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Outline

* Poynting Theorem; a systematic way to calculate resonant haloscope sensitivity,
generalised to include QEMD (Sokolov and Ringwald arXiv:2205.02605 [hep-ph])

* Sensitivity of AC and DC Haloscopes
* Anyon Cavity Haloscope for ultra-light dark matter

* Sensitivity of Axion Haloscopes to GWs and Comparing Dissimilar Axion
Haloscopes

* Low-mass sensitivity
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A 4 Poynting vector controversy in axion modified electrodynamics
Michael E. Tobar®,” Ben T. McAllister, and Maxim Goryachev
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On resonance: Real part of Complex Poynting Theorem = 0O for closed system
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VAVAVAVAVA
QUANTUM ELECTROMAGNETODYNAMICS }/

1971 ZWANZIGER 1977 7BN

A, and B, ¢<—> photon Z(a,b,%) =

£ = L (A, Bony) — / exp {i (S[Au, By 1, X, K] + Jot + Gnb)}
A, 75 x DA, DB, Dx DX

TWO vector-potentials describe ONE particle - photon

partition function is Lorentz-invariant

theory is generally not CP-invariant
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TWO vector-potentials describe ONE particle - photon

partition function is Lorentz-invariant

theory is generally not CP-invariant
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AXION MAXWELL EQUATIONS

Classical equations of motion corresponding to this Lagrangian are the axion Maxwell equations:
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In the experimentally relevant case, in terms of electric and magnetic fields:

VxBs — Eq = gaas (EoxVa — aBg) + gaas (BoxVa + aEy) .

VxE, + Ba = —gann (BoxVa + aEy) — gaan (EgxVa — aBy) ,

VB, = —gass Ey-Va + g, By-Va,

V-E, = Jaaa By-Va — Yaas Eq-Va,

((')2 - ’”3) a = (Gaaa + Yape) Eo-Bo + gaan (E(; - B(J)) ’ .\,/

where we separated external fields sustained in the detector and axion-induced fields. BE‘S{
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AXION MAXWELL EQUATIONS

Classical equations of motion corresponding to this Lagrangian are the axion Maxwell equations:
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In the experimentally relevant case, in terms of electric and magnetic fields:
VB, — Es = gaas (ByxVa — aBy) + gass (BoxVa + aBy) .
VxE, + B, = —guns (BoxVa + aEy) — gaas (EgxVa — aBy) ,
VB, = —gars Eo-Va + gaas By-Va,
V-E; = gaaa Bo-Va — gaas Eg-Va,
(0° —mg) a = (gaan + are) Bo-Bo + gaas (Ej — Bj) . <9

where we separated external fields sustained in the detector and axion-induced fields. BE‘S{
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AXION MAXWELL EQUATIONS

Classical equations of motion corresponding to this Lagrangian are the axion Maxwell equations:

Constant DC Background Magnetic field

2
€a .4, v

‘ v P d pv : v —
O F™ — gaan dua F 4+ gapn Opa F* — 3. Jm = Je ,
A%V,

P ~d v : v P ~d pv v
OuF ™M + ganp Opa F* — gaan ua F*" = jo

((')"’ - m;';) a=—=

1

1
- ~d v N g
(9aan + Gans) I',n'}' wo_ 5 fln‘\n",,., Fr

In the experimentally relevant case, in terms of electric and magnetic fields:

VxB, - E, = Gaaa (EgxVa — aBg) + gaas (BoxVa + aEy) .
VxE, + Bu = —gann (BoxVa + aEy) — gaan (EgxVa —aBy) ,
VB, = —gass Ey-Va + g, By-Va,
V-E, = Jaaa B(-Va — Yaas E-Va,
9> —m2)a = (garn + Gare) Eo-Bo + gaas (E§ — Bj) |
(0" —=mg) a = (gaar + gare) Eo-Bo + gaan (Ej — Bj) <9

where we separated external fields sustained in the detector and axion-induced fields. BE‘S{
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AXION MAXWELL EQUATIONS

Constant DC Background Magnetic field
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Classical equations of motion corresponding to this Lagrangian are the axion Maxwell equations: Re <S> -nds = T (El - a BO - E1 : ClBO) dr
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In the experimentally relevant case, in terms of electric and magnetic fields: _ (El . J;k] + ET . Jel) dr

VB, — Es = gaas (ByxVa — aBy) + gass (BoxVa + aBy) . 4

VXE, + B, = —gunn (BoxVa + aEy) — gaan (EgxVa — aBy) ,

VB, = —gass Ey-Va + g, By-Va,

V-E, = Jaaa B(-Va — Yaas E-Va,

(9> =m?2)a = (gana + Gare) Eo-Bo + gaan (Ef — Bf)) . «9®>

where we separated external fields sustained in the detector and axion-induced fields. BE‘S{
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AXION MAXWELL EQUATIONS

Classical equations of motion corresponding to this Lagrangian are the axion Maxwell equations:
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In the experimentally relevant case, in terms of electric and magnetic fields:

VxB, - E, = Gaaa (EgxVa — aBg) + gaas (BoxVa + aEy) .

VxE, + B, = —gans (BoxVa + aEy) — gaas (EgxVa — aBy) ,

VB, = —gass Ey-Va + g, By-Va,

V-E, = Jaaa B(-Va — Yaas E-Va,

(9> =m?2)a = (gana + Gare) Eo-Bo + gaan (Ef — Bf)) . «9®>

where we separated external fields sustained in the detector and axion-induced fields. BE‘S{
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In the experimentally relevant case, in terms of electric and magnetic fields:

VxB, - E, = Gaaa (EgxVa — aBg) + gaas (BoxVa + aEy) .
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Classical equations of motion corresponding to this Lagrangian are the axion Maxwell equations:
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In the experimentally relevant case, in terms of electric and magnetic fields:
V xBa — Eq = gaas (EoxVa — aBg) + gaas (BoxVa + aEy) ,
VxE, + B, = —guns (BoxVa + aEy) — gaas (EgxVa — aBy) ,
VB, = —gars Eo-Va + gaas By-Va,
V-Ei = gaaa Bo-Va — guan Eg-Va,
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in constant magnetic field,
needs a gradient field to be non zero
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Classical equations of motion corresponding to this Lagrangian are the axion Maxwell equations:
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In the experimentally relevant case, in terms of electric and magnetic fields:
VxB, - E, = Gaaa (EgxVa — aBg) + gaas (BoxVa + aEy) .
VxE, + B, = —gans (BoxVa + aEy) — gaas (EgxVa — aBy) ,

VB, = —gass Ey-Va + g, By-Va,
V-E; = gaas Bo-Va — gusn Eg-Va,

(5)3 - m;;’) a = (gaas + Gape) Eo-Bo + gaan (E(,} - Bf)) s ‘,/’
where we separated external fields sustained in the detector and axion-induced fields. BE‘S{
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Searching for Scalar Field Dark Matter using Cavity Resonators and Capacitors
V.V. Flambaum, B.T. McAllister, |I.B. Samsonov, M.E. Tobar
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Dual Mode Upconversion: UPLOAD

Catriona Thomson

_1Frequency Technique Applying Perturbation Theorem
Power Technique Applying Poynting Theorem
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Mode Pairs: choose m=0: For upconversion &, ~ &,
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Twisted Anyon Cavity Resonators with Bulk Modes of Chiral Symmetry and Sensitivity to Ultra-Light Axion Dark Matter
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P H YS I CAL R EVI EW I_ ETT E R S Plain circle Twisted circle that shows a chirality: a Mobius strip

- ) I Spin up 1 Spin up 1 Spin up
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Classical Mdbius-Ring Resonators Exhibit Fermion-Boson I —

Rotational Symmetry . - - el
1 l Spin down l Spin down

Douglas J. Ballon and Henning U. Voss
Phys. Rev. Lett. 101, 247701 — Published 9 December 2008

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




3D Printed Super Conducting Aluminium Cavities

2 Im[ I Bp(7) : E;f(?) dt]

H

p b

\/jEp(r) CEX(7) do [B,(F) - Bi(F) do
Resonator |  Mode f (GHz) G () H

Ring Yo 17.221 6200 0.933
Ring (o 17.297 6570 0.9166
Ring oiF 17.895 7290 -0.820
Linear (I 17.214 1950 0.932
Linear (o 17.278 2030 0.896
Lincar i 17.859 1920 -0.884

TABLE I. Simulated f, G and . values for the lowest order
¢* modes for I = 150 mm, v = 20 mm and # = 120° ring and
linear resonators.
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Zilch (electromagnetism)

From Wikipedia, the free encyclopedia

In physics, zilch is a conserved quantity of the electromagnetic field.

Daniel M. Lipkin observed that if he defined the quantities
Z’=E-VXxE+B-VxB
1
Z = — ExiEJeriB
c dt dt

then the Maxwell equations imply that

HZ°+V-Z=0

which implies that the total "zilch" / Z° &3z is constant (Z is the "zilch current").

Optical chirality: Twisted light

o =+1; H = ho; S = hok
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Circularly polarized light

Helicity of light plays an important part
in the coupling between electromagnetic
fields and chiral objects

Axion is a Chiral Object

21Im[ [ B,(7) - EX(F) dr]

x, = ,
V JE/P) - E(7) de[B,(7) - B§(F) dr

P

optical vortex beams
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FIG. 7. Equivalent parallel LCR circuit model of a resonant
mode with a coupling of 8,, when impedance matched 3, = 1.
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Detecting High-Frequency Gravitational Waves with Microwave Cavities

Asher Berlin, Diego Blas, Raffaele Tito D'Agnolo, Sebastian A. R. Ellis, Roni Harnik, Yonatan Kahn, Jan Schiitte-Engel

We give a detailed treatment of electromagnetic signals generated by gravitational waves (GWs) in resonant cavity experiments. Our investigation corrects and builds upon previous studies
by carefully accounting for the gauge dependence of relevant quantities. We work in a preferred frame for the laboratory, the proper detector frame, and show how to resum short-

wavelength effects to provide analytic results that are exact for GWs of arbitrary wavelength. This formalism allows us to firmly establish that, contrary to previous claims, cavity

experiments designed for the detection of axion dark matter only need to reanalyze existing data to search for high-frequency GWs with strains as small as h ~ 1072 — 107", We also

argue that directional detection is possible in principle using readout of multiple cavity modes. Further improvements in sensitivity are expected with cutting-edge advances in
superconducting cavity technology.
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II. GW ELECTRODYNAMICS IN THE PROPER DETECTOR FRAME

A. Analogies with Axion Dark Matter Detection

r — . - — s Jeft ~ wablaBo
N, ™
L = o et

axion

GW

FIG. 1. A cartoon illustrating the differences between (GW-LEM conversion (left) and axion-EM conversion (right) in the
presence of an external magnetic ficld Bg. The GW effective current is proportional to wyhBg. with a direction dependent on
the GW polarization and a typical quadrupole pattern, yvielding a signal field with amplitude 2Bs. The axion effective current
is proportional to we,Bo, with a direction parallel to the external field B, vielding a signal field with amplitude 0,By. The

differing geometry of the effective current yields dillerent selection rules [or coupling the GW and axion to cavity modes.
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Projected Sensitivities of Axion Fxperiments
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FIG. 4. Projected sensitivity ol axion experiments to high-frequency GWs, assuming an integration time of line = 2 min for
ADMX, HAYSTAC and CAPP, ti. = 41 day for ORGAN, and li,, = 1 day for the SQMS parameters. These integration times
are characteristic of data-taking runs in each experiment. The GW-cavity coupling coefficient is fixed to n, = (0.1 for each

experiment, and the signal bandwidth Av is conservatively fixed to the linewidth of the cavity. Dark (light) blue regions indicate
the sensitivity at the lowest (highest) resonant frequency of the tunable signal mode. For ADMX [46, 120, 122], [TAYSTAC [47],
and CAPP [123], the signal mode is TMogo. but for ORGAN [48] the signal mode is TMozo. The system temperature Tiye

defining the thermal noise floor of cach experiment is given in the figure, along with relevant experimental parameters including

the loaded cavity quality factor Q.
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Comparing the Sensitivity of Dissimilar Photonic Axion Haloscopes to Axion Dark
Matter and High Frequency Gravitational Waves

AL 106 :
Sel SEE ity LIGO Strain SD
02 : LIGO Livingston 02 : Virgo

02 : LIGO Hanford
03 : LIGO Livingston — 03 : Virgo

.
= ()3 : LIGO Hanford

> 10-19

0
Ja
FIG. 1: Approzimation of a virialized dark matter axion as
a narrow band noise source with an effective Q-factor of \
Qa ~ -A'[“— In actual fact it takes on a Mazwell-Boltzmann
10—‘20 0 !

distribution, here it is approzimated as a Lorentzian
distribution.
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Photon Haloscopes

* Axions convert into photons in presence of a background
AC electromagnetic field

Axion Equation of Motion:

Modified Axion Electrod i
Klein-Gordon equation odified Axion Liectrodynamics

for massive spin O (Represents two photons)
particle

a(t) = : ( ae Jm+c’i*ejwat)

ke a9



Photon Haloscopes D Background fiek

* Axions convert into photons in presence of a background (subscript zero)
AC 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)
particle

&
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Photon Haloscopes D Background fiek

* Axions convert into photons in presence of a background (subscript zero)
AC electromagnetic field
2) Created Photon Field
Axion Equation of Motion: (subscript 1)
Modified Axion Electrodynamics
Klein-Gordon equation y .
for massive spin O (Represents two photons) €V E1=potpup
particle VX B, =€ E = T+ Tyt T
Ho
- Fe = q
| V-E = , + 84y, B - Va
a(t) = — (Ge " + a*el®d) 1
2 VX B ——0,E =
C

= Re (de_jwat)



Photon Haloscopes D Background fiek

* Axions convert into photons in presence of a background (subscript zero)
AC electromagnetic field
2) Created Photon Field
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Photonic Haloscope Equations in terms of Auxiliary Fields
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Photonic Haloscope Equations in terms of Auxiliary Fields

Applied Background Field
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Photonic Haloscope Equations in terms of Auxiliary Fields
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Photonic Haloscope Equations in terms of Auxiliary Fields

Constitutive Relations(in vacuum)
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Photonic Haloscope Equations in terms of Auxiliary Fields

Constitutive Relations(in vacuum)

Modified Axion V- Dy =p, 1 — =
I 1 — — — T = = ca
Electrodynamics Applied Background Field VX e = 1~ 8ayy€d B¢
(Represents two e o 0ot i) V-B,=0
T == n 1 — — — —
photons) / VX Eg=-0B, — VX B == J,+60,E|—g,,6cBy,a
s Pe T = BO = -
- +cg, . B.Va —
&) B =i,
-
VX B ——0,E =
62

|
|

HoJ ¢ — 8ayy€oC | Bo,a+ Va X f)
Measure Created Photon

V . §= e S ,061
VXE+0,B = b~ (El("’ 1) = Zapya(t)e B (7, t)) ——

V X <E’1(7, 1) + £ NG z))

C

1 T - =0 e -
~—0,(E\#.0 — guya®.0cBo(F.0) = o 7.,

V-B,(7)=0
VX E (71 +0,B (7t =0.



Photonic Haloscope Equations in terms of Auxiliary Fields

Constitutive Relations(in vacuum)
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Photonic Haloscope Equations in terms of Auxiliary Fields

Constitutive Relations(in vacuum)
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Photonic Haloscope Equations in terms of Auxiliary Fields

Constitutive Relations(in vacuum)
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Photonic Haloscope Equations in terms of Auxiliary Fields

Constitutive Relations(in vacuum)
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oIenoudaI DC Magnetic fleld Defmed by a surface when 1, > Experimeq;




Solenoidal DC Magnetic fiel by a surface when /, > Experiment
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olenoidal DC Magnetic field: Defined by a surface when 4, > Experim
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ined by a surface when 4, > Experime: __
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Eg. Solenoidal DC Magnetic fleld Deflned by a surface when 1, > Experiment
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Like an Electric Polarization with non-zero Curl: ma(r t) = ga),),a(t )C“(IIDc(r)‘
Extra surface term in the solution to the equation of motion



Eg. Solenoidal DC Magnetic fleld Deflned by a surface when 1, > Experiment
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Like an Electric Polarization with non-zero Curl: ma(r t) = Eayy a(t )C“QIDC(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



Eg. Solenoidal DC Magnetlc fleld Deflned by a surface when 1, > Experiment
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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
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Eg. Solenoidal DC Magnetic field: Defined by a surface when 4, > Experiment
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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!
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Bulk polarization modifies the boundary Luttinger theorem

PHYSICAL REVIEW RESEARCH 3, 023011 (2021)

Electric polarization as a nonquantized topological response and boundary Luttinger theorem

Xue-Yang Song ®,"? Yin-Chen He ®,? Ashvin Vishwanath,' and Chong Wang?
! Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA
2Perimeter Institute for Theoretical Physics, Waterloo, Ontario N2L 2Y5, Canada

M (Received 22 February 2021; accepted 5 March 2021; published 2 April 2021)



ELECTRET VOLTAGE SOURCE

ELECTRIC POLARIZATION AS A NONQUANTIZED ...
= D F O — = 1 D=P B =27D
E P, =¢€¢,E, D =¢e(E+E)) 1 y
+ — 4 ‘
Bulk polarization modifies the boundary Luttinger theorem H it - | ;_
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Electric polarization as a nonquantized topological response and boundary Luttinger theorem
~ 1.2 v 2 P 1 o2
Xlue Yang Song . , Yin-Chen He. ’ Ashvm V?shwanalh, and Chong Wang FIG. 2. The semiclassical picture relates projective representa-
Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA . N . .
2p s . . M . tion of monopoles to polarization by electromagnetic duality that
Perimeter Institute for Theoretical Physics, Waterloo, Ontario N2L 2Y5, Canada . . [
exchanges magnetic monopole and electric charge. The electric dis-
™ (Received 22 February 2021; accepted 5 March 2021; published 2 April 2021) placement field (left) D =P is mapped to magnetic field (right)
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TABLE 1. Polarization density P is related to the properties of
the monopoles in dimensions d = 1, 2, 3.

Monopole property Polarization
1D Berry phase b =2nP
2D Momentum ky =277 x P
3D Projective momentum 7}“17}‘17}7} = exp(i2me'’*P)

We summarize the connection between bulk polarization
and monopole (instanton) properties ind = 1, 2, 3 in Table L.
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APPENDIX C: POLARIZATION AND OTHER
TOPOLOGICAL QUANTITIES
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