrTx3Tc6iUaqbHpCQtrd4DU="></latexit>



Power Detection and Cross Correlation

<latexit sha1_base64="0QTRtRD7AqIz6UxDzF63K935pdY="></latexit>

generalisation of the traditional DC-field Haloscope approach

<latexit sha1_base64="ltG5NN+s34kLwBIO14i3pUKlg6U="></latexit>

<latexit sha1_base64="P1fnBd0lILTu7fc9wyxdtTHraRo="></latexit>Sig
na

l A
m

pl
itu

de
axion

amplitude technical noise

arXiv:1806.07141

steady-state 
amplitude

axion phase

mode shape
the approach gives a phase sensitive result 

Crosscorrelation:
potentially less sensitive (       vs.       )

<latexit sha1_base64="7YVh3VrwvQt0STCLLb//xADXYNA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMdgLh4jmgckS5idzCZDZmaXmV4hhHyCFw+KePWLvPk3TpI9aLSgoajqprsrSqWw6PtfXmFtfWNzq7hd2tnd2z8oHx61bJIZxpsskYnpRNRyKTRvokDJO6nhVEWSt6Nxfe63H7mxItEPOEl5qOhQi1gwik66r/dVv1zxq/4C5C8JclKBHI1++bM3SFimuEYmqbXdwE8xnFKDgkk+K/Uyy1PKxnTIu45qqrgNp4tTZ+TMKQMSJ8aVRrJQf05MqbJ2oiLXqSiO7Ko3F//zuhnG1+FU6DRDrtlyUZxJggmZ/00GwnCGcuIIZUa4WwkbUUMZunRKLoRg9eW/pHVRDfxqcHdZqd3kcRThBE7hHAK4ghrcQgOawGAIT/ACr570nr03733ZWvDymWP4Be/jGxXijac=</latexit>

<latexit sha1_base64="iIhJlmrmHFiek+HszhvGIDucSac=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMdSLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD42BOyhX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx6oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uwxs/EypJkSu2XBSmkmBM5n+TodCcoZxaQpkW9lbCxlRThjadkg3BW315nbSvqp5b9e6vK/VGHkcRzuAcLsGDGtThDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifP7fZjWk=</latexit>



Axion Induced Frequency Shifts

<latexit sha1_base64="ufWwK/UZRACuiG50QrhngtKTq0g="></latexit>

<latexit sha1_base64="qWjjVRqMo2st5ipXYqwTJSg/Bb4="></latexit>

Axion UpConversion Axion DownConversion
Re

lat
ive

 S
hif

t o
f E

ige
nv

alu
es

Normalised Axion Mediated Coupling
arXiv:1806.07141

UpConversion

DownConversion (Im
)

DownConversion (R
e)

calculate eigenfrequency as a function of axion coupling 



From Frequency To Phase Fluctuations
quite often direct frequency measurements are not practical

arXiv:1806.07141

phase fluctuations

fractional frequency 
fluctuations

Allan Variance

Also we want RF 
measurements rather 

than DC frequency shifts

Search in the Fourier 
Spectrum

Fourier frequency offset from carrier



From Frequency To Phase Fluctuations
quite often direct frequency measurements are not practical

arXiv:1806.07141

phase noise

fractional frequency 
fluctuations

Allan Variance

Also we want RF 
measurements rather 

than DC frequency shifts

Search in the Fourier 
Spectrum

Fourier frequency offset from carrier

axion



Axion Induced Phase Fluctuations

<latexit sha1_base64="V6tsXlUHtlEQCC8FENCpRFnHXjA=">AAAB/XicbVDLSgMxFL3js9bX+Ni5CRZBEMpMEXQjFN24rGAf0A4lk2ba0CQzJBmhDsVfceNCEbf+hzv/xrSdhbYeSO7hnHvJzQkTzrTxvG9naXlldW29sFHc3Nre2XX39hs6ThWhdRLzWLVCrClnktYNM5y2EkWxCDlthsObid98oEqzWN6bUUIDgfuSRYxgY6Wuexh1MbpCUbfSSYQtPjqzt1vyyt4UaJH4OSlBjlrX/er0YpIKKg3hWOu27yUmyLAyjHA6LnZSTRNMhrhP25ZKLKgOsun2Y3RilR6KYmWPNGiq/p7IsNB6JELbKbAZ6HlvIv7ntVMTXQYZk0lqqCSzh6KUIxOjSRSoxxQlho8swUQxuysiA6wwMTawog3Bn//yImlUyr5X9u/OS9XrPI4CHMExnIIPF1CFW6hBHQg8wjO8wpvz5Lw4787HrHXJyWcO4A+czx9O/JMt</latexit>

Fourier frequency

cavities

axion
<latexit sha1_base64="psUwwg8js0aPJA7sn9SPew40wtQ="></latexit>

cavity amplitudes axion pump

EoMs in the Rotating Frame (complex amplitudes)

<latexit sha1_base64="4Zz1nZ3rHT9IPhoBe6d8OjOPqxo="></latexit>

EoMs in terms of phases and magnitudes:

<latexit sha1_base64="dbWM8nV43K+Q/5S1fvonHIR7gJs="></latexit>

Axion quadratures:

can be solved for steady-state and small fluctuation:

<latexit sha1_base64="+4Y/RqiHpIrlKobE4tdYMOeQ494="></latexit>

steady-state 
amplitudes

axion
Laplace

<latexit sha1_base64="YFjLlaRA69HCB8CmDHZYyNJj+FE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDbbSbp0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqBlSj4BJbhhuB3VQhjQOBnWB8O/M7T6g0T+SDmaToxzSSPOSMGit1wwHvRxEJB9WaW3fnIKvEK0gNCjQH1a/+MGFZjNIwQbXueW5q/Jwqw5nAaaWfaUwpG9MIe5ZKGqP28/m9U3JmlSEJE2VLGjJXf0/kNNZ6Ege2M6ZmpJe9mfif18tMeO3nXKaZQckWi8JMEJOQ2fNkyBUyIyaWUKa4vZWwEVWUGRtRxYbgLb+8StoXdc+te/eXtcZNEUcZTuAUzsGDK2jAHTShBQwEPMMrvDmPzovz7nwsWktOMXMMf+B8/gCWJo+o</latexit>

phase sensitivity

arXiv:1806.07141 cavity low pass



Axion Induced Phase Fluctuations

Cavity

Phase Shift

Filter

Phase Shift

CAST

KSVZ/DSFZ Models

<latexit sha1_base64="08LfGZpwsFUDYygOEC8pK8Nyxic="></latexit>

<latexit sha1_base64="V6tsXlUHtlEQCC8FENCpRFnHXjA=">AAAB/XicbVDLSgMxFL3js9bX+Ni5CRZBEMpMEXQjFN24rGAf0A4lk2ba0CQzJBmhDsVfceNCEbf+hzv/xrSdhbYeSO7hnHvJzQkTzrTxvG9naXlldW29sFHc3Nre2XX39hs6ThWhdRLzWLVCrClnktYNM5y2EkWxCDlthsObid98oEqzWN6bUUIDgfuSRYxgY6Wuexh1MbpCUbfSSYQtPjqzt1vyyt4UaJH4OSlBjlrX/er0YpIKKg3hWOu27yUmyLAyjHA6LnZSTRNMhrhP25ZKLKgOsun2Y3RilR6KYmWPNGiq/p7IsNB6JELbKbAZ6HlvIv7ntVMTXQYZk0lqqCSzh6KUIxOjSRSoxxQlho8swUQxuysiA6wwMTawog3Bn//yImlUyr5X9u/OS9XrPI4CHMExnIIPF1CFW6hBHQg8wjO8wpvz5Lw4787HrHXJyWcO4A+czx9O/JMt</latexit>

<latexit sha1_base64="YFjLlaRA69HCB8CmDHZYyNJj+FE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDbbSbp0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqBlSj4BJbhhuB3VQhjQOBnWB8O/M7T6g0T+SDmaToxzSSPOSMGit1wwHvRxEJB9WaW3fnIKvEK0gNCjQH1a/+MGFZjNIwQbXueW5q/Jwqw5nAaaWfaUwpG9MIe5ZKGqP28/m9U3JmlSEJE2VLGjJXf0/kNNZ6Ege2M6ZmpJe9mfif18tMeO3nXKaZQckWi8JMEJOQ2fNkyBUyIyaWUKa4vZWwEVWUGRtRxYbgLb+8StoXdc+te/eXtcZNEUcZTuAUzsGDK2jAHTShBQwEPMMrvDmPzovz7nwsWktOMXMMf+B8/gCWJo+o</latexit>

Spectrum of Cavity 
Phase Fluctuations:

technical noiseaxion

mode shape (on resonance)

arXiv:1806.07141

Experimental Setup:

Steady-state 
amplitudesCavity phase noise measurements

search for axion in the Fourier spectrum of 
cavity phase noise

basic phase noise 
measurement scheme



Axion Induced Phase Fluctuations

<latexit sha1_base64="Lr87iR2vSRdLFxwFx/hI8Azh+s4="></latexit>

Cavity Gain

Phase Shift

Phase Shift

Filter

Gain

KSVZ/DSFZ Models

CAST

Cryo ~ 4-7K

Tabletop

<latexit sha1_base64="V6tsXlUHtlEQCC8FENCpRFnHXjA=">AAAB/XicbVDLSgMxFL3js9bX+Ni5CRZBEMpMEXQjFN24rGAf0A4lk2ba0CQzJBmhDsVfceNCEbf+hzv/xrSdhbYeSO7hnHvJzQkTzrTxvG9naXlldW29sFHc3Nre2XX39hs6ThWhdRLzWLVCrClnktYNM5y2EkWxCDlthsObid98oEqzWN6bUUIDgfuSRYxgY6Wuexh1MbpCUbfSSYQtPjqzt1vyyt4UaJH4OSlBjlrX/er0YpIKKg3hWOu27yUmyLAyjHA6LnZSTRNMhrhP25ZKLKgOsun2Y3RilR6KYmWPNGiq/p7IsNB6JELbKbAZ6HlvIv7ntVMTXQYZk0lqqCSzh6KUIxOjSRSoxxQlho8swUQxuysiA6wwMTawog3Bn//yImlUyr5X9u/OS9XrPI4CHMExnIIPF1CFW6hBHQg8wjO8wpvz5Lw4787HrHXJyWcO4A+czx9O/JMt</latexit>

<latexit sha1_base64="YFjLlaRA69HCB8CmDHZYyNJj+FE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDbbSbp0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqBlSj4BJbhhuB3VQhjQOBnWB8O/M7T6g0T+SDmaToxzSSPOSMGit1wwHvRxEJB9WaW3fnIKvEK0gNCjQH1a/+MGFZjNIwQbXueW5q/Jwqw5nAaaWfaUwpG9MIe5ZKGqP28/m9U3JmlSEJE2VLGjJXf0/kNNZ6Ege2M6ZmpJe9mfif18tMeO3nXKaZQckWi8JMEJOQ2fNkyBUyIyaWUKa4vZWwEVWUGRtRxYbgLb+8StoXdc+te/eXtcZNEUcZTuAUzsGDK2jAHTShBQwEPMMrvDmPzovz7nwsWktOMXMMf+B8/gCWJo+o</latexit>

Spectrum of Oscillator 
Phase Fluctuations:

technical noise
axion

mode shape Steady-state 
amplitudes

Dual Loop Oscillator phase noise 
measurements

Lesson effect

arXiv:1806.07141

Experimental Setup:

by turning a cavity in a feedback oscillator, we 
can get rid of technical fluctuations due to 

external pumps



BroadBand Search

CAST
SN1987A

KSVZ/DSFZ Models

Cavity GainFilter

Phase Shift

Cryo ~ 4-7K

Tabletop

arXiv:1806.07141

<latexit sha1_base64="bTq3BkbCAD/A5B1uu9GfYEBI5XM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoBeh6MVjBfshbQib7aZdursJuxuhhP4KLx4U8erP8ea/cZvmoK0PBh7vzTAzL0w408Z1v53S2vrG5lZ5u7Kzu7d/UD086ug4VYS2Scxj1QuxppxJ2jbMcNpLFMUi5LQbTm7nfveJKs1i+WCmCfUFHkkWMYKNlR6jwEPXKAoaQbXm1t0caJV4BalBgVZQ/RoMY5IKKg3hWOu+5ybGz7AyjHA6qwxSTRNMJnhE+5ZKLKj2s/zgGTqzyhBFsbIlDcrV3xMZFlpPRWg7BTZjvezNxf+8fmqiKz9jMkkNlWSxKEo5MjGaf4+GTFFi+NQSTBSztyIyxgoTYzOq2BC85ZdXSadR99y6d39Ra94UcZThBE7hHDy4hCbcQQvaQEDAM7zCm6OcF+fd+Vi0lpxi5hj+wPn8AQqyjz4=</latexit>

to do a broadband search 
for low axion masses we 

consider the mode 
degenerate case

<latexit sha1_base64="G4NyNklLhbB6JDGp1Vubx/SfUO8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxgv2ANpTNdtMu3WzC7kQooT/CiwdFvPp7vPlv3KY5aOuDgcd7M8zMCxIpDLrut1NaW9/Y3CpvV3Z29/YPqodHbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5G7ud564NiJWjzhNuB/RkRKhYBSt1AkHlNyQcFCtuXU3B1klXkFqUKA5qH71hzFLI66QSWpMz3MT9DOqUTDJZ5V+anhC2YSOeM9SRSNu/Cw/d0bOrDIkYaxtKSS5+nsio5Ex0yiwnRHFsVn25uJ/Xi/F8NrPhEpS5IotFoWpJBiT+e9kKDRnKKeWUKaFvZWwMdWUoU2oYkPwll9eJe2LuufWvYfLWuO2iKMMJ3AK5+DBFTTgHprQAgYTeIZXeHMS58V5dz4WrSWnmDmGP3A+fwAqbI7J</latexit>

tabletop and cryogenic 
experiments are 
complementary

due to flicker/white 
noise competition



Experiment
Dual Loop Oscillator

Catriona Thomson

cavity

amplifier

phase 
shifter

Loop #1

Loop #2

amplifier

phase 
shifter

R=22mm, H = 18.5-83.6 mm 
cylindrical copper cavity

TM022 mode (9GHz)
TM011 mode (6.5-9GHz)

<latexit sha1_base64="fY/83Hr6vl1t1wKREzK2xe8t5q8=">AAACE3icbZDLSsNAFIYnXmu8RV26GSyCKA2JVqsLoejGZQV7gSaEyXTaDp1cmJmIJfQd3Pgqblwo4taNO9/GSZuFth4Y5uf7z2Hm/H7MqJCW9a3NzS8sLi0XVvTVtfWNTWNruyGihGNSxxGLeMtHgjAakrqkkpFWzAkKfEaa/uA685v3hAsahXdyGBM3QL2QdilGUiHPOHQeqFeCl7BkmScXpqmuU8fRM3o0oeWzCa14RtEyrXHBWWHnogjyqnnGl9OJcBKQUGKGhGjbVizdFHFJMSMj3UkEiREeoB5pKxmigAg3He80gvuKdGA34uqEEo7p74kUBUIMA191Bkj2xbSXwf+8diK7525KwziRJMSTh7oJgzKCWUCwQznBkg2VQJhT9VeI+4gjLFWMugrBnl55VjSOTdsy7dtysXqVx1EAu2APHAAbVEAV3IAaqAMMHsEzeAVv2pP2or1rH5PWOS2f2QF/Svv8AQ90l/Y=</latexit>



- Magnet-free
- SQUID-free

- Superconductor-free
-Semiconductor amplifiers

- Volume independent
- P<100 uW signals

- Liquid-Helium only (>4K)
- Only cavity/amplifier at 4K
-High/Low frequency ranges

- Optical implementation possible
- Broadband search is possible

- Axion phase sensitive
- KSVZ/DSFZ achievable

- Tabletop search worth doing
-Room for improvement!

Catriona Thomson

Advantages of Frequency Metrology

arXiv:1806.07141



One more thing… 

Can we do better?

<latexit sha1_base64="4GdPUr5+2KkR0MzgTq+5v92yoCE=">AAACCXicbVA9SwNBEN2LXzF+RS1tFoNgFe5E0DJoYxnBJELuOOY2e8mS3btjd04IR1ob/4qNhSK2/gM7/42bj0ITHwzzeG+G3XlRJoVB1/12Siura+sb5c3K1vbO7l51/6Bt0lwz3mKpTPV9BIZLkfAWCpT8PtMcVCR5JxpeT/zOA9dGpMkdjjIeKOgnIhYM0Ephlca+EYoW/bAAvw9KAZ21sY8DjjAOqzW37k5Bl4k3JzUyRzOsfvm9lOWKJ8gkGNP13AyDAjQKJvm44ueGZ8CG0OddSxNQ3ATF9JIxPbFKj8aptpUgnaq/NwpQxoxUZCcV4MAsehPxP6+bY3wZFCLJcuQJmz0U55JiSiex0J7QnKEcWQJMC/tXygaggaENr2JD8BZPXibts7rn1r3b81rjah5HmRyRY3JKPHJBGuSGNEmLMPJInskreXOenBfn3fmYjZac+c4h+QPn8wfzBpp9</latexit>



One more thing… 

<latexit sha1_base64="a3JAAjW/pH2icpnde1p2q+kY6uA=">AAACDnicbVC7SgNBFJ31GeNr1dJmMASswq4IWgZtLCOYB2RDuDuZTYbM7K4zd4Ww5Ats/BUbC0Vsre38GyePQhMPXO7hnHuZuSdMpTDoed/Oyura+sZmYau4vbO7t+8eHDZMkmnG6yyRiW6FYLgUMa+jQMlbqeagQsmb4fB64jcfuDYiie9wlPKOgn4sIsEArdR1y1FghKKBudeY97s5BH1QCuisjQMccIRx1y15FW8Kukz8OSmROWpd9yvoJSxTPEYmwZi276XYyUGjYJKPi0FmeApsCH3etjQGxU0nn54zpmWr9GiUaFsx0qn6eyMHZcxIhXZSAQ7MojcR//PaGUaXnVzEaYY8ZrOHokxSTOgkG9oTmjOUI0uAaWH/StkANDC0CRZtCP7iycukcVbxvYp/e16qXs3jKJBjckJOiU8uSJXckBqpE0YeyTN5JW/Ok/PivDsfs9EVZ75zRP7A+fwBNhKc1Q==</latexit>



One more thing… 

<latexit sha1_base64="6tw5jO7P63J/hLHSM3wPX6HjLN0=">AAACEXicbVBNS8NAEN34bf2qevSyWISeSqKCHotePCrYVmhCmGw37eJuEncnQgn9C178K148KOLVmzf/jds2B7U+GObx3gy786JMCoOu++XMzS8sLi2vrFbW1jc2t6rbO22T5prxFktlqm8iMFyKhLdQoOQ3meagIsk70e352O/cc21EmlzjMOOBgn4iYsEArRRW67FvhKK+udPYPQqKfliA3welgE7byMcBRxiF1ZrbcCegs8QrSY2UuAyrn34vZbniCTIJxnQ9N8OgAI2CST6q+LnhGbBb6POupQkoboJictGIHlilR+NU20qQTtSfGwUoY4YqspMKcGD+emPxP6+bY3waFCLJcuQJmz4U55JiSsfx0J7QnKEcWgJMC/tXygaggaENsWJD8P6ePEvahw3PbXhXx7XmWRnHCtkj+6ROPHJCmuSCXJIWYeSBPJEX8uo8Os/Om/M+HZ1zyp1d8gvOxzcv/Z3e</latexit>



Probing Dark Universe with Exceptional Points
Degeneracies

Diabolic Points 
(DP)

Coalescent eigenvalues

<latexit sha1_base64="cj6akG9epvul4/8gIbBhPWU/MsA=">AAACAnicbVA9SwNBEN2LXzF+nVqJzWIQrMKdCFoGtbCMYD4gd4S9zSRZsrd77O4FwhFs/Cs2ForY+ivs/Ddukis08cHA470ZZuZFCWfaeN63U1hZXVvfKG6WtrZ3dvfc/YOGlqmiUKeSS9WKiAbOBNQNMxxaiQISRxya0fBm6jdHoDST4sGMEwhj0hesxygxVuq4R8EtcENwoFmMs2BEFCSacSkmHbfsVbwZ8DLxc1JGOWod9yvoSprGIAzlROu27yUmzIgyjHKYlIJUQ0LokPShbakgMegwm70wwadW6eKeVLaEwTP190RGYq3HcWQ7Y2IGetGbiv957dT0rsKMiSQ1IOh8US/l2Eg8zQN3mQJq+NgSQhWzt2I6IIpQY1Mr2RD8xZeXSeO84nsV//6iXL3O4yiiY3SCzpCPLlEV3aEaqiOKHtEzekVvzpPz4rw7H/PWgpPPHKI/cD5/AFrml2c=</latexit>

splitting
perturbation



Probing Dark Universe with Exceptional Points
Degeneracies

Diabolic Points 
(DP)

Exceptional Points 
(EP)

Coalescent eigenvalues Coalescent eigenvalues

Coalescent eigenstates

<latexit sha1_base64="+cCPXS7Mq4IHJtbVHcsHiJ5dMWA=">AAACB3icbVDLSgNBEJz1GeNr1aMgg0HwFHZF0GNQDx4jmAdkQ5iddJIhs7PrTG8gLLl58Ve8eFDEq7/gzb9x8jhoYkE3RVU3M11hIoVBz/t2lpZXVtfWcxv5za3tnV13b79q4lRzqPBYxroeMgNSKKigQAn1RAOLQgm1sH899msD0EbE6h6HCTQj1lWiIzhDK7Xco+AGJDIaGBHZ9qAxCwZMQ2KEjNWo5Ra8ojcBXST+jBTIDOWW+xW0Y55GoJBLZkzD9xJsZkyj4BJG+SA1kDDeZ11oWKpYBKaZTe4Y0ROrtGkn1rYU0on6eyNjkTHDKLSTEcOemffG4n9eI8XOZTMTKkkRFJ8+1EklxZiOQ6FtoYGjHFrCuBb2r5T3mGYcbXR5G4I/f/IiqZ4Vfa/o350XSlezOHLkkByTU+KTC1Iit6RMKoSTR/JMXsmb8+S8OO/Ox3R0yZntHJA/cD5/AIuvmb8=</latexit>

<latexit sha1_base64="cj6akG9epvul4/8gIbBhPWU/MsA=">AAACAnicbVA9SwNBEN2LXzF+nVqJzWIQrMKdCFoGtbCMYD4gd4S9zSRZsrd77O4FwhFs/Cs2ForY+ivs/Ddukis08cHA470ZZuZFCWfaeN63U1hZXVvfKG6WtrZ3dvfc/YOGlqmiUKeSS9WKiAbOBNQNMxxaiQISRxya0fBm6jdHoDST4sGMEwhj0hesxygxVuq4R8EtcENwoFmMs2BEFCSacSkmHbfsVbwZ8DLxc1JGOWod9yvoSprGIAzlROu27yUmzIgyjHKYlIJUQ0LokPShbakgMegwm70wwadW6eKeVLaEwTP190RGYq3HcWQ7Y2IGetGbiv957dT0rsKMiSQ1IOh8US/l2Eg8zQN3mQJq+NgSQhWzt2I6IIpQY1Mr2RD8xZeXSeO84nsV//6iXL3O4yiiY3SCzpCPLlEV3aEaqiOKHtEzekVvzpPz4rw7H/PWgpPPHKI/cD5/AFrml2c=</latexit>

splitting
perturbation

to one of 
the modes



Probing Dark Universe with Exceptional Points
Degeneracies

Diabolic Points Exceptional Points

Loss Loss

LossLoss

Gain or
Loss

<latexit sha1_base64="VhyJEBZGMT/DXVOZEPAA6338MvU=">AAACB3icbVDLSgNBEJyNrxhfqx4FGQyCp7Argh6DXjxGMA/IhtA7mU2GzOwuM71CWHLz4q948aCIV3/Bm3/j5HHQxIKmi6puZrrCVAqDnvftFFZW19Y3ipulre2d3T13/6BhkkwzXmeJTHQrBMOliHkdBUreSjUHFUreDIc3E7/5wLURSXyPo5R3FPRjEQkGaKWuexwFRija7+YQ9EEpoLM2DnDAEbpu2at4U9Bl4s9JmcxR67pfQS9hmeIxMgnGtH0vxU4OGgWTfFwKMsNTYEPo87alMShuOvn0jjE9tUqPRom2FSOdqr83clDGjFRoJxXgwCx6E/E/r51hdNXJRZxmyGM2eyjKJMWETkKhPaE5QzmyBJgW9q+UDUADQxtdyYbgL568TBrnFd+r+HcX5er1PI4iOSIn5Iz45JJUyS2pkTph5JE8k1fy5jw5L8678zEbLTjznUPyB87nDxbTmXE=</latexit>

<latexit sha1_base64="a3JAAjW/pH2icpnde1p2q+kY6uA=">AAACDnicbVC7SgNBFJ31GeNr1dJmMASswq4IWgZtLCOYB2RDuDuZTYbM7K4zd4Ww5Ats/BUbC0Vsre38GyePQhMPXO7hnHuZuSdMpTDoed/Oyura+sZmYau4vbO7t+8eHDZMkmnG6yyRiW6FYLgUMa+jQMlbqeagQsmb4fB64jcfuDYiie9wlPKOgn4sIsEArdR1y1FghKKBudeY97s5BH1QCuisjQMccIRx1y15FW8Kukz8OSmROWpd9yvoJSxTPEYmwZi276XYyUGjYJKPi0FmeApsCH3etjQGxU0nn54zpmWr9GiUaFsx0qn6eyMHZcxIhXZSAQ7MojcR//PaGUaXnVzEaYY8ZrOHokxSTOgkG9oTmjOUI0uAaWH/StkANDC0CRZtCP7iycukcVbxvYp/e16qXs3jKJBjckJOiU8uSJXckBqpE0YeyTN5JW/Ok/PivDsfs9EVZ75zRP7A+fwBNhKc1Q==</latexit>

arXiv:{almost there}



Probing Dark Universe with Exceptional Points
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Normalised Axion Mediated Coupling

LossLoss

Gain or
Loss

DP

EP
<latexit sha1_base64="P7JV2dRqJAWZnRHiZPhZZcE0ZU8="></latexit>

<latexit sha1_base64="R1NniqHxsIdSLRbrbdy7pKuKjB0=">AAACCHicbVDJSgNBEO2JW4zbqEcPNgbBU5gJgl6EoBePEcwCmRB6eipJk57F7holDDl68Ve8eFDEq5/gzb+xsxw08UHB470qqur5iRQaHefbyi0tr6yu5dcLG5tb2zv27l5dx6niUOOxjFXTZxqkiKCGAiU0EwUs9CU0/MHV2G/cg9Iijm5xmEA7ZL1IdAVnaKSOfegxmfQZvaCevlOYlUfUexABoJABZL1Rxy46JWcCukjcGSmSGaod+8sLYp6GECGXTOuW6yTYzphCwSWMCl6qIWF8wHrQMjRiIeh2NnlkRI+NEtBurExFSCfq74mMhVoPQ990hgz7et4bi/95rRS75+1MREmKEPHpom4qKcZ0nAoNhAKOcmgI40qYWynvM8U4muwKJgR3/uVFUi+XXKfk3pwWK5ezOPLkgByRE+KSM1Ih16RKaoSTR/JMXsmb9WS9WO/Wx7Q1Z81m9skfWJ8/gHaZpg==</latexit>

EP conditionSystem Hamiltonian

<latexit sha1_base64="a3JAAjW/pH2icpnde1p2q+kY6uA=">AAACDnicbVC7SgNBFJ31GeNr1dJmMASswq4IWgZtLCOYB2RDuDuZTYbM7K4zd4Ww5Ats/BUbC0Vsre38GyePQhMPXO7hnHuZuSdMpTDoed/Oyura+sZmYau4vbO7t+8eHDZMkmnG6yyRiW6FYLgUMa+jQMlbqeagQsmb4fB64jcfuDYiie9wlPKOgn4sIsEArdR1y1FghKKBudeY97s5BH1QCuisjQMccIRx1y15FW8Kukz8OSmROWpd9yvoJSxTPEYmwZi276XYyUGjYJKPi0FmeApsCH3etjQGxU0nn54zpmWr9GiUaFsx0qn6eyMHZcxIhXZSAQ7MojcR//PaGUaXnVzEaYY8ZrOHokxSTOgkG9oTmjOUI0uAaWH/StkANDC0CRZtCP7iycukcVbxvYp/e16qXs3jKJBjckJOiU8uSJXckBqpE0YeyTN5JW/Ok/PivDsfs9EVZ75zRP7A+fwBNhKc1Q==</latexit>

<latexit sha1_base64="VhyJEBZGMT/DXVOZEPAA6338MvU=">AAACB3icbVDLSgNBEJyNrxhfqx4FGQyCp7Argh6DXjxGMA/IhtA7mU2GzOwuM71CWHLz4q948aCIV3/Bm3/j5HHQxIKmi6puZrrCVAqDnvftFFZW19Y3ipulre2d3T13/6BhkkwzXmeJTHQrBMOliHkdBUreSjUHFUreDIc3E7/5wLURSXyPo5R3FPRjEQkGaKWuexwFRija7+YQ9EEpoLM2DnDAEbpu2at4U9Bl4s9JmcxR67pfQS9hmeIxMgnGtH0vxU4OGgWTfFwKMsNTYEPo87alMShuOvn0jjE9tUqPRom2FSOdqr83clDGjFRoJxXgwCx6E/E/r51hdNXJRZxmyGM2eyjKJMWETkKhPaE5QzmyBJgW9q+UDUADQxtdyYbgL568TBrnFd+r+HcX5er1PI4iOSIn5Iz45JJUyS2pkTph5JE8k1fy5jw5L8678zEbLTjznUPyB87nDxbTmXE=</latexit>

arXiv:{almost there}



Probing Dark Universe with Exceptional Points
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Loss/Gain Factor

LossLoss

Gain or
Loss

<latexit sha1_base64="P7JV2dRqJAWZnRHiZPhZZcE0ZU8="></latexit>

<latexit sha1_base64="R1NniqHxsIdSLRbrbdy7pKuKjB0=">AAACCHicbVDJSgNBEO2JW4zbqEcPNgbBU5gJgl6EoBePEcwCmRB6eipJk57F7holDDl68Ve8eFDEq5/gzb+xsxw08UHB470qqur5iRQaHefbyi0tr6yu5dcLG5tb2zv27l5dx6niUOOxjFXTZxqkiKCGAiU0EwUs9CU0/MHV2G/cg9Iijm5xmEA7ZL1IdAVnaKSOfegxmfQZvaCevlOYlUfUexABoJABZL1Rxy46JWcCukjcGSmSGaod+8sLYp6GECGXTOuW6yTYzphCwSWMCl6qIWF8wHrQMjRiIeh2NnlkRI+NEtBurExFSCfq74mMhVoPQ990hgz7et4bi/95rRS75+1MREmKEPHpom4qKcZ0nAoNhAKOcmgI40qYWynvM8U4muwKJgR3/uVFUi+XXKfk3pwWK5ezOPLkgByRE+KSM1Ih16RKaoSTR/JMXsmb9WS9WO/Wx7Q1Z81m9skfWJ8/gHaZpg==</latexit>

EP conditionSystem Hamiltonian

     Gain in Central Cavity     Loss in Central Cavity

<latexit sha1_base64="s0iI7DHXNZVPkA/9kHYASQ9yVPI=">AAACEnicbVC7SgNBFJ31GeNr1dJmMAjahF0RtAzaWEYwD8iGcHcymwyZ2V1n7gphyTfY+Cs2ForYWtn5N04ehSYeuNzDOfcyc0+YSmHQ876dpeWV1bX1wkZxc2t7Z9fd26+bJNOM11giE90MwXApYl5DgZI3U81BhZI3wsH12G88cG1EEt/hMOVtBb1YRIIBWqnjnkaBEYoGup8E5l5j3uvkEPRAKaDTNgqwzxFGHbfklb0J6CLxZ6REZqh23K+gm7BM8RiZBGNavpdiOweNgkk+KgaZ4SmwAfR4y9IYFDftfHLSiB5bpUujRNuKkU7U3xs5KGOGKrSTCrBv5r2x+J/XyjC6bOciTjPkMZs+FGWSYkLH+dCu0JyhHFoCTAv7V8r6oIGhTbFoQ/DnT14k9bOy75X92/NS5WoWR4EckiNyQnxyQSrkhlRJjTDySJ7JK3lznpwX5935mI4uObOdA/IHzucPh5Keog==</latexit>

arXiv:{almost there}



Higher Order Exceptional Points
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Normalised Axion Mediated Coupling

DP

EP

EP conditionSystem Hamiltonian
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Is this experimentally feasible? 

perturbation
to one of 
the modes



Advantages of Frequency Metrology

arXiv:1806.07141

- Magnet-free
- SQUID-free

-Semiconductor amplifiers
- Volume independent
- Low Power signals

- Superconductor-free
- Liquid-Helium only (>4K)
- Only cavity/amplifier at 4K
-High/Low frequency ranges

- Optical implementation possible
- Broadband search is possible

- Axion phase sensitive
- KSVZ/DSFZ achievable

- Tabletop search worth doing
- Could be fractional in axion coupling 

-Room for improvement!
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