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OUTLINE

1) | 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



Photons (Electromagnetic) vs Phonons (Acoustic)

BAW Cavities

Lumped Cistributed Cavities

AFPPLIED PHYSICS LETTERS T, 2135041 (2012)

Scientific Reports Vol. 3,2132 (2013)

Miccnanical Systems
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Lorentz Invariance Tests With BAW Oscillators

Acoustic Tests of Lorentz Symmetry Using Quartz Oscillators

Anthony Lo Philipp Hiaslinger, Fli Mizrachi Low Andereqg, Holger Maller, Michae Hohensee, Maxim Goryachey,
and Michaal E. Tobar

Phys. Rev. X 6. 01101€ = Pub Ished 24 Feoruary 2016
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Quantum Gravity

Testing the generalized uncertainty principle with macroscopic
mechanical oscillators and pendulums

P. A. Bushev, J. Bourhill, M. Goryachev, N. Kukharchyk, E. Ivanov, S. Galliou, M. E. Tobar, and S. Danilishin
Phys. Rev. D 100, 066020 - Published 20 September 2019
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Bulk Acoustic Wave High-Frequency GW Detectors
(A Resonant-Mass Detector)
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Recent Experiment: First Detection, unlikely! Or not?

PHYSICAL REVIEW LETTERS 127, 071102 (2021)

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

Maxim Goryachev,! William M. Campbell®.' Ik Siong Heng @, Seige Galliou
Eugene N. Ivanov,' and Michacl h. Tobar
ARC Centre of Excellence for Engineered Quantum Svstems, ARC Centre of Excellence for Dark Maiter FParticle Physics,
Department of Physics, University of Western Austrolia, 35 Stirling Highway, Crawley, Western Ausiralia 6009, Austrlia
*SUPA, School of Physics and Astronomy, University of Glasgow, Glasgow. Scotland G12 8QQ, United Kingdom
‘Department of Time and Freguency. FEMTO-ST Institute, ENSMM, 26 Chemin de ' Epitaphe, 25000 Besancon, 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, HFGW sources, domain walls, WIMPs, dark matter



https://arxiv.org/abs/2102.05859

Recent Experiment

Control and Signal Processing Cryogenic Part

digital downconversion

34K cryocooler
SQUID electronics

Two standalone lockin amplifiers

Two Signal generators De"ﬁ('d "l‘._’_tor
Locked to an H-maser Analog In \. low Pace Aralog Dut
Temperature controller Milter

SQUID control
Python data logging
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Recent Experiment 2153 days of observation

Evert 2

Waveform Generators  Lock-In Amplifiers
H-maser X quadrature

reference " ‘v- ® 1] + ¥ Y quadrature
- .. ' N s 05 v e g—

< guadmturc
' quadrature
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| | | 1 |
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RUN1
Modae 1: 5C - 8.392 MHz

Mode 2: 3B - 5.506 MMz

Run 1-X 5C|] Run 2-X, 3C |3
Run 1-Y, 5C . — Run2-Y, 3C |3
Run1=X 3R o — Run2?=% 3R
Runl=Y, 30 ' Runz=Y.3B

Vaccuum

Vaccuum Nb shield
Nb shield

\
FIG. 1. Expenimental setup showing BAW cavity connected to
SQUID amphtier and shielaing armangement. Note that 4 and
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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 scparate data acquisition periods for two runs.
Arrows poinl o the dales ol lwo observed evenls.
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FIG. 4. Time series traces for two event signals detected by
system. Each plot shows two quadratures for each modes. Also
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10 s of data around the event (black). It 1s clear from this plot that
the overwhelming majority of non-Ganssian antliers is duc 0

these signals.

YN . A 1o
x;‘w;[@-y_-m(‘—w 12 hoE

(i)* + r;'im + w*

ARC CENTRE OF EXCELLENCE FOR @




Introducing: the Multimode Acoustic Gravitational wave Experiment (MAGE)

., MAGE

Multimaode Acoustic Bravilationa

Weaye Exzeriment

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?

T =15mK
[
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e Current status, waiting for second FPGA DAQ
e 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 -
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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. Pl 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 Technigque (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



Axion Haloscope Dark Matter
Experiments at UWA

3 Dilution Fridges

14T, 7T and 3T
Magnets

Network Analysers and
components from rf to
100 GHz




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




Cryogenic Sapphire =
Oscillators (CSO) =N

1989-Now

rmle] myohereSdarrs
0 Rorad, 2 L Sorane oud ¥ 2 Tober

LANTEIN
B

Precision Frequency

Products and Services

Lyvehek Mg L ddanvebgn sxls el tie ot swnaasvan: Higy 2uddity tolen o o ndediine
<6f> ( ] usra v resd 1w s beat gcdle

v # .

- o ‘.- . e i o
- | '('-J_-l_) Jonne

Amed (6 2 wWhipering sy ouds ol wsoe e el
ekl applire onda. Crymchockds oryodagubin to
W M e e fospwew g o il thot oo srs

eixmds doth atgnds ran Ve Xderd

10-16

1 10 100 1000 Koy lectires and bensfils

v Wl woadiong e e Lo mivier phae iniae
Mo pde s <z dBoliz g Cllzisenl « o0

Avaeraaina fimae 7: 1R Lo MK & 0 W2 e




ar <1V > hop-pk > arXiv:2208 01640 _
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Cavity Modes with non-zero Helicity:
Couple to Ultra-Light Axions

High Farrgy Fhysics < Phonamenology

Twisted Anyon Cavity Resonators with Bulk Modes of Chiral Symmetry and Sensitivity to Ultra-Light
Axion Dark Matter — s
J. F. Bourhil, E C |. Pamsrson, M. Ceryachev, M. E. Tobar % 2 Im[ I Bp(r ) : E;f(r) dT]

In this work, we lwvent the Anyon Caviy Resorater. The resinaior s based on twsted rollow sructures, which dlow select resonant modes ‘0 echibit son-zew helicty. Depending P

— .
on he Cross-wecion of 1 avlly, the modes have more gererdl symmetsy than what has Been studied Before. Far example, with 10 Wis, the mode isthe form of a 30500, whie E =1 E* = d B = B* = d
D r)- D r T D r)- D r T

with a 1507 twist the synmecry IS 1 tre form of 2 fermien. ae Phow that the Jeneraly swvised "esonyor 5 ir the form of 2y anyoe. e non-2e/0 Pehcity ouples the mode 1o

Aniong, aodd we show b Bee wpconver 3o ik the wode Coupies 10 whra-lighe aciom withan the Bandwidh of the resoraton, Twe coupliog adds mnplitede modulated sidebund:

anc allows 2 dmgle 1ensthe way to tearces for ukra-light adcnac uting orly 3 cirgle mede within the “sccnator’s bardwidth

Comparing Instrument Spectral Sensitivity of Dissimilar Electromagnetic Haloscopes el\VER] 1]
to Axion Dark Matter and High Frequency Gravitational Waves Sensitivity

Searching for Low-Mass Axions using Upconversion

UPLOAD

Catriona A, Thomson.” Maxim Gorsyachev, Ben T, MeAllister, Eugene N. Ivanov. and Michael E. Tobar! New Results: Power and Frequency

ARC Centre of Foeellcviee for Engineered Quanduam Sypstems anad A RO Oentre of Maoclienee for Dark Malter Particle Phisies,
Diepuvtpenl of Phagsres, TMuevrsaly of Weslern Awsionles,
JE Stirhng Highwey, Cra VA 609, Ausiralia.
(Dated: July 29, 2022)

SCIENCE ADVANCES | RESEARCH ARTICLE

PHYSICS

Direct search for dark matter axions excluding ALP ORGAN

cogenesis inthe 63- to 67-peV range with the
ORGAN experiment

Aaron Quiskamp'*, Ben T, McAllister '+, Paul Altin®, Eugene N, Ivanov’,
Maxim Goryachev', Michael E. Tobar'*




Resonant Haloscopes: Calculate Systematic
way to Calculate Sensitivity
Observable is Power: Real Part of Complex
Poynting Theorem: Impedance Match

PHYSICAL REVIEW D 1035, 045009 (2022)

Poynting vector controversy in axion modified electrodynamics

Michuel E. Tobar®,” Ben T. McAllister, and Maxim Goryachev Reactive Haloscope: Broadband Observable
ARC Centre -‘.'," Ixcellence ,':"." l:.‘.'.'g‘.:i.'c".‘"ﬁ':‘l' {?x!..‘.’lm‘.'.‘l Svstems and ARC Centre o Lxcellence f~;l." Dark Current/Flux or Voltage: Reactive Part of

Matice Particle Physics, Depactimeat af Phesics, University of Western Ausivalia

35 Suicting Highvoy, Crawtey, Westeen Australia 6009, Ausirali Poynting Theorem: Impedance Mismatch

M  (Received 9 Septemhber 20121: accepred 28 lanuary 2022: pubbshed 15 Fehruary 2022)
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Broadband electr calaction sensing techniques with conducting wires
for low-mass dark matter axion detection S
Michael E. Todar °, Ben T. McARister, Maxim Goryachev

WX Covtor of Locollonce | Quant Dvy f Mopuicx, University of Woatern dantrolin

Modified axion electrodynamics as impressed electromagnetic sources
through oscillating background polarization and magnetization =

Michael E. Tobar ', Ben 1, McAllister, Maxim Goryachev
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DC Magnetic Haloscopes

Middle Mass: Resonant Cavity High Mass: Propagating

Low Mass: Lumped Element Reactive and Dissipative ,
Reactive 300 MHz 30 GHz . Hz
>
Ay > dyy 1.25 % 10 Ay ~ oy 125x 10 2, <d,, m,ev
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Resonator Measurement' Impedance match; set coupling =1; Take Photons from Source

. - V-l Phase Relationship and Vector Diagram
a Coupllng r il LN 7 AR
: C Circuit : N—
. L . D
1

= = 2
: : . Impedance 2 Yo
Source ; 5 Resonator : Match ; Real Power Measurement, Absorbs Energy: P, = [;R, = R
...................................................... A Copacitor Phasor Disgran
. . . SH e TS i
ZLl < Jwacl . | : ‘ - ’ | -
I I 7zl TouCh | N -\/\ - ’ .
Load V 1 VvV rms . ) i “ v, /\ 5 \ / —
oa a Load . ‘ 3 \ \)/ /
Impedance: ! Source : — Impedance§ - | N
 Capacitor | I Mismateh: <t LTERINRLLD Mismateh e e T

Reactive Power Measurement, Does Not Absorb Energy:

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

Energy oscillates between Source and Capacitor

Right eg. Capacitive coupled High Impedance Ampilifier (Voltage) Do not destroy photons

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)

Do Not Alter Equations of Motion



REMEMBERING POYNTING THEOREM

» 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, §(t)[W/m2]

Instantaneous Poynting vector in vacuum

S e et ) (Ele—fwlf + E;kefwﬂ> e (Ble-fwlf & B;kefwﬂ)
Ho 2 21

1 I 3

=—Re(E1 xBT) +—Re (E, x B, e7201),
2 2

T

o | 2H0 2 2

Sos IR X 1= (=1 | i 1 :
Sy == Sivdr == —Re(Ele1>+—Re(Elele ) dt:—Re<E1xB1>
0

Complex Poynting vector in vacuum Combing the Poynting vector with

* The corresponding phasor form of the Poynting vector Maxwell's Equations >

1 1 Leads to Poynting Theorem
2 2

1 . I 1) Instant Poynting Th
Re (S;) =5(SI+S;'<) and jIm (S,) =5(51—Sf). ) nstantaneous Poynting Theorem

2) Complex Poynting Theorem

Time Average Power Reactive Power




e INTHE TIME DOMAIN THE POYNTING VECTOR, §1(t), 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,

1 1
2—E1><B;k and ST=2—E;’<XB1, WHICH ENABLES ONE TO DISTINGUISH BETWEEN REAL
Ho Ho

1
POWER FLOW (WATTS) Re (S;) = =(S; +S*) AND REACTIVE POWER FLOW (VARS)
1 5 1 1

, 1
jIm (S,) = ~(51 =8,

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




COMPLEX'POYNTING THEOREM: CIRCUITS/ANTENNAS

ADVANCED ENGINEERING Combine complex Poynting vector with complex Maxwell’s Equations
ELECTRO_MAGNET'CS ﬂ V.(,F x H)do = ﬂ 'F. x H). dx

Here Balanis uses M as magnetic current

- ! ¥, . N b du
Constantine A. Balanis 3 ﬂ (HTM; | E-)]) de

[ [ e S [ Ny
Even though magnetic sources do not exist, they can be engineered ,f, o F7du 420 [ﬂv (zitlH|" — z#|F )l
Model of Current and Voltage Source

ar
—] 1 i rasi - » I ff L
. , (M | B dv = f§ Qb x HY)-ds | ) ’ o " dv
« JJJSIV JJv
[f 4u|H| - e E| Vdv (1-76)
(a) ®) . .
Figure 1.5 Electrc iC Teprt ion of independent circuit sources. (a) Current generator (im- Wthll can IK: wrillen ax
pressed electric current filament); (b) Voltage generator (impressed magnetic current loop). P! —_ P(' I P d J" zw‘:wm W(:l {1__76“}
ntegral where
EQuation
Methoos P, =—= /f (H™ M, 4+ E-J)dv = supplied comples power (W) (1-76h)
Eecirniomagretics
P, ﬂ -E % ) ds cxitung complex power (W) {1-76¢)
5 ’/[ :z'[l-ll2 dv  dissipatcd rcal power (W) (1-76d)
< My
L HIEdv  time. ctic cacray O (1-76¢)
Leclures on [f [ z#|H|*dv  umc-avcrage magnetic cnergy (J) (1-76c)
Electromagnertic Field ‘Theory
[{[ 4cllzl‘dv = lime-average electric energy (J) (1-764)
Wexe Cno UH2w!

ALl 20U PORDUE O NIERE Y




AXION ELECTRODYNAMICS IN HARMONIC PHASOR FORM
DC BACKGROUND FIELD

Cavity Electric Field

E (7 1) = % (E,(Fe™7" + E#(F)e/") = Re [E,(r)e 7]

Axion Scalar Field
1 )8 .9 - 5 u e
a(t) == (ae Jl 4 a*ef“’at) = Re (ae J“)at)

Axion Phasor

A= Gell9il L AX = Ghe/Pd

Ampere’s law in time dependent form

1 B = = = Lo - = =
VX B\(F0) =T, +9 (eOEl(r, ) — g, a(F, Dec BT, t))
0

Cavity Electric Field Phasor

E\(7,0) = E\(F)e7  EX(F 1) = E¥(F)e/®!

Ampere’s law in phasor form

1 i 14 L i LN
—V X Bl - Jel —]a)1€OE1 +]a) €OCAB0

Ho
1 Bk — T* 4 R [;
M_ov XBT =J* +jo kT — jo

a8ayy

~*—>
agaweocA B,

Faraday’s law in phasor form (Abraham)
E- N A P
VXE¥ = —joBY,




COMPLEX POYNTING VECTOR FOR A DC AXION HALOSCOPE

4444400 o | 1
(54 3 Sgn = —E; x B} and S}, = ——E¢ x B,

1 Ho | Ho i
V- S=—V-(E,XB¥*)=—B*.(VXE,)) ——E, - (VXB*
"
TMy n0 V:-S*=—V. (EfXB)=—B,-(VXEF)——E¥ - (VXB))
2 2t 244
Im(E,) = Tan(6)Re (E,) = Re (E,)/Q,

Can show
Can show
Reactive part of Poynting Theorem
Real part of Poynting Theorem .
Jjop 1

ﬂEj Im (S) - Ads = J(T(ﬂ—OBT -B; — E; - E¥)

Byt

RE (Sl figh ool e B. - G*E, — GE*
e( )I’l = (TGOga}/yC O'(a 1 —4d 1))

ja)a Y = L
(B )) de 70 i, S o
4 9 &

1
(BT B 1,) d

= 0 on resonance

Ja)aeogay;/

1 £ 2 ] ) 2 22
ﬂg<s> .dS = — ZJ(E1 PN +EF-T,)) do JCBO - (@*E; — aE¥) dr Py = 0,00, = gaplaor @i6oc BeVi Gy

1
L L - 2 | = g2 SB2V.C,—
Cavity Power dissipation Axion power input = : 8arrPai€0" By Vi |
(/B Recky) aV) known power output

= C =
O for closed system ! B2V, [E,-E# dV

for a Sikivie Haloscope



CONSIDERATION OF POYNTING VECTOR IN AXION ELECTRODYNAMICS:
THE ABRAHAM-MINKOWSKI CONTROVERSY

(DxB)orS, =(ExH) in matter ?

Poynting vector in Electrodynamics -> Over a century of Controversy, chose S, =
€oHo

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.

VIL MOMENTUM OF PHOTONS | . .
3 A |
Pl — Prinere T | 84 d'r — Paanenizat — I gl | n At [Abl‘a‘th&lm3

) ' AT =< | _

Py — l I ,_ ) (A_hruh;"") '_ A(j (qullkO“'Skl"
¢ . . . . . . . i
=g y Size of the central maximum in single-slit diffraction

My = |' — | (Minkowski )

Measured by Jones et al, when media does not move



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

Microscopic Quantum Phen

-y - AV, = - LWV, -

- - ‘Qﬁf‘.’\ﬁ.\'\l‘: - yf‘.’\ﬁf\'\}‘.
=r = W = = WA, -

-r - AV, - g - AUV NUDA
IS <

i i

- - SV, - g - VAV, - F

.

i i

=-r

- -
o

omena

- VUV,

:

- W:‘-M;\N\‘
- VUV,

:

- ;V‘.".'V'fs'\l\

(2] arXiv:-2109.04056 [paf, other)

Abraham and Minkowski Poynting vector controversy in axion modified electrodynamics

Michael £ Tobar, Ben T McAllister, Maxim Goryachey
Comments: Typos Axed, more references added

Subjects: High Energy Physics « Phenomenclogy (hep-ph), Instrumestation asd Methods for Astrophyiics Lastro-ph g, Ceneral Relativity and Quantum Cosmology
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Ensemble of Microscopic Quantum
Phenomena ->
Classical Macroscopic Description

Well known Classical Equations of
Motion

Raymond Y. Chiao
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Understanding Electricity Generation

Electrodynamics of Free- and Bound-Charge Electricity Generators Using
Impressed Sonrces

Michee I Tabar® " Hen T. VicARister, ané Maxim Goryachey
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Active Electric Dipole Energy Sources: Transducticn via Electric Scalar and Vector Potentials
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GENERAL FORM OF MAXWELL’'S EQUATIONS IN MATTER

Permanent Magnet

Bound Electric and/or Magnetic Current Models? PEYSICAL REVIEW APPLIED 15,9107 @021,

—_—
- VXM#OQO
- Edectrody samics of Free und Buumd-Charge Edeclricily Generalors Using
1) Modified Ampere’s Law (mmf generator) O mpremed Soureas o rom T

Michasl B Toter®.” en I Mz Tister. yad 2o Goonchey
ART Comrmy of Exvedeccn o Sogivemwea (oo Syrrrour and ARC Conwr of Excuileonce G Lard Monw
Stk s R o Sporteast oo Do O o Bosery dwavodee 1 Mg e ey hesteon
Ansirahs G2 Sweirahs

™ Favorvol 12 Ouwce: 200, seaptad 1] Deocmra 2005 puddnbel 6 Januay 22 )

QPZ—V'F‘_’ V'jpz_azpb/ /

Polarization Current Permanent Magnet
term

Bound Charge Voltage Source

) ) Electret
Dielectric term

2) Modified Faraday's Law (emf generator)

1 E _’;7 = €0€r_’i D= €0€r(E+ EIb)
Tty = Tt + T = o0 M = €—0V ¥y Model as fictitious bound Polarization can also be defined
e T monopole currents in free charge voltage source
O = 'MO\ Permanent Electret term or fictitious bound V X ﬁ’ £0
T =~ (Non-conservative, " X ian
N e ="00.0% Ampérian”currents
- 4 Metastable)

Magnetisation Magnetic Current £V X F

0 i

Engineers call impressed field
Could label as Fictitious or Pseudo Electric field




D~ Panl Kinslerfshysice . arg
‘ .
EMCON4 Four Poyating theorems bitp: /Suwe konsler cxg/phvs_ca/

Four 'ovnting theorems

el Kirsler,” Alherta Favire, and Martin W. McCall
Riaveent Fabwoamry, Dupesial Coilepe, Privce Cansor! Band Tondan SWT 247, United Kingamwu.
(Dated: November 9, 200e)

Lo Puyolamg voclur s an tracuaole wol los woaly sy coectreawgmtic probleans. Howeser, sien
slress snergs ecsur approcct cun st Jeave us wilh e quasion: s et dela
electromagnesic traatments amvide yer arather perspective: hey mepar gas the approart e Hedfiniti
hezaues F and 77 are taken to he the furdamenta) electron agnatic fields. The asnds raader will aver matice the
lourlh possible vmbielea ol lwlds: e Faved walle Loy deverss schoecbon, we have decided Lo ezl
cach puoxible Hux veelee oo obs auwanils, denving ibs wsocasod cocegy coatnudy cyuation sul applyog weans:l
restrictions b the a'lowerd Fo<t media. We then discnss exch farm, and how it represents the respanse of the
eadiom. Fmally, o &nve & aronagatidn squation for ¢ach dux »eotor using & dirscixcral fickds approsch. a
usciol result whish enakles Junksr merpretation of Sach Lux aad 1ns Ineracnon 'With e mediam.

el ;i thawe W UNSS IR .
/ wnL.sk::m’ an }:.ur. A Phys, 30, 983 |zm:y,. ) ) aI'XIVZO908 1721V4

Thie ar¥iv version hac updarse not presans in rhe puhlicked version.

(. MAXWELL'S EQU@

Muzwell's cyuaiums lor Uw cloeloe licld £ wel prgucte beld £
in a medinm are

= | 1
VE- l‘.*.m ' -’51‘1"

VR0
v .\'ZR - v."-ﬁ
VB — fhidnt fidy 1 etk R,

whore (P, e) ued (P Jd7) woe wespecuncly e bowd and Irec
(charze current) densities As an altzrnative. we can cefins an rlec

tric pa‘arization P and magnatization M and

=Pi; I VoA

T'hese allow us o rewrnite Maxwell's equations 25

This K, appears in the same place as a monopole current would if
such were allowed; gy, is the bound ma.gnetlc pole density. Note that
K,, and @, are merely a way of representing the (local) materizl re-
sponse: we arz not claiming that some process actually gznerates true
megnelic monopoles iiside the material [14]: . Strctly speaking, this
15 also true of the bound clectric charge and its currents — they arc a
mccharism uscd solcly to represent the schaviodr of the medium.

Further, and just as for the ficticious bound electric charge density,
the ficticious bound mconodole density necessarily integraes to zero
over all space. Thus the material response coulc. in principle, be
re-reprasenied as magnatic dipoles instead of monopoles.




Electromotive force

From Wikipedia, the free encyclopedia

Not to be confused with Electromagnetic field.

In electromagnetism and electronics, electromotive force (emf,
denoted £ and measured in volts)l!! is the electrical action

praduced by a non-electrical source.2] Devices (knawn as

transducers) provide an emfl3! by converting other forms of

energy into electrical energy,® such as(batteries)

chemical energy) owhich convert mechanical

energy).[?] Sometimes an analogy to water pressure is used to

describe electromotive force.l*! (The word "force" in this case is
not used to mean forces of interaction between bodies).

Fictitious Force

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




VOLTAGE SOURCE

Chapter 7 7.1.2  Electromotive Force [ * u

The upshot ol all this is that there are really /o forces invalved in drivin g current around

a circull: Lthe sonrce, fy, which is erdinarily confined 1o one porlion of the loop (a battery,

say ), and the efectrostaric force, which serves to smaoth out the low and communicate the
influence of the source to distant parts of the circuit: .

E = %f-dl—%f, 7

=", +F. (7.8)

The physical agency responsible for f; can be any one of many different thin gs: in a battery
it’s a chemical (orce; In a plezoelectric crystal mechanical pressure is converted mto an

7 +

\E+vx B| def

NTRODUCTION TO Y D\ -
E"E?.’;?.QZ?{J.Z‘" CJ;fS -dl#0 § y Effective chemical forces - d
J i > v 1 .
m . § Effective thermal forces - dé€ ,
J:n = -V X fS q o
Via Faraday’s Law
kL U// ..........

Surface equivalence principle How to include external forces to Maxwell’s equations?



ELECTRET VOLTAGE SOURCE

CLECTRIC POLARIZATION AS A NONQIUJANTIZLED ...

D=P B =2:D
p— — — /: -
E Z = €0€r Z = €0€r(E =+ E;’) % ib |
e
+ + 4 + .
L 7 EM Dual A
Bulk polarization modifies the boundary Luttinger theorem ki ) \ 0. = 2P
+ — '48 — e
PHYSICAL REVIEW RESEARCH 3, 023011 (2021) / =T

FIG. 2 The semiclassical picruce relates projective representa-

Flectric polarization as a nonquantized topological response and boundary Luttinger theorem tiea of monopales to polarizaton by clectromagnetic duality taat
R ) exchomges magnetic monoprds and & satric charge. The & satric dis

Xue-Yang Song @, Yia-Clen Heo.” Ashivia Vishwanath,' asd Cheag Warg® placerment ficd Jdefl) D =P 3 muppad w mugoetic fdd {right)

" Depneramest of Piyeics, Harware University, Combrider. Mussacinyeis 03125, USA B = 2w and b menopole 1 &n electric charpe. Ths Ahamnom-

CPenimetar droehase poe Tieareiical Phueio, Weavelovo, e N20. 28, oy Bolun (AB) pliase 6,p, ez by e electric chage is proporiond

magazie fele right), heass the monapale Borry phr:e proporucnal

M Mool 22 Fehruwry 2027 scoqkal 5 Mareh 2000, poblishal 2 Apnl 200210 o di‘;phl'ﬂhfﬂl field (left)

PIIYSICAL REVIEW RESCARCII 3, 023011 (2021)
TABLE 1. Polarization density P is related to the properties of APPENDIX C: POLARIZATION AND UTHER
the moncpoles in dimensions d 1, 2,3, TOPFPOLOGICAL QUANTITIES

Moncpole property Polarzation O
—

1 Berry phise D=Ll
2D Momentum k., =2xTxP _,) E . B, (C ] )
3D Projective momentemn 7, T'IT - expli2me i) 4 -

We summunize the connection between bulk polancation ;
and manopole (instanton) properties i o = 1.2, 5 i Table I A P - 4 5 B- (C 2)
+TT
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An electret microphone is a type of electrostalic capaciior-basad microphane, which eliminates the need for ———— &S] l ) ”l'_l J l

a polarizing power supply by using a parmanenily chargad matenal.

Mechanical energy ™ Electric energy



Berry Phase

Modern polarisation theory is based on heuristic replacement of the
position vector, by the k-derivative operator: 7 — i V;

d r(i\" > physics » aXiv.2101.00345

Physice > Classical Phytice
IRlmniind e JW O FOL0 (v 2L, sk vewipnd & M FNS (0 revains v}

Active Electric Dipole Energy Sources: Transduction via Electric Scalar and Vector Potentials

Nichadl E Tebar, leymond 7. Chico Waxim Coryachey

Thus, Berry phase is considered in momentum space rather that Potentials
position space —
F--vv-22
ot
. 1 — — — —
ELECTRIC POLARIZATION AS A NONQUANTIZED ... Be rry phase review €_ P =- €— VxC+VV
0 0 N
/,D wl Yvhy do we writ2 the dhase in this form?! 1 — 1 — — aA
| + Does it deperd on the cloice of reference wavefurcuon:? — D =—-——YV X C e —
ff €0 €0 4
1 ot b=¢ A-dk, A= (un| — V|t
L5322 EM Dual ? | A= (ol o - = — oC
_f \ 0. =27P If the ground state & non-degenerate, then the cnly freedom in B = V X A — /,LO—
ol Mae=eT the choice of reference functions s a local phase: ot
Ve 2
{ v ok
1 g — X))y
. I ) _ Under this change, the“Berry comnecuon™A thangas by 1 ) .
FIG. 2 The semiclassieal plomce relates projeceive repeesents-
ten of manopales polmn":lcm :s El;;mhlag;uc duimy u(m gradient — C EIeCtrIC VeCtOr POtentlaI
exchomges magnetic monoprds and & sctric charge. The & satric dis ./‘1 — fl -+ V 1
placerzent ficdd de) D =P 5 muppsd o mugoetic [ld (right) )
B=2vDand ther e 0 an electric charpe. The Aharmnom- USt e € veCtor fx IAal 1IN electradyIamics
Bduuzl\;ln |.i|:4>e :: ::Zcb: Ll\:l :lu'uic fh:;:his proporionzd o ' ( ’ ( . . . .
rmagasi el right', 2ss e monwpelc By P propordo S0 loop Intagrals of A wil be giugs-vartant. F=VxA » Macroscopic description of an underlying
to displacement feld dlefy as will the cun of A, which w2 Qill the “Eerry curvature™. hlgher dimenSiOna| emergent System.

This model allows the definition of Berry Phase in position space

 Electric Berry Phase in Position Space

« Occurs due to External Impressed Force
per unit charge



AXion-PhOton coupling Equation of Motion:

» Axion is predicted to couple to photons, coupling parameter, g, Maxwell’s Equations

- Two-photon transition,interaction Hamitonian density #. = H g\ + H g + K iy K iy = €0C8qy, AE - B
V X B = uoeod,E | + ol
V X fl = — aZE’I

Axion Equation of Motion: yl V. E} =0

Klein-Gordon equation for W V. E’l _ €O—1p
|

massive spin O particle
Two Photons

I

One Axion

R 8ary ¥
myc*\ a v
]+ a=-—g,,E-B

h2

(0=c"20,0,— V*

Axion Coupling to two Photonic Degree of Freedoms Modifies Electrodynamics



Haloscopes ) Background field

* Axions convert into photons in presence of strong background (subscript zero)

electromagnetic field

2) Created Photon Field

Axion Equation of Motion: (subscript 1)

Modified Axion Electrod i
Klein-Gordon equation odified Axion Liectrodynamics

for massive spin O (Represents two photons) €V E1=potpup
. 1 — — - - -
particle VX B\ =l Ey =+
0
—>_ e — ﬁ
| \% E—S—O—i—cgaWB Va - . _—
a(t) = — (de—fwaf + a’*ejwaf) Pab = Sap/C0C Y <a(t) olr> 1) )
2 —»__ —>: R —
R (~ —Jj® t) vl 2 atE Jab - gayyeOcat (d(f)BO(F, t))
= K€ l\ae a . N . .
Hod, — 8ayy€0C (B()ta + Va X E> Jue = = 8apy€oCV X <a(;) E (7, ,;))
V-B = B}
= Vieduy == 0P



Photonic Haloscope Equations in terms of Auxiliary Fields

Constitutive Relations(in vacuum)

Modified Axion VD =p, 1 = 3
i i — —D,=E,—g,,ca
Electrodynamics Applied Background Field @ i _@D ol 1~ 8ayy€abyg
(Represents two V X Bo = po€od, Eo + o, Y Bhetl
1 A
photons) — — 8uy,€0C B n0,a
V-E = e + B = =
N ) Bary = 8uy,CV X (aBy)
"
VX B —-——0,F =
62

ayy® | — 3
. d[EO—g@

Measure Created Photon

V | E)z T - = p€1
VXE+0,B = s (El("’ 1) = Zapya(t)c B (7, t)) ——

V X (E’l(?, f) + Bary 2 G z))

&

1 — — -
0, (E\G.0) = 8,0G 0 Bo7.0)) = o],
C
V-B,(7)=0
VX E (70 +0,B (7t =0.



Eg. Solenoidal DC Magnetic fleld Deflned by a surface when 1, > Experiment

€0 r Jo Ir — 71
Like an Electric Polarization with non-zero Curl: ma(r t) = gﬂ}’}"a(t)q‘(llbf(r)
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!



Capacitor under DC Magnetic Field: Quasi-static limit

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

1 Z € by
?#J Im <SEH> -nds =ja)aJ <JBT By - ?OEIK -E; + EogayyaOCBO : Re(E1)> dv
0
2 D=4,
/ n g 1 € T €08ayy ¢ —» —
ﬂgl Im (Spp) - fids ZJ%J(z_BT - By —7OET -E| + €)8,4y,0¢ B - Re(E)) ——75 =t ) d

4 €0g2 agcz
al;j Im (Spy) - fids ~ —ij(+ -~ BO> dv

First order: Ignore fringing

s

m

IVCBI - B¥dV Rl 2R

B, = — jo,uyg,

RZ U, eoﬂojVCEl-E;kdv_ 82| | RA

Sensitivity assuming the Modified Minkowski Poynting Vector

VXDy=¢VXE|—g,ccVX@By=—¢(dB;+ gayya(f)ﬂocj;o)

Sensitivity assuming the Modified Abraham Poynting Vector
V X FI =t a,E’l

. _ 2 J @484y, 0060 [ — e

11D 2 2p2
2R 2 >2 Uc [ia gayy<a0> €oC BO Vl

P,=w,U,, where U, = gg},y(a())ZeocngVl( 7
a

3

%rms = gayy<ao>CBOdc< a

c
7R, )2 3 ol LBOW( ~ rms — gayy<a0>CBOdc ha gayyd G)_BO PaC
ayy a
a)a

V24, ]




Electric Action of the Axion, a(7), mixing with?o
-> Creates Electromagnetic Energy at o, E»
la

A fictitious Electric Field

a(ma)* _gayy<a(t)C§O(7)>

a(t) = aysin(w,t) ’
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AXION S Physics of the Dark Univearse
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Brnadhand electrical acticn sensing techniques withcorductingwirss ®
tor low-raass dark marteraxiondetection =
Michael £ Tetar ", Ben T, NcAllistzr, Maxim Coryachey
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Increase Sensitivty by Increasing Topology: Toroidal Magnet

Tor o{leal({l/lagnet Axion Induced Fields Topological Readout

B __\®

| = Bp 0

\:t’ (_B' r\_j;

Static External Fields
V- Bpe(F) =0 VX Bpel(F) = Ho pe E | )
_ B = — 8ur,aCBpcsin(w, )6 _ :
Bpe = pNilo o 7, a arr a Va tor = 8ayy@oCBpc2arN, sin(w, 1)
. . B i 7 . .

L ene = Nlbe 10y = 2nrﬂioc &= i E-dl N, No. of turns of pickup coil

. . C
N — 271'er &=- Iilna enc — ga}/yaOCBDCzﬂr Sln(a)a[) Vclle]]‘"/loi = gayyZﬂrNc<;>BDC\/ pDMC3



Axion Modified Abraham Poynting theorem is consistent with the

total derivative being zero: Ignores—g,,.,cV X (aﬁo) #* 0

To be true it is well known that all surface terms — 0 as4, = oo

Minkowski Poynting theorem identifies surface terms # 0 as
A, — o0

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



Curl Force Electret-> Curl Force
PRL 103, H0£101 (49 PHYSICAL REVIEW LETTERS A SIS 50 el s 2 L e
: o Treere VXD =—epud(B)+VXP

Direct Measurement of the Nonconservadve Force Fleld Generated by Optkezl Tweerers
—€0€ E' —606,(E+Eb)

Finyu Wu.! Renzxn Haang ' Christiar Tischer,” Alexendr Jons,” and BErmt Ludwig Floria'*
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Curl Force in Axions Electrodynamics
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Twisted Anyon Cavity Resonators with Bulk Modes of Chiral Symmetry and Sensitivity to Ultra-Light Axion Dark Matter

J. F. Bourhill, E. C. I, Paterson, M. Goryachev, M. £, Tobar
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Classical MGbius-Ring Resonators Exhibit Fermion-Boson
Rotational Symmetry

Douglzs J. Bal'on and Henning U. Yoss
Frys Rev. Lett. 101, 247701 — Publisned 9 December 2008
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Fermions Come in Two Chiralities,
Called Left and Right. Bosons Do Not



Torus Mobius Anyon Cavity

S S Dihedral group of regular convex polygons: Dy
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2 Im[ I Bp(7) : E;f(?) dr]

p b

\/ J E,(r) - EZ(r) drj B,(r)-Bj(r) dr
Resonator | Mode J |GHz) G ofl) H

Ring uy 17.221 62200 0.933
Ring Uy 17.297 G570 0.9166
Ring ng 17.895 7290) -0.820)
Linear vy 17.214 1950 0.932
Linear U 17.278 2030 (.59
Linear Wy 17.854 1020) -0.884

TABLE L. Simulated f, (3 and 2 values [or the lowest order

wE

linear resonators.

modes for { = 130 mm, » = 20 mnm and ¢ = 1207 ring and
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FIG b, a 3D mesh of waveguxle resonator used for Bnite
elemert simulations anc b Aluminium 3D printed cavity.
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Zilch (electromagnetism) OPEN ACCESS
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In physics, zileh is a conserved quanlity of the electromagnetic field. . s
Daniel M. Lipkin observed that if he defined the quaniities On the natures of the spin and orbital parts

Z'~E-VxE+B-VxB of optical angular momentum

z=~(Ex ZE+Bx %B)
ot ' Stephen M Barnett', L Allen’, Robert P Cameron', Claire R Gilson’,

then the Maxwell equations imply that Miles J Padgott Flona C Bpelrits' and Alisan M Yao

oy Z Y4LT-Z=0 ' School of Physics and Astronomy, University of Glasgow, Glsgow G12 3QJ, UL

* Deparoeent of Faysics, Unmversity of Strathckyde, Glasgow G4 UNG, UK
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which implies that the total "zilch' f 7% ¥ x |s constant (Z is tha "zilch current”). SER00T oF TATRsnuos fad StiTes, Tiversly of itseow, Uitheow Q

Optical chirality: Twisted light
Circularly polarized light

6=+l H=ho: S=hok Helicity of light plays an important part

r ) . f o . in the coupling between electromagnetic
* s 2 "J fields and chiral objects
i | e
{51_,' 53” ‘ ‘l ) ' A Axion is a Chiral Object
k' .
, 2Im[ [B,(F) - EX(¥) dr]

o'=-1; H' = ho" §'=hok' by, ’; | 4 %p = ,
4 ‘, | \/ [E,(F) - E(7) dr [B,(F) - BE(F) dr

optical vortex beams



FIG. 7. Equivalent parallel LCR circuit model of a resonant
mode with a coupling of 3,, when impedance matched 3, = 1.
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Electromagnetic Couplings of Axions

Anton V. Sokolov, Andreas Ringwald
Drevisches Blokironci-Synclivolrom DESY, Notkosty. 85, 22607 Handrarg, Ceirnany

E-mol: anton, sokolovidesy. de, andreas . rirgwald@desy. de

AXTION MAXWELL EQUATIONS

Classical equations of mation corresponding to this Lagrangian are the acion Macwell equations:

e

O™ DR gL — T - g,

: ey,

D™ 4 gese B8 PV = ganBoe FU° . 8 |

& mole = i (oara + Qurn) Flo b5 ‘_’ha|',uv"’
-

17 the expenmentally relevant case. in terms of electric and magnetic fields
VxR, =%, = oo (Fox W0 = 0Re) + fenn (R = Wn 4 2Fg)
VeE, + B,  ~g.0 (B Va + AEg) = 0,00 (By xTa =~ 40y |
VB, = ¢mbEVig.nwB Vo
VE. =B Va4 Ve

i~ "'-:." = |Mevs ¥ Mauo) Ko By + hase :.:: - "i. .'_._‘..
where we separated exvernal fields sustained in the detecter and axon-induced fields. “.”.
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Searching for Scalar Field Dark Matter using Cavity Resanators and Capacitaors
V.V, Flambaum, BT, Mcallister, 1LE. Samsonov, M.E. Tobai
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Constant DC Background Magnetic field
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0
1
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in constant magnetic field,
needs a gradient field to be non zero
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