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Searching For new Physics



Precision Metrology Technology
PHONONS

SAW

BAW

Structures

MAGNONS/SPINS

Bulk

Spin-Torque

PHOTONS

LC-circuits

Metallic Cavities

Dielectric Cavities

ATOMS

Electron transitions

Nuclear transitions

Hyperfine transitions

Spin Ensembles

WIDE RANGE OF PHYICAL PHENOMENA



1) I Can’t talk about everything: Some Overview


2) Phonon Experiments: Do we Always Measure Zero? Interesting Signals in 
High-Frequency GW detector (Also undertaken LIV Tests and GUP Tests 

which measured zero)


3)  Microwave Photon Experiments: Axion Dark Matter Program at UWA: 
Focus on Light Axions

OUTLINE



* Frequency range: 1-1000 MHz
* Tree mode family types: 2 transverse and 1 longitudinal 
* Piezoelectric Coupling
* Established technology (>70 years for time keeping applications)
* Record high Quality factors ~ 1010

*

BAW Cavities
Photons (Electromagnetic) vs Phonons (Acoustic)

Scientific Reports  Vol. 3, 2132 (2013)



Lorentz Invariance Tests With BAW Oscillators

Upper limit on anisotropy of Neutron Mass



Quantum Gravity



Bulk Acoustic Wave High-Frequency GW Detectors 
(A Resonant-Mass Detector)

PhD Student

Ik Siong Heng
Prof. Glasgow

Serge Galliou
Prof. Franche-Comté

UWA Staff



High Frequency Gravitational Waves?

Appl. Phys. Lett. 105, 153505 (2014)



Recent Experiment: First Detection, unlikely! Or not?

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, HFGW sources, domain walls, WIMPs, dark matter


  

Q
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https://arxiv.org/abs/2102.05859


Recent Experiment
Control and Signal Processing Cryogenic Part

Two standalone lockin amplifiers
Two Signal generators
Locked to an H-maser
Temperature controller

SQUID control
Python data logging

3.4K cryocooler
SQUID electronics

digital downconversion



Recent Experiment ?153 days of observation

153 days of observation
Q

Quantum Technologies and Dark Matter Research Lab
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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 8-10 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

• Larger mass quartz resonators? Optimize size and mode for sensitivity?

• Current status, waiting for second FPGA DAQ

• Collected one week of data monitoring 8 modes for BAW 1



I have no reason to doubt that Tobar et al can reach their specified experimental precision 
and accuracy (as mentioned above, they are excellent experimentalists), I have every reason 
to doubt they will find anything interesting once they reach that sensitivity.

While the investigators have an impressive track record building cavities for precision 
measurement experiments, two of the three aims (related to high-frequency gravitational 
waves) are ill-conceived.

The two papers referenced here argue that the entire program of high-frequency gravitational-
wave detection does not make sense in light of modern cosmology. Without a compelling answer to 
this critique, it is difficult to justify supporting experiments to detect megahertz-gigahertz 
gravitational waves

There are compelling reasons to believe that high-frequency gravitational-wave sources do not 
exist at the amplitudes probed by the experiments in this Project. Thus, the broader 
astrophysics community is likely to attribute subsequent detection claims to systematics (issues 
with the instrument). Even upper limits on high-frequency gravitational waves are likely to be 
considered uninteresting since we already have much stronger limits from cosmology.

The optomechanical measurement of quantum gravity (Aim 3) is feasible in the sense that the 
experiment is likely to yield a physically interesting result.



Searching for Axions at UWA

Measure

c2Massaxion = hfphoton



WAVE LIKE DARK MATTER PROGRAM  @ UWA
(1) Axion Dark Matter eXperiment (ADMX) Project run by Fermilab, run out of Seattle at 
Washington University. UWA Officially a group member  since 2019.  PI Gray Rybka


(2) Oscillating Resonant Group AxioN experiment (ORGAN). The first Axion 
experiment at UWA, currently testing Axion Cogenesis.


(3) AC Halloscope with Low  Noise Oscillators (UPconversion Low-noise Oscillator Axion 
Detector (UPLOAD) (New Helical Mode Resonator) UWA


(4)Low mass detectors for axions with LCR Circuits, ADMX-SLIC  (Superconducting Lc-
circuit Investigating Cold axions) UF (Sikivie and Tanner) and Broadband Electrical 
Action Sensing Technique (BEAST) UWA


(5)Searches for axions through coupling with electron spins, on hold until axion detected; 
Magnon-Cavity UWA


(6) Light Scalar Dark Matter  (Dilaton) Clock  Comparisons, Acoustic/EM Detectors  
UWA



14T, 7T and 3T 
Magnets

Network Analysers and 
components from rf  to 
100 GHz

Axion Haloscope Dark Matter 
Experiments at UWA

3 Dilution Fridges



Currently in the Lab: The World’s 
Lowest Noise Oscillators?



Cryogenic Sapphire 
Oscillators (CSO) 

1989-Now

10-16

10-15

1 10 100 1000

σy =
⟨δf ⟩

f

Precision Frequency 

Averaging time τ



Cavity Modes with non-zero Helicity: 
Couple to Ultra-Light Axions

ℋp =
2 Im[ ∫ Bp( ⃗r ) ⋅ E*p ( ⃗r ) dτ]

∫ Ep( ⃗r ) ⋅ E*p ( ⃗r ) dτ ∫ Bp( ⃗r ) ⋅ B*p ( ⃗r ) dτ
,

UPLOAD

New Results: Power and Frequency

ORGAN

GWs: Spectral 
Sensitivity



Resonant Haloscopes: Calculate Systematic 
way to Calculate Sensitivity


Observable is Power: Real Part of Complex 
Poynting Theorem: Impedance Match


Reactive Haloscope: Broadband Observable 
Current/Flux or Voltage: Reactive Part of 
Poynting Theorem: Impedance Mismatch

Sensitivity of  Low-Mass Reactive and Resonant Axion Haloscopes
c2Massaxion =

hfphoton

Low-Mass: Quasi-Static Regime -> Purely Classical c2Massaxion = hfphoton??????



ADMX

CULTASK

ORGAN

QUAX


RADES

Middle Mass: Resonant Cavity

Reactive and Dissipative

MADMAX

BREAD

High Mass: Propagating

ma1.25 × 10−6
eV

Hz
ωa

2π300 MHz 30 GHz
1.25 × 10−4

⃗B = BDC ̂z

DC Magnetic Haloscopes

λa > dexp λa ∼ dexp λa < dexp

ADMX SLIC

RE-ENTRANT CAVITY


ABRACADABRA

SHAFT


DM RADIO

Low Mass: Lumped Element

Reactive



Do Not Alter Equations of Motion

Reactive power does not propagate or dissipate out of the volume of the detector (ie. no loss): Oscillates in and out of volume


Does not need to be the order of the Compton wavelength in size (sub wavelength phenomena) 

Resonator Measurement: Impedance match; set coupling =1; Take Photons from Source 

R1
L1

C1

R0

Source Resonator
Impedance 

Match

Ĩa Coupling 
Circuit

Real Power Measurement, Absorbs Energy: Pa = I2
0 Ro =

V2
0

R0

Reactive Power Measurement, Does Not Absorb Energy:  

Left eg. Inductive couple SQUID Amplifier (Current of Mag Flux) 

Right eg. Capacitive coupled High Impedance Amplifier (Voltage) 
Energy oscillates between Source and Capacitor 

Do not destroy photons

|zL | <
1

j ωaC1 | zL | >
1

j ωaC1



REMEMBERING POYNTING THEOREM

⃗S1(t) =
1
μ0

⃗E 1(t) × ⃗B 1(t) =
1
2 (E1e−jω1t + E*1 ejω1t) ×

1
2μ0

(B1e−jω1t + B*1 ejω1t)
=

1
2μ0

Re (E1 × B*1 ) +
1

2μ0
Re (E1 × B1 e−j2ω1t),

S1 =
1

2μ0
E1 × B*1 and S*1 =

1
2μ0

E*1 × B1,

Instantaneous Poynting vector in vacuum

Complex Poynting vector in vacuum

Re (S1) =
1
2

(S1 + S*1 ) and j Im (S1) =
1
2

(S1 − S*1 ) .

⟨ ⃗S1⟩ =
1
T ∫

T

0

⃗S1(t)dt =
1
T ∫

T

0 [ 1
2μ0

Re (E1 × B*1 ) +
1

2μ0
Re (E1 × B1e−2jωt)] dt =

1
2μ0

Re (E1 × B*1 )

Time Average Power Reactive Power 

• Basic conservation law for electromagnetic energy for AC system

• Describes complex power flow (phasors) in a volume, considering: 1) Sources, 2) Storage, 3) Dissipation, 4) Radiation

• The direction and density of power flow at a point is defined by the instantaneous Poynting vector, [W/m2]⃗S(t)

• The corresponding phasor form of the Poynting vector

Combing the Poynting vector with 
Maxwell’s Equations ->


Leads to Poynting Theorem

1) Instantaneous Poynting Theorem

2) Complex Poynting Theorem



• IN THE TIME DOMAIN THE POYNTING VECTOR, , REPRESENTS THE INSTANTANEOUS 
POWER FLOW DUE TO INSTANTANEOUS ELECTRIC AND MAGNETIC FIELDS:


• MORE COMMONLY, PROBLEMS IN ELECTROMAGNETICS ARE SOLVED IN TERMS OF 
SINUSOIDALLY VARYING FIELDS AT A SPECIFIED FREQUENCY 


• IN THE CASE NATURAL TO USE COMPLEX POYNTING THEOREM,

 WHICH ENABLES ONE TO DISTINGUISH BETWEEN REAL 

POWER FLOW (WATTS)  AND REACTIVE POWER FLOW (VARS) 

. 


• STANDARD TECHNIQUE TO ANALYSE ENERGY AND POWER FLOW IN ACTIVE CIRCUITS AND 
ANTENNA SYSTEMS: APPLY TO AXION ELECTRODYNAMICS 

⃗S1(t)

S1 =
1

2μ0
E1 × B*1 and S*1 =

1
2μ0

E*1 × B1,

Re (S1) =
1
2

(S1 + S*1 )

j Im (S1) =
1
2

(S1 − S*1 )



COMPLEX POYNTING THEOREM: CIRCUITS/ANTENNAS 

Model of Current and Voltage Source 
Even though magnetic sources do not exist, they can be engineered

Here Balanis uses  as magnetic current⃗M

−
1
2 ∫V

J*i ⋅ Ed v

−
1
2 ∫V

Mi ⋅ H*d v

Combine complex Poynting vector with complex Maxwell’s Equations



AXION ELECTRODYNAMICS IN HARMONIC PHASOR FORM

DC BACKGROUND FIELD

a(t) = 1
2 (ãe−jωat + ã*ejωat) = Re (ãe−jωat)
Axion Scalar Field

Ã = ãe−jωat Ã* = ã*ejωat
Axion Phasor

⃗E 1( ⃗r, t) = 1
2 (E1( ⃗r )e−jω1t + E*1 ( ⃗r )ejω1t) = Re [E1(r)e−jω1t]
Cavity Electric Field

Ẽ1( ⃗r, t) = E1( ⃗r )e−jω1t Ẽ*1 ( ⃗r, t) = E*1 ( ⃗r )ejω1t

Cavity Electric Field Phasor

1
μ0

∇ × B̃1 = J̃e1 − jω1ϵ0Ẽ1 + jωagaγγϵ0cÃ ⃗B 0

1
μ0

∇ × B̃*1 = J̃*e1 + jω1ϵ0Ẽ*1 − jωagaγγϵ0cÃ* ⃗B 0,

Ampere’s law in phasor form

∇ × Ẽ1 = jω1B̃1

∇ × Ẽ*1 = − jω1B̃*1 ,

Faraday’s law in phasor form (Abraham)

1
μ0

∇ × ⃗B 1( ⃗r, t)) = ⃗Je1
+ ∂t (ϵ0

⃗E 1( ⃗r, t) − gaγγa( ⃗r, t)ϵ0c ⃗B 0( ⃗r, t))
Ampere’s law in time dependent form



COMPLEX POYNTING VECTOR FOR A DC AXION HALOSCOPE
SEH =

1
2μ0

E1 × B*1 and S*EH =
1

2μ0
E*1 × B1

∇ ⋅ S* =
1

2μ0
∇ ⋅ (E*1 × B1) =

1
2μ0

B1 ⋅ (∇ × E*1 ) −
1

2μ0
E*1 ⋅ (∇ × B1)

∮ j Im (S) ⋅ ̂nds = ∫ ( jω1

2 ( 1
μ0

B*1 ⋅ B1 − ϵ0E1 ⋅ E*1 )

+
jωa

4
ϵ0gaγγc ⃗B 0 ⋅ (ã*E1 + ãE*1 )

−
1
4

(E1 ⋅ J*e1 − E*1 ⋅ Je1))) dτ

∇ ⋅ S =
1

2μ0
∇ ⋅ (E1 × B*1 ) =

1
2μ0

B*1 ⋅ (∇ × E1) −
1

2μ0
E1 ⋅ (∇ × B*1 )

∮ Re (S) ⋅ ̂nds = ∫ ( jωa

4
ϵ0gaγγc ⃗B 0 ⋅ (ã*E1 − ãE*1 ))

−
1
4

(E1 ⋅ J*e1 + E*1 ⋅ Je1)) dτ

Axion power inputCavity Power dissipation
∮ ⟨S⟩ ⋅ dS = −

1
4 ∫ (E1 ⋅ J*e1 + E*1 ⋅ Je1) dτ +

jωaϵ0gaγγ

4 ∫ c ⃗B 0 ⋅ (ã*E1 − ãE*1 ) dτ

Can show
Can show

Pd =
ωaϵ0

2Q ∫ E1 ⋅ E*1 dτ =
ωaU

Q

C1 =
( ∫ ⃗B 0 ⋅ Re(E1) d V)

2

B2
0V1 ∫ E1 ⋅ E*1 d V

P1 = ωaQU1 = g2
aγγ⟨a0⟩2ωaQ1ϵ0c2B2

0V1C1

= g2
aγγ ρaQ1ϵ0c5B2

0V1C1
1

ωa
,

known power output

for a Sikivie Haloscope

Real part of Poynting Theorem
Reactive part of Poynting Theorem

= 0 on resonance

= 0 for closed system

Im(E1) = Tan(δ)Re (E1) = Re (E1)/Q1



CONSIDERATION OF POYNTING VECTOR IN AXION ELECTRODYNAMICS: 

THE ABRAHAM-MINKOWSKI CONTROVERSY

* Poynting vector in Electrodynamics -> Over a century of Controversy, chose  or  in matter ?


* Pfeifer et. al., Momentum of an electromagnetic wave in dielectric media, Reviews of Modern Physics 79(4), 1197-1216 (2007).  -> Addresses 
the Abraham-Minkowski controversy, conclude: both valid depends on system.


* Kinsler et al., Four Poynting theorems, Eur. J. Phys. 30 (2009) 983–993. Enables interpretation of four Poynting vectors and interaction with the 
medium -> choosing the best Poynting vector depend on the medium and experimental set up.


* DJ Griffiths, Resource Letter EM-1: Electromagnetic Momentum, Am. J. Phys. 80, 7 (2012) -> Abraham–Minkowski controversy regarding the 
field momentum in polarizable and magnetizable media: Correct one depends on the detailed nature of the material.

SM =
1

ϵ0μ0
(D × B) SA = (E × H)

Measured by Jones et al, when media does not move

Size of the central maximum in single-slit diffraction



Microscopic Quantum Phenomena

Ensemble of Microscopic Quantum 
Phenomena ->  

Classical Macroscopic Description 

Well known Classical Equations of 
Motion

Low-Mass Axions -> Macroscopic Description similar to a Macroscopic Description of an Electricity Generator 
GENERATING ELECTRICITY FROM DARK MATTER

−
1
2 ∫V

Mi ⋅ H*dv

−
1
2 ∫V

J*i ⋅ Edv

Understanding Electricity Generation



GENERAL FORM OF MAXWELL’S EQUATIONS IN MATTER

Polarization can also be defined 

in free charge voltage source


∇ × ⃗P ≠ 0

Bound Electric and/or Magnetic Current Models?

Bound Charge Voltage Source

Electret 

Permanent Magnet 
→ ∇ × ⃗M ≠ 0

1) Modified Ampere’s Law (mmf generator)

∇ × B = μ0( ⃗Jf + ⃗Jb) ; ⃗Jb = ⃗JP + ⃗JM = ∂t
⃗P + ∇ × ⃗M

ϱP = − ∇ ⋅ ⃗P
Dielectric term

Permanent Magnet 
term

∇ ⋅ ⃗JP = − ∂t ρb
Polarization Current

Model as fictitious bound 
monopole currents

or fictitious bound 

“Ampèrian”currents



Engineers call impressed field


Could label as Fictitious or Pseudo Electric field

ϵ0∇ × ⃗E i

∇ × ⃗D = − ϵ0μ0∂t( ⃗H + ⃗M ) + ∇ × ⃗P = − ϵ0μ0∂t
⃗H − ϵ0 ⃗Jmb

2) Modified Faraday’s Law (emf generator)

⃗Jmb = ⃗JmM + ⃗JmP = μ0∂t
⃗M −

1
ϵ0

∇ × ⃗P

ϱM = − μ0∇ ⋅ ⃗M

∇ ⋅ ⃗JmM = − ∂tϱM
Magnetisation Magnetic Current

Permanent Electret term

(Non-conservative, 

Metastable)



arXiv:0908.1721v4



• EMF per unit length [V/m], is like 
a Fictitious  Electric field


• Does not conform to Maxwell’s 
equations


• Outside Maxwell’s equations


• Engineers call it an Impressed 
Electric Field

Fictitious  Force



VOLTAGE SOURCE

+ . . . . . . . . . .

How to include external forces to Maxwell’s equations?

Ji
m

Via Faraday’s Law

∮ fs ⋅ d l ≠ 0

Ji
m = − ∇ × fS

Surface equivalence principle



ELECTRET VOLTAGE SOURCE

Bulk polarization modifies the boundary Luttinger theorem



Energy harvester



Modern polarisation theory is based on heuristic replacement of the 
position vector, by the -derivative operator: ⃗k ⃗r → i ∇ ⃗k

Thus, Berry phase is considered in momentum space rather that 
position space

Berry Phase

Potentials

⃗E = − ⃗∇ V −
∂ ⃗A
∂t1

ϵ0

⃗P = −
1
ϵ0

⃗∇ × ⃗C + ⃗∇ V

1
ϵ0

⃗D = −
1
ϵ0

⃗∇ × ⃗C −
∂ ⃗A
∂t

⃗B = ⃗∇ × ⃗A − μ0
∂ ⃗C
∂t

Electric Vector Potential⃗C

• Macroscopic description of an underlying 
higher dimensional emergent system.


• Electric Berry Phase in Position Space


• Occurs due to External Impressed Force 
per unit chargeThis model allows the definition of Berry Phase  in position space



gaγγ

• Two-photon transition, interaction Hamiltonian density   :   ℋ = ℋEM + ℋa + ℋint ℋint = ε0cgaγγaE ⋅ B

Axion-Photon Coupling

a
One Axion

Axion Equation of Motion: 
Klein–Gordon equation for 

massive spin 0 particle 

γ0

Two Photons

γ1

∇ × ⃗B 1 = μ0ϵ0∂t
⃗E 1 + μ0 ⃗Je1

∇ × ⃗E 1 = − ∂t
⃗B 1

∇ ⋅ ⃗B 1 = 0

∇ ⋅ ⃗E 1 = ϵ−1
0 ρe1

∇ × ⃗B 0 = μ0ϵ0∂t
⃗E 0 + μ0 ⃗Je0

∇ × ⃗E 0 = − ∂t
⃗B 0

∇ ⋅ ⃗B 0 = 0

∇ ⋅ ⃗E 0 = ϵ−1
0 ρe0

Equation of Motion: 
Maxwell’s Equations 

( □ +
m2

a c2

ℏ2 ) a = − gaγγε0cE ⋅ B

□ = c−2∂t∂t − ∇2

• Axion is predicted to couple to photons, coupling parameter, gaγγ

Axion Coupling to two Photonic Degree of Freedoms Modifies Electrodynamics



a(t) =
1
2 (ãe−jωat + ã*ejωat)

= Re (ãe−jωat)

Axion Equation of Motion:


Klein–Gordon equation 
for massive spin 0 

particle 

Haloscopes
• Axions convert into photons in presence of strong background 

electromagnetic field

∇ ⋅ ⃗E =
ρe

ε0
+ cgaγγ

⃗B . ∇a

∇ × ⃗B −
1
c2

∂t
⃗E =

μ0 ⃗Je − gaγγϵ0c ( ⃗B ∂ta + ∇a × ⃗E )
∇ ⋅ ⃗B = 0
∇ × ⃗E + ∂t

⃗B = 0

Modified Axion Electrodynamics


(Represents two photons) ϵ0∇ ⋅ ⃗E 1 = ρe1 + ρab

1
μ0

∇ × ⃗B 1 − ϵ0∂t
⃗E 1 = ⃗Je1 + ⃗Jab + ⃗Jae

ρab = gaγγϵ0c∇ ⋅ (a(t) ⃗B 0( ⃗r, t))
⃗Jab = − gaγγϵ0c∂t (a(t) ⃗B 0( ⃗r, t))
⃗Jae = − gaγγϵ0c∇ × (a(t) ⃗E 0( ⃗r, t))

∇ ⋅ ⃗Jab = − ∂tρab

Source Terms generate Photons-> 

From background fields mixing with axion

1) Background field 
(subscript zero)


2) Created Photon Field 
(subscript 1)



∇ ⋅ ⃗E =
ρe

ε0
+ cgaγγ

⃗B . ∇a

∇ × ⃗B −
1
c2

∂t
⃗E =

μ0 ⃗Je − gaγγϵ0c ( ⃗B ∂ta + ∇a × ⃗E )
∇ ⋅ ⃗B = 0
∇ × ⃗E + ∂t

⃗B = 0

Modified Axion 
Electrodynamics


(Represents two 
photons)

∇ × ⃗B 0 = μ0ϵ0∂t
⃗E 0 + μ0 ⃗Je0

∇ × ⃗E 0 = − ∂t
⃗B 0

∇ ⋅ ⃗B 0 = 0

∇ ⋅ ⃗E 0 = ϵ−1
0 ρe0

Applied Background Field

Measure Created Photon

Constitutive Relations(in vacuum) 

Photonic Haloscope Equations in terms of Auxiliary Fields

⃗∇ ⋅ ⃗D1 = ρe1

⃗∇ × ⃗E 1 = − ∂t
⃗B 1

⃗∇ ⋅ ⃗B 1 = 0
1
μ0

⃗∇ × ⃗B 1 = ⃗Je1 + ϵ0∂t
⃗E 1 − gaγγϵ0c ⃗B 0∂ta

1
ϵ0

⃗D1 = ⃗E 1 − gaγγca ⃗B 0

∇ ⋅ ( ⃗E 1( ⃗r, t) − gaγγa(t)c ⃗B 0( ⃗r, t)) =
ρe1

ϵ0

∇ × ( ⃗B 1( ⃗r, t) +
gaγγa(t)

c
⃗E 0( ⃗r, t))

−
1
c2

∂t ( ⃗E 1( ⃗r, t) − gaγγa( ⃗r, t)c ⃗B 0( ⃗r, t)) = μ0 ⃗Je1

∇ ⋅ ⃗B 1( ⃗r, t) = 0

∇ × ⃗E 1( ⃗r, t) + ∂t
⃗B 1( ⃗r, t) = 0.

1
ϵ0

∇ × ⃗D1 = − ∂t
⃗B 1 − gaγγc∇ × (a ⃗B 0)

∇a = 0

1
ϵ0

∇ × ⃗D1 = − ∂t
⃗B 1 −

gaγγa
c

∂t
⃗E 0 − gaγγacμ0 ⃗Je0



Eg. Solenoidal DC Magnetic field: Defined by a surface when Experimentλa >

Experiment

1
ϵ0

⃗P 1a = − gaγγa(t)c ⃗B DC( ⃗r, t)
1
ϵ0

∇ × ⃗P a1 = − gaγγa(t)cμ0 ⃗J DC

Like an Electric Polarization with non-zero Curl: 

Extra surface term in the solution to the equation of motion

This surface cannot go to infinity due to the solenoidal nature of a DC magnetic field

Assuming the total derivative is zero also assumes all surfaces go to infinity 

Polarization generated by axion induced fictitious magnetic current boundary -> similar to 
an electret or voltage source : Has an Electric Vector Potential!  

1
ϵ0

⃗D1 = ⃗E 1 − gaγγca ⃗B DC

λa

2

⃗Ji
DC



Capacitor under DC Magnetic Field: Quasi-static limit

Rc
+q̃1

⃗B 0 = B0 ̂z
Ã Ẽ1 B̃1 Ẽ1

B̃1

−q̃1
Rc

dc

Rc
rw

3

1

2

rw

Rc

∮ j Im (SEH) ⋅ ̂nds = jωa ∫ ( 1
2μ0

B*1 ⋅ B1 −
ϵ0

2
E*1 ⋅ E1 +

ϵ0

2
gaγγa0c ⃗B 0 ⋅ Re(E1)) dV

∮ j Im (SDB) ⋅ ̂nds = jωa ∫ ( 1
2μ0

B*1 ⋅ B1 −
ϵ0

2
E*1 ⋅ E1 + ϵ0gaγγa0c ⃗B 0 ⋅ Re(E1) −

ϵ0g2
aγγa2

0c2

2
⃗B 0 ⋅ ⃗B 0) dV

E1 =
q̃1

πR2
c ϵ0

̂z B1 = − jωaμ0q̃1
r

πR2
c

̂θ

First order: Ignore fringing

Um

Ue
=

∫
Vc

B1 ⋅ B*1 dV

ϵ0μ0 ∫
Vc

E1 ⋅ E*1 dV
=

R2
c ω2

a

8c2
=

π2R2
c

2λ2
a

To First order: Real part of Poynting Theorem : Reactive part of Poynting Theorem= 0 ≠ 0

Sensitivity assuming the Modified Abraham Poynting Vector

Sensitivity assuming the Modified Minkowski Poynting Vector

∇ × ⃗E 1 = − ∂t
⃗B 1

∇ × ⃗D1 = ϵ0∇ × ⃗E 1 − gaγγϵ0c∇ × (a ⃗B 0) = − ϵ0(∂t
⃗B 1 + gaγγa(t)μ0c ⃗Je0)

𝒱rms = gaγγ⟨a0⟩cB0dc( π Rc

2λa
)

2
= gaγγdc

c
ωa

B0 ρac3( π Rc

2λa
)

2 𝒱rms = gaγγ⟨a0⟩cB0dc = gaγγdc
c

ωa
B0 ρac3

jPa = ∮ j Im (SEH) ⋅ ̂n ds =
jωagaγγa0ϵ0c

2 ∫ ( ⃗B 0 ⋅ Re(E1)) π2r2

λ2
a

dV

Pa = ωaUc, where Uc = g2
aγγ⟨a0⟩2ϵ0c2B2

0V1( π2Rc2

2λ2
a

)
2

Uc =
1
2

𝒱̃𝒱̃*Ca (Ca =
πR2

c ϵ0

dc
)

jPa = ∮ j Im (SDB) ⋅ ̂nds ≈ − jωa ∫ (
ϵ0g2

aγγa 2
0 c2

2
⃗B 0 ⋅ ⃗B 0) dV

Uc = g2
aγγ⟨a0⟩2ϵ0c2B2

0V1

∮ j Im (SDB) ⋅ ̂nds ≈ − jωa ∫ (
ϵ0g2

aγγa2
0c2

2
⃗B 0 ⋅ ⃗B 0) dV



∮ ⟨ ⃗S⟩ ⋅ dS = −
1
4 ∫ (E1 ⋅ J*e1 + E*1 ⋅ Je1) dτ +

1
4 ∫ c ⃗B 0 ⋅ (gaγγãJ*e1 + gaγγã*Je1) dτ − ∫

1
4

gaγγ ⃗Je0 ⋅ (ãcB*1 + ã*cB1) dτ

a(t) = a0 sin(ωat)

+

-
+

-
+- +

-
+

-

t
+-

t = 0

⃗Jab( ⃗r, t) =

ϵ0
∂ ⃗E 1a( ⃗r, t)

∂t
⃗E 1a( ⃗r, t) =

−gaγγ(a(t)c ⃗B 0( ⃗r ))

⃗Jm1a

xa(ma)

⃗B 0( ⃗r )

⃗Je0
−gaγγ

-> Creates Electromagnetic Energy at ωa

Electric Action of the Axion, a(t), mixing with ⃗B 0

γ0 γ1

⃗E 1a
A fictitious Electric Field



Increase Sensitivty by Increasing Topology: Toroidal Magnet
Toroidal Magnet

Static External Fields
⃗∇ ⋅ ⃗B DC( ⃗r ) = 0 ⃗∇ × ⃗B DC( ⃗r ) = μ0 ⃗Ji

DC

Axion Induced Fields Topological Readout

BDC = μ0NlIi
DC Tor

Ii
fDC enc = NIi

DC Tor = 2πr
BDC

μ0

N = 2πrNl

Va Tor = gaγγa0cBDC2πrNc sin(ωat)

VRMS
a Tor = gaγγ2πrNc( c

ωa
)BDC ρDMc3

Nc No. of turns of pickup coil

⃗E i
aB = − gaγγa0cBDC sin(ωat) ̂θ

ℰ = ∮P

⃗E i
aB ⋅ d ⃗l

ℰ = − Ii
ma enc = − gaγγa0cBDC2πr sin(ωat)



• Axion Modified Abraham Poynting theorem is consistent with the 
total derivative being zero: Ignores 


•  To be true it is well known that all surface terms  as 


• Minkowski Poynting theorem identifies surface terms  as



• Fictitious Magnetic Current Boundary Term: Similar to an Electret or 
Voltage Source 


• Macroscopic emergent description of the QCD axion-photon 
anomaly (which microscopically is a quantum effect)


• Abraham or Minkowski? Should be determined experimentally -> 
Analogies with ED suggest Minkowski is Correct 

−gaγγc∇ × (a ⃗B 0) ≠ 0

→ 0 λa → ∞

≠ 0
λa → ∞



Curl Force Electret-> Curl Force

Electric Vector Potential

∇ × ⃗D = − ϵ0μ0∂t( ⃗B ) + ∇ × ⃗P

Curl Force in Axions Electrodynamics

⃗B 0( ⃗r ) =
μ0

4π ∫Ω

⃗∇ × ⃗J i
DC ( ⃗r′￼)

⃗r − ⃗r′￼
d3 ⃗r′￼

⃗E a1( ⃗r, t) = − gaγγa(t)c ⃗B 0( ⃗r )

Fictitious Electric field

= −
1

4π ∫Ω

⃗∇ × ⃗J i
ma ( ⃗r′￼, t)
⃗r − ⃗r′￼

d3 ⃗r′￼

⃗Jm1a = gaγγa(t)μ0c ⃗Je0

1
ϵ0

∇ × ⃗D1 = ∇ × ⃗E 1 − gaγγc∇ × (a ⃗B 0) = − (∂t
⃗B 1 + gaγγa(t)cμ0 ⃗Je0)

Axion Modified Faraday’s Law

Magnetic Vector Potential generates a Conservative Force -> Not a non-conservative Curl force 



Fermions Come in Two Chiralities, 
Called Left and Right. Bosons Do Not



Anyon Cavity

2p symmetries: p rotational + p reflection 
Rotation by 2π/p preserves the object

Anyon

x
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v

x
yz

a b
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v
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2 3

✓

l

3l

x
y z

ψn = eiθψn+1

Z ∈ ± ℤ
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y

v

x
yz

a b

R

v
1

2 3

✓

l

3l

x
y z

ψn = eiθψn+1

θ = (2π/p)Z

θ ∈ ℝ

Torus

ψn
ψn+1

ψn = ψn+1
ψn = ψn+N

Boson

θ = 0

S1 S2

Möbius

ψn
ψn+1

ψn = − ψn+1
ψn = ψn+2N

Fermion

θ = ± π

S1
S2

D3 D4 D5 D6

Dihedral group of regular convex polygons: Dp

S1

S2

S3



3D Printed Super Conducting Aluminium Cavities
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ℋp =
2 Im[ ∫ Bp( ⃗r ) ⋅ E*p ( ⃗r ) dτ]

∫ Ep( ⃗r ) ⋅ E*p ( ⃗r ) dτ ∫ Bp( ⃗r ) ⋅ B*p ( ⃗r ) dτ
,



Helicity of light plays an important part 
in the coupling between electromagnetic 

fields and chiral objects


Axion is a Chiral Object

Optical chirality: Twisted light 

optical vortex beams

Circularly polarized light

ℋp =
2 Im[ ∫ Bp( ⃗r ) ⋅ E*p ( ⃗r ) dτ]

∫ Ep( ⃗r ) ⋅ E*p ( ⃗r ) dτ ∫ Bp( ⃗r ) ⋅ B*p ( ⃗r ) dτ
,
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|ℋ | (gaγγ + gaBB)Sensitivity ~



∮ Re (S) ⋅ ̂n d s =
jωaϵ0cgaγγ 2⟨a0⟩

4 ∫ (E1 ⋅ B*0 − E*1 ⋅ B0) dτ +
jωaϵ0cgαBB 2⟨a0⟩

4 ∫ (B*1 ⋅ E0 − B1 ⋅ E*0 ) dτ

+
jωagαAB 2⟨a0⟩

4μ0 ∫ (B1 ⋅ B*0 − B*1 ⋅ B0) dτ +
jωagαABϵ0 2⟨a0⟩

4 ∫ (E*1 ⋅ E0 − E1 ⋅ E*0 ) dτ

−
1
4 ∫ (E1 ⋅ J*e1 + E*1 ⋅ Je1) dτ

∮ Re (S) ⋅ ̂nds =
jωaϵ0cgaγγ

4 ∫ (E1 ⋅ ã* ⃗B 0 − E*1 ⋅ ã ⃗B 0) dτ

+
jωagαAB

4μ0 ∫ (B1 ⋅ ã* ⃗B 0 − B*1 ⋅ ã ⃗B 0) dτ

−
1
4 ∫ (E1 ⋅ J*e1 + E*1 ⋅ Je1) dτ

Constant DC Background Magnetic field

∫ (B1 ⋅ ã* ⃗B 0 − B*1 ⋅ ã ⃗B 0) dτ = 0

in constant magnetic field, 

needs a gradient field to be non zero

gαAB ∼ gϕγγ



THE END

THE 


TEAM QD


