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Concept

MAGO (Microwave Apparatus for Gravitational wave Observation)

4 Wg ~ W1 — Wo

~ GHz

< /VWV gravitational wave

1-cell cavity .

\‘ wO

2-cell cavity

High quality-factor SRF cavity amplifies resonant signal and suppresses EM noise
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We analyze the mode of operation of a two-level parametric electromagnetic detector for gravitational waves which is
tunable and potentially more sensitive than the mechanical antennas currently considered.




Timeline

MAGO (Microwave Apparatus for Gravitational wave Observation)

1970s 2000s
| | | | | | L,
I I I I I I I
theory collaboration
Pegoraro, Radicati, Bernard, Picasso prototype

two superconducting spherical cells joined by a deformable (tunable) aperture




Timeline

MAGO (Microwave Apparatus for Gravitational wave Observation)

1970s 2000s  2010s
I I I I I I I :
: | time
I I I I I I I
theory collaboration
Pegoraro, Radicati, Bernard, Picasso prototype

effort/funding pulled and moved to Virgo

in display at the

University of Genoa




Timeline

MAGO (Microwave Apparatus for Gravitational wave Observation)

1970s 2000s  2010s  2020s

time

theory collaboration renewed interest (Talks by
Pegoraro, Radicati, Bernard, Picasso prototype DESY /FNAL Marc Wenskat,

Bianca Giaccone)

new analysis, initial measurements ongoing at DES YJA
improved sensitivity estimate (will move to FNAL soon after)

MAGO 2.0: Electromagnetic Cavities as Mechanical Bars for Gravitational Waves
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Superconducting cavities can operate analogously to Weber bar det
converting mechanical to electromagnetic energy. The significantly r
results in increased sensitivity to high-frequency signals well outside
mechanical resonance. In this work, we revisit such signals of gravitat
that a setup similar to the existing “MAGO” prototype, operating

manner, could have sensitivity to strains of ~ 10722 — 10~# for frequi

T —
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Outline

I. MAGO: Conceptual Overview of Setup and Signal
II. MAGO: Noise and “Why SRF?”

III. Bonus: A Similar Setup for Axion Dark Matter
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I. MAGO: Conceptual Overview of Setup and Signal



Signal Schematic
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Direct: GW — EM

Indirect: GW — mechanical — EM
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Direct: GW — EM Indirect: GW — mechanical - EM

readout

1. “Pump mode” Ey, By driven at wg ~ GHz
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readout
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Signal Schematic
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Direct: GW — EM Indirect: GW — mechanical - EM

readout

1. “Pump mode” Ey, By driven at wg ~ GHz
2. GW of frequency w, < GHz drives power at wg + wy

3. “Signal mode” E;, By resonantly excited if w; ~ wo +wy ~ GHz



Signal Schematic
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Direct: GW — EM Indirect: GW — mechanical - EM

readout

pump mode = symmetric EM configuration

signal mode = antisymmetric EM configuration



Signal Schematic
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Direct: GW — EM Indirect: GW — mechanical - EM

readout

pump mode = symmetric EM configuration
signal mode = antisymmetric EM configuration

MAGQO prototype:
e MAGO prototype = geometric discrimination ~ 10- in power  fey kHz - 50 kHz

A

e w; — wo < GHz tunable by mechanically deforming the connecting aperture \_/

3
Wantisymm. — Wsymm. 7 (Raperture/Rsphere) x GHz
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dP/dw
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WA
wo ~~ GHz
1. “Pump mode” Ey, By driven at wg ~ GHz
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o
EM signal
GW
Wy wo ~ GHz wo + Wy

1. “Pump mode” Ey, By driven at wg ~ GHz

2. GW of frequency w, < GHz drives power at wg + wy



Signal Schematic
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dP/dw
>

pump mode
e __Signal mode

broadband GW
Wg > W1 — Wo

GW

a;gN wo ~ GHz w1 ~ GHz wo —II— Wy

1. “Pump mode” Ey, By driven at wg ~ GHz

2. GW of frequency w, < GHz drives power at wg + wy
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25

3 A
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&
N resonant GW
@ Wg = W1 — Wo
g ) A
S g :' .
& 5 :
2 ER
20
broadband GW
QW Wg > W1 — Wo
T A% - T > W
Wy wo ~ GHz w1 ~ GHz wo + wy

1. “Pump mode” Ey, By driven at wg ~ GHz
2. GW of frequency w, < GHz drives power at wg + wy

3. “Signal mode” E;, By resonantly excited if wy ~ wy +w, ~ GHz

(w1 — wo < GHz tunable by mechanically deforming the connecting aperture)
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3 A
s
~
=
N resonant GW
@ Wg = W1 — Wo
= e
g ~§ I
g 5
2 EE
20
broadband GW
QW : 3 Wg > W1 — Wo
T A% - T > W
Wy wo ~ GHz w1 ~ GHz wo + wy

1. “Pump mode” Ey, By driven at wg ~ GHz
2. GW of frequency w, < GHz drives power at wg + wy

3. “Signal mode” Ey, B; resonantly excited if wi ~ wg +wy ~ GHz

(w1 — wo < GHz tunable by mechanically deforming the connecting aperture)

Goal 1:
> kHz




Signal Parametrics
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How does this work?

4 Wg ~ W1 — Wo

~ GHz .’

< /VWV gravitational wave

1-cell cavity .

2-cell cavity

direct photon-coupling or mechanical-coupling




Signal Parametrics
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Direct: GW — EM
(Sebastian Ellis’s talk)

“inverse-Gertsenshtein effect”

Indirect: GW — mechanical — EM

“Weber cavity”

This dominates since mechanical resonances

are much less “stiff” than EM resonances

(speed of sound << speed of light).



Signal Parametrics
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Direct: GW — EM
(Sebastian Ellis’s talk)

photons excited by directly absorbing gravitons

Esig ™~ Q hpp Eq

Indirect: GW — mechanical — EM




Signal Parametrics
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Direct: GW — EM
(Sebastian Ellis’s talk)

photons excited by directly absorbing gravitons

Esig ™~ Q hpp Eq

Indirect: GW — mechanical — EM

cavity shakes, which mixes EM modes

chav QEO - Q hPD EO

Lcav max (wg Lcav , Cs)

Lig ~ 2

(Speed of sound ¢; ~ 107® = mechanical signal dominates for Wy K GHZ)




Signal Parametrics
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Direct: GW — EM
(Sebastian Ellis’s talk)

photons excited by directly absorbing gravitons

Egs ~ Q hpp Eo

Indirect: GW — mechanical — EM

cavity shakes, which mixes EM modes

ACCcauv Q EO - Q hPD EO

Lcav max (wg Lcav y 08)2

Esig ~

Goal 2:

optimal scaling




Mechanical Signal

32

Axcav

(TE112 mode)

mechanical — EM transduction

/ dA'AXCEW (E()ET —BoBT)
S

cav

AXcay X €OS2¢0  (quadrupole)

B ~ cos ¢ (dipole in field, quadrupole in norm)



Outline

II. MAGO: Noise and “Why SRF?”
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Leakage Noise: Mechanical Vibrations

oscillator ,: cavity
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Leakage Noise: Mechanical Vibrations

|

1 .
oscillator | cavity
I

power spectral density

.| driven mode
108 | -
= | GW signal
() i
-
g I
AN .
é % : Larger “leakage noise”
E 1 = for smaller GW frequencies
! - ]
Qo o
2 = better
% ol 'O | geometric |
o
P~ | control _
. | mechanical vibrations
10_ 1 I 1 1 ! ]

W — Wy GW frequency
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Leakage Noise: Mechanical Vibrations

oscillator ,: cavity

Spectral Density of Mechanical Noise

Smech X Piy Storee(wy )/ MZ,, X (EM response) x (mech. response)

J 1\

input power cavity mass
vibrational force

How to estimate the noisy force that couples to cavity?
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Leakage Noise: Mechanical Vibrations

|

1 .
oscillator | cavity
I

drive < signal » pump < readout

Thermal Vibrations

_ M, Wmech T 109
S(thermal) N 10_22 N2 H 1 cav mec L
force “ “\Tokg ) \10xHz )\ 2K )\ Qroer,

Without any attenuation, we expect much stronger vibrations from the environment

Moy \ [ wobble\?/ 105 \ /kHz\ ">
Storee(w > kHz) ~ 1079 N? Hz ™! T o
force(w > kHz) z (10 kg) ( 1 nm ) (Qmech)( W )

normalized to match observed frequency shifts + conservative extrapolation at higher frequencies
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Leakage Noise: Mechanical Vibrations

oscillator ,: cavity

Power Spectral Density of Mechanical Noise

Smech X Pin Storce(wq)/ Mz, x (EM response) x (mech. response)

Why superconducting cavities, as opposed to ton-scale bars?

!

My
w— .
— .

hy (000000

” =%

“‘W“Wwﬂwﬂmﬂwwlﬂﬂi’

fi ] : U




High- ()
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Why Superconducting Cavities?

light mechanical

transducer © ,
bias E-field
ﬁ

LC

circuit

QLc ~ 10° < Qeay

Modern-day Weber bars are also efficient mechanical — EM transducers,
but are limited by LC noise away from mechanical resonance.



High- ()
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Why Superconducting Cavities?

Electromagnetic quality factor, () ~ 1010

|

e Amplifies resonant signals.

e Suppresses thermal photon noise.
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Why Superconducting Cavities?

Electromagnetic quality factor, () ~ 1010

|

e Amplifies resonant signals.

e Suppresses thermal photon noise.



High- (): Signal
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High-() Enhances Resonance

x @ (1 - e_ﬁ) o (friction, loss) ™!

".n---'ﬁ"'{\'"ﬂ"'Wmﬂ'"ﬂ'"ﬂ'"ﬂ'"n'"n""ﬂ""f

driving term
g () ~ 1010 oscillations

on resonance

amplitude

time

On resonance, larger () means a longer time to drive power into a detector, thus amplifying an initially small signal.



High-(): Noise

High-() Suppresses Noise

e Mechanical noise typically only dominates for GW freq. ~ mechanical resonance.

e Thermal photon noise relevant elsewhere, which is suppressed by high-@ (low resistance).

scanning (resonant non-scanning (broadband
g g

+ (EM)
3 1022 e ————— P
|| ] )
N | (amp) -7 (EM) —
\S/ 1026 4 Snoise o Al()ise
e e F e

10730_ ,/’/ ””””

10_34_ L L L AL L o rrrrn 10_34 3 j ||||||||4”|

10° 10 10° 10° 107 10° 10 10 10
wy [Hz]
. . n . . n
< MHz: mechanical noise ~ 1/ Mecay < MHz: mechanical noise ~ 1/ Mcay

> MHz: amplifier noise ~ 7 x GHz



MAGO Outlook

10—15 :
- MAGO is a more powerful than -
i N
previously appreciated. — :
@ " MiniGRAIL =
- Revitalization is in progress, =g »
1 —
— (|FNAL> + |DESY>> . 53/ 10720+ \{AURIGA VA A AW BAW
\/§ g 10-21 © scanning (thermal)
Se :
N
022
- New high-frequency sources? -
LIGO-Virgo
10724 R R L L R I
103 10 10° 10° 107 108 10°

Optimal design? [H|




Outline

III. Bonus: A Similar Setup for Axion Dark Matter

w1 GHz

Mg ~ W1 — Wy

tuned aspect ratio < /VWV axion dark matter

" wo GHz

.

1-cell cavity



Axion Electrodynamics
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prepared EM field
~ COS wql
(frequency ~ your choice)
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prepared EM field
~ COS wql
(frequency ~ your choice)

interaction

~N

qalactic_axion field
~ COS Myt
(frequency ~ axion mass)

\,/~\,/~\,/~\,’



Axion Electrodynamics
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prepared EM field qalactic_axion field
~ COS wql ~ COS Myl
(frequency ~ your choice) (frequency ~ axion mass)

interaction

~N

\‘/a\‘/~\v/~\¢,

signal EM field

~ cos (wg + mg)t




Axion Electrodynamics

50

prepared EM field qalactic_axion field
~ COS wql ~ COS Myl
(frequency ~ your choice) (frequency ~ axion mass)

interaction

~N

\,/~\,/~\,/~\,’

signal EM field

~ ¢os (wg + Mg )t

ideal detector is resonantly matched to signal frequency

signal power o (wy + my) cos (wg + My )t
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Static-Field vs. Oscillating-Field

prepared EM field galactic azrion field
~ COS wql ~ COS Myl
(frequency ~ your choice) (signal power X (wg + mg) cos (wo + ma)D (frequency ~ axion mass)




52

Static-Field vs. Oscillating-Field

prepared EM field galactic azrion field
~ COS wql ~ COS Myl
(frequency ~ your choice) (signal power X (wg + mg) cos (wo + ma)D (frequency ~ axion mass)

Static-Field Resonators Oscillating-Field /Heterodyne Resonators
(wp = 0, resonator frequency = m,,) (wg # 0, resonator frequency = wg + my)
(Mg < wo)

(most axion experiments)




53

Static-Field vs. Oscillating-Field

prepared EM field galactic azrion field
~ COS wql ~ COS Myl
(frequency ~ your choice) (signal power X (wg + mg) cos (wo + ma)D (frequency ~ axion mass)

Static-Field Resonators Oscillating-Field /Heterodyne Resonators
(wp = 0, resonator frequency = m,,) (wg # 0, resonator frequency = wg + my)

(Mg < wo)

L circuit RF Cavity

(DM Radio @ SLAC, kHz-GHz) (wo ~ GHz)

\\ E
\‘

C |
L L B

R ! >
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Static-Field vs. Oscillating-Field

prepared EM field galactic azrion field
~ COS wyl ~ COS Mgt
(frequency ~ your choice) (signal power o< (wg + ma (frequency ~ axion mass)
Static-Field Resonators Oscillating-Field /Heterodyne Resonators
(wp = 0, resonator frequency = m,,) (wg # 0, resonator frequency = wg + my)

(Mg < wo)
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Static-Field vs. Oscillating-Field

prepared EM field galactic azrion field
~ COS wql ~ COS Myl
(frequency ~ your choice) (signal power x (wg + Mg (frequency ~ axion mass)

Static-Field Resonators

(wo = 0, resonator frequency = my)

(Mcillating-Field /Heterodyne Resonators
(wg # 0, resonator frequency = wg + my)

/ (mg < wo)

resonator frequency ~ axion mass

Very difficult to build resonators below ~ kHz
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Static-Field vs. Oscillating-Field

prepared EM field qalactic_axion field
~ COS wql ~ COS Myl
(frequency ~ your choice) (signal power x (wg + Mg (frequency ~ axion mass)

Static-Field Resonators Oscillating-Field /Heterodyne Resonators
(wp = 0, resonator frequency = m,,) (wg # 0, \resonator frequency = wg + my)
resonator frequency ~ axion mass resonator frequency ~ wg + m, ~ wo

Very difficult to build resonators below ~ kHz Can operate at preferred resonant frequency ~ GHz
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Static-Field vs. Oscillating-Field

prepared EM field qalactic_axion field
~ COS wql ~ COS Myl
(frequency ~ your choice) (signal power < (wg + My w (frequency ~ axion mass)
Static-Field Resonators Oscillating-Field /Heterodyne Resonators
(wp = 0, resonator frequewj/— —{wy # 0, resonator frequency = wp + mg)
) T 5 (ma < CU())
resonator frequency ~ axion mass resonator frequency ~ wg + mg ~ wo
Very difficult to build resonators below ~ kHz Can operate at preferred resonant frequency ~ GHz

SRF J smaller masses
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Static-Field vs. Oscillating-Field

prepared EM field qalactic_axion field
~ COS wql ~ COS Myl
(frequency ~ your choice) (signal power @ os (wp + ma)D (frequency ~ axion mass)
Static-Field Resonators Oscillating-Field /Heterodyne Resonators
(wp = 0, resonator frequency = my) (wg # 0, resonator frequency = wg + my)
resonator frequency ~ axion mass resonator frequency ~ wg + m, ~ wo
Very difficult to build resonators below ~ kHz Can operate at preferred resonant frequency ~ GHz

SRF J smaller masses




Static-Field vs. Oscillating-Field
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vrepared EM field
~ COS wql

qalactic_axion field
~ COS Myt

(frequency ~ your choice) (signal power o<

os (wo + ma)D (frequency ~ axion mass)

Static-Field Resonators

(wg = 0, resonator frequency = my)

resonator frequency ~ axion mass

Very difficult to build resonators below ~ kHz

small axion masses = suppressed signal power

signal power x m,,

SRF:

smaller masses

Oscillating-Field /Heterodyne Resonators
(wg # 0, resonator frequency = wg + my)

(ma < CU())

resonator frequency ~ wg + m, ~ wo

Can operate at preferred resonant frequency ~ GHz
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Static-Field vs. Oscillating-Field

prepared EM field qalactic_axion field
~ cOS wol ~ COS Mgt
(frequency ~ your choice) Gignal power O os (wp + ma)D (frequency ~ axion mass)
Static-Field Resonators Oscillating-Field /Heterodyne Resonators
(wp = 0, resonator frequency = my) (wg # 0, resonator frequency = wg + my)
resonator frequency ~ axion mass resonator frequency ~ wg + mg ~ W
Very difficult to build resonators below ~ kHz erate at preferred resonant frequency ~ GHz
small axion masses — suppressed signal power Slgnal power independent of axion mass for m, < wy
signal power x m,, signal power o< wy

S RF': smaller masses
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Static-Field vs. Oscillating-Field

prepared EM field qalactic_axion field
~ COS wql ~ COS Myl
(frequency ~ your choice) Gignal power @ os (wp + ma)D (frequency ~ axion mass)
Static-Field Resonators Oscillating-Field /Heterodyne Resonators
(wp = 0, resonator frequency = my) (wg # 0, resonator frequency = wg + my)
resonator frequency ~ axion mass resonator frequency ~ wg + m, ~ wo
Very difficult to build resonators below ~ kHz Can operate at preferred resonant frequency ~ GHz

small axion masses = suppressed signal power signal power independent of axion mass for m, < wy

signal power x m,, signal power o< wy

enhancement of wgy/mg, ~ 10 for wy ~ GHz and m, ~ kHz

SRF: smaller masses better scaling
J




Static-Field vs. Oscillating-Field
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What is a concrete example of an oscillating-field /heterodyne resonator?



Heterodyne Detection of Axion Dark Matter
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Heterodyne Detection of Axion Dark Matter
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| (resonant cavity)

“Frequency Conversion” between two ~ GHz cavity modes




Heterodyne Detection of Axion Dark Matter
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T Moso

oS
S

loud driven mode

“Frequency Conversion” between two ~ GHz cavity modes

fl. Prepare the cavity with a large amount of power at mode wp .

\_

~

J




Heterodyne Detection of Axion Dark Matter
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T Moso

axion background

COS Myt

effective axion current
Jo ~ Gay~y B Ora
ox cos (wo +myg)t

loud driven mode

“Frequency Conversion” between two ~ GHz cavity modes

fl. Prepare the cavity with a large amount of power at mode wp .

\_

~

/




Heterodyne Detection of Axion Dark Matter

axion background

COS Myt
NN\
W1 >~ Wy + My
\\ \\
\ \
\ \
\ \
\ \
| |
| |
| same |
T Mozo i I
: cavity !
| |
I I
1 1
/
/ ; Jo o cos (wo & mg )t
loud driven mode >

“Frequency Conversion” between two ~ GHz cavity modes

(1 )

2. Axion dark matter resonantly transfers a small amount of power to mode wi .

\_ J




Heterodyne Detection of Axion Dark Matter
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T Moso

axion background

COS Myl
W1 =~ Wo + My

\\ \\ ll”—~‘ El

\ \ ”n .

\ \ '

! ! ffl:— ----- Sa

\ \ '¢ 1] ‘I ~~~

| ' R " ! \*
| same B R IO
| -t I S u |I '1
: C&Vl I ~~~ |I|I : '¢'

'l y 'l Bl “~u‘~ J_¢’

loud driven mode

quiet signal mode

[ / Px By - ) (different profile and frequency)

“Frequency Conversion” between two ~ GHz cavity modes

(1 )

2. Axion dark matter resonantly transfers a small amount of power to mode wi .

\_ J

TEo21



Heterodyne Detection of Axion Dark Matter
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T Moso

axion background

COS Myt

(push)

loud driven mode

quiet signal mode

[ / Px By - *) (different profile and frequency)

“Frequency Conversion” between two ~ GHz cavity modes

(1 )

Q. Scan over frequency-splittings (axion masses) by slightly deforming the cavity

TEo21



Heterodyne Detection of Axion Dark Matter
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signal is alwayvs read out at ~ GHz

directly benefit from () ~ 101!
signal power enhanced by GHz/m, > 1

suppressed mechanical noise

Ey-E,=Byg-B;=0



Heterodyne Detection of Axion Dark Matter
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gaw [GeV_l ]

frequency = mg /21

kHz MHz GHz
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10_17 standard ALP dark matter i 1014
—18 = _
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10-19 SRF upconversion — 10
10—20 ool v sl v v vl vl vl
1012 10—10 108 o J
mq [eV]

(prototype arriving soon at Fermilab)



Outlook

Superconducting cavities

e Currently unexplored high-frequency gravitational waves.
e Axion dark matter with Compton wavelength many orders of magnitude larger than detector.

 meV dark photons, photon mass, millicharged dark matter, millicharged particles, ...

Now 18 an important time

« Now beginning to explore new physics at scales currently unaccessible with previous technology.

« How can technologies coming online be steered to make the biggest impact on fundamental physics?



Back Up Slides



Spectrum
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Spectrum

nHz uHz mHz Hz kHz MHz GHz
| | | | |
PTA LISA  MAGIS LIGO/ Cnew physics>
Virgo
+ future ground-based
interferometers
Honest take on primordial signals d <h2>

Sp ~

1 dp, Wy S,

3 2
~ O(1
per dlogwy (1) (kHz) (10—22 Hz—1/2>

dw,

— Qg(“’g) ~

Cosmologically viable sources of primordial high-frequency GWs are not (*yet*) detectable



High-Frequencies at LIGO/Virgo
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Why not just extend LIGO/Virgo to higher frequencies?

L4
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\, e
™ ] - .
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Cr—é ] o gapproﬁiimatiorél
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~— -23
= 107 2, | |
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—
L0-24. e Nl
] —_""n'"'i"'n"n"n"n'n'ii """" n'"'i"'n"n"n"n'n'ii """" P e S | """" |'"'i"'|"|"|"|'|'ii """"
2 3 4 5
10—25_ IMSZOSIHI'C E"nsteine 10 10 10 10
g xplorer Telescop frequency [Hz|
0% 102 10! 100 100 102 100 10t 10 106

frequency |Hz|

Cutoff at 10 kHz is a human decision

Lack of feasible calibration of optical response (transfer function)



Signal Parametrics

7

Direct: GW — EM
(Sebastian Ellis’s talk)

metric in the PD frame

hPD ~ (wg Lcav)2 hTT

G W induces effective current

jeff ~ (EO/LcaV) hPD

effective current sources signal EM field

51g ~ Q hpp Eo

Indirect: GW — mechanical — EM

G W induces tidal force

F o~ (Mcav/Lcav) hPD

tidal force deforms cavity

F/Mcav

max (wWg , ¢s/Lcay)

chav ~ 2

deformation mixes EM modes

AZcay hpp E
X Q Ey ~ Q) hpp Eo 2

ESlg L
cav IMnax (wg Lcav ’ Cs

w w
’\g/\i\i\gvvv\l1 (peed of sound ¢; ~ 107® = mechanical signal dominates for Wy K GHz) @
wo




Mechanical Signal
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Declination (dec)

sky map of mechanical-EM coupling



Strain-Equivalent Noise (incoherent GWs)
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shaded = conservative estimate of vibrational noise

unshaded = irreducible vibrational noise

Non-scanning (broadband) search is ideal for transient sources



Coherent

GWs
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SRF

Why superconducting cavities?

( 1. most efficient engineered oscillators \
(long coherence)

2. large oscillating fields
(0.2 T, ~GHz)

3. precisely manufactured and operated

(nm-precision)

4. already used for new physics searches

k (experimentalists) J

"'o - m

W
8 .‘ @ “ 0;' “.Mn" ""



Gravity + Electromagnetism

Einstein-Maxwell Action

1 v 1 74 o
0%:_1 pp 1Y ey 5:—1/#33 V=9 99" FupFue

— Nuv =+ h,uu

flat space J \\-> gravitational wave

Expand in h,, <1

SR

1
jle =0, (5 h FW 4 BY, FO# — FOW)

2/




Gravity + Electromagnetism

4 1

S D) —5 /d4£l3 jgffAM

~

1
jle =0, (5 h FWY 4 RY, FO# — FOW)

2/

“Inverse-Gertsenshtein Effect” : j's is an “effective current” that sources

small oscillating EM fields in the presence of background EM fields.

‘_/7 signal 7Y

huy (graviton-to-photon conversion)

background 7Y

Gauge/Frame Dependence : h*" and j'i do not transform covariantly like O(h) tensors

such as Riemann, which transforms as R, .0 — Ruvpo + O(hz).



Gauge/Frame Dependence

In linearized theory, a residual invariance remains.

et — o' =zt + ¢H(x) where 0,§, ~ O(h)

This “gauge freedom” corresponds to different choices of
frames, which does not impact the physics.



Gauge/Frame Dependence

Transverse-Traceless (TT) Frame Proper Detector (PD) Frame

simpler metric less simple metric

more popular choice conceptually more simple




Gauge/Frame Dependence
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Transverse-Traceless (TT) Frame

0 O 0 0
° hTT _ 0 h—l— h 0 eiwg (t—2)
il O h/x b4 O
0 O 0 0
(simple form of the metric)
° Free test masses remain
at rest during passage of GW.
(therefore can be used to mark the coordinates)
° Effects are subtle.

(e.q., “normally” rigid objects are deformed)

Proper Detector (PD) Frame

: PD 2 1 TT
wlgil h/u/ ~ (wg SC) h/u/

g
(typically only employed in the

long-wavelength limit)

Natural coordinates of the experimenter,
marked by a rigid ruler.

(Fermi normal coordinates)

Effects are less subtle, since metric reduces to
flat space in long-wavelength limit.
(effects can be phrased in terms of

Newtonian-like physics)



Toy Example
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gravitational wave B-field

A A A A
\ 4

/\/\/ >
—_—
+2z
Jet => signal EM field conductor on a spring

g Z N 111

How large is the (gauge-invariant) current that is induced on the conductor?



Toy Example
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Transverse-Traceless (TT) Frame

gravitational wave homogenous and static B-field

A A A A
vV vV Y Y

oscillating conductor on a spring
Lorentz force drives current!

| |
jlh =8, (M” + %ff‘w — FOW)

= —9,h", F* =0

K—» v==tor z

No signal?

Proper Detector (PD) Frame

gravitational wave dynamaical B-field

conductor on a stiff spring

Jer 0 signal!
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Toy Example

Transverse-Traceless (TT) Frame Proper Detector (PD) Frame

gravitational wave dynamacal B-field gravitational wave  homogenous and static B-field

A A A A
vV VYV Y Y

——
: U -
oscillating conductor on a spring conductor on a stiff spring
Jett = 0 Jer 0 signal!

B-fields and detectors are
most naturally defined in this

frame.




Axion Analogy

91

ravitational wave/axion dark matter
static B-field J . /
oscillating at w

interaction

~N

« 7/ N_ 7 N 7/ N .

signal EM field oscillating at w

GW: jeff ~ hWBO

axion DM: jeff ~ Jayy AW By

(h ~ Ganyy @~ 10_22> (current sensitivity)

(not including important temporal and spatial differences)




Technical Aside
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Proper Detector Frame

typically only used in the long-wavelength limit w, v < 1

cavity resonance: wqy Reay ~ 1

(static B-field) = il (resonant cavity)

—_— —_ -




Technical Aside

Proper Detector Frame

typically only used in the long-wavelength limit w, v < 1

cavity resonance: wqy Reay ~ 1

In fact, full set of terms can be summed for a single Fourier-mode

7 1 — e "We? \
hoo = ROZOJ X CUJ X2 |——+ 5
Wg = (wg2)
1 1 + e—z'wgz 1 — e—iwgz
hi' — Rz kol X 6 — 2 3
e L e e e o
2 . —lWg 2 1 — —lWg 2
hOz’ = RO]@I{: SIZJ ZL’ ) ! — ‘ — 1 ‘
3 C2uwyz (wyz)? (wg2)? J

2 1 TT
Ryvpo ~ h

{...}%1



Mode-Structure

Proper Detector Frame

Wg ~~ 1/Rcav

B-field, GW effective current

jeff ~ h B() cug T €2i¢

more important at / k} ,
spin-2

higher frequencies



Mode-Structure
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Proper Detector Frame

E-field of TE212 mode

wg ~ 1/ Reay

large

overlap
< >

effective current

jeff ~ h B() w; T €2iq§

more important at / k} ,
spin-2

higher frequencies



Mode-Structure
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TEH TM

The most optimal mode for GW detection
1s not the most optimal mode for azxion detection.



Angular Sensitivity
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T Moo axion mode

90°

105°

75°

120° 60 °

150° 150°

165° 15°

180° 180°

195° 195° 345°

210° 210° 330°

255° 285° 255°

285°

270° 270°

Lack of symmetry for an unaligned GW = GWs couple to most EM modes

Only a reanalysis of axion dark matter experimental data is needed.

(ADMX, HAYSTAC,...



Strain Sensitivity
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Projected Sensitivities of Axion Experiments

ADMX -

HAYSTAC

CAPP -

ORGAN -

SQMS params.

wg/2m € [0.65,1.02] GHz
Q~8x10% By=75T
Veav = 136 L, Tsys ~ 0.6 K

wg/2m € [5.6,5.8] GHz
Q~3x10% Byp=9T
Vcav == 2 L, Tsys ~ 0.13 K

wg /27 € [1.6,1.65] GHz
Q~4x10% Byp=73T
VC&V == 3-47 L’ Tsys ~ 1.2 K

wg /2T = 26.531 GHz
Q~13x10% Byp=7T

Veav ~ 0.0078 L, Tsys ~ 4 K

y wg/2m € [1,2] GHz
/ Q ~ 106, 0_5T
Vcav —100L TSySN]- K

10

Only a reanalysis of axion dark matter experimental data is needed.

—24 10—23 10—22 10—21

Strain Sensitivity hg

=D

10-2 1019

How to extend the frequency band?



Sources

higher frequency = smaller mass => smaller signals

Exotic Sub-FEarth Mass Merqers

wg ~ few x GHz X (Mg /Mpinary) (rmin/rbinary)g/Q

To fully ring up a narrow resonant cavity, like ADMX
Mbinary 5 10_5 MGB

|

h <107 x (1 pc/D)

.
- .,
~
-
-~
-~
-

fr]_—v
L—l—I‘ >

Superradiance

MBH ~ 100 X M@ y Maxion ™~ 1 ,LLeV

|

h ~107%7 x (10 kpc/D)



