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Energy spectrum of grav. waves h*Qcw

Why we need a lot better detectors
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Problem: Ellis + D‘’Agnolo 2412.17897
GW detectors are constrained by

e (quantum) noise floor

» signal transfer function

Only options left:
e Drastically increase transfer function
e Maximally avoid quantum noise constraints

But scaling detectors up further is hard

1 1 1
m ) ) .
Mass Volume  (EM Field)?

'Qmin

Can we even propose detectors which reach cosmological HFGWSs?
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How far can we push HFGW detectors?

—

* Position detection
e GW detection with cavities

* MAGO optimization
__ Enhancing the signal

* Electromagnetic detection transfer function
* HFGWs on BREAD
* Gertsenshtein MAGO
* PD strain of general waveforms —

* Quantum Enhancement

* Vacuum Squeezing
* Back-action free amplification — Lowering the noise floor
* Prospective sensitivity

—
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Position Detection
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Position Detection

Optical Cavities in the Laboratory Frame

GW tidal force

lwgt
Few o (y,x,0)e"s e Optical cavities loaded

symmetrically with laser power

e GW perturbs cavity mirrors

e Mirror oscillation up-converts
power anti-symmetrically in both
cavities

e Beam splitter filters out

differential signal
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Position Detection

Microwave Cavities in the Laboratory Frame
GW tidal force

Fow . (v, x,0)et®gt _ _
Superconducting radio

frequency (SRF) cavity = Much smaller §x than laser
. interferometer

¢ —> Signal resonantly enhanced

NG/ Y o< Q 2 1010

7/ 7\ | >Additional enhancement from
‘ T/ mech. resonance « Q,, ~ 10°

possible

‘MAGO’ detector:
Ballantini et al. (2005)
Berlin et al. (2023)
Fischer, TK et al. (2025)
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Position Detection

Optical Cavities vs Microwave Cavities

Rate of energy transfer Transfer function (Resonance & Readout)
Signal PS[NAEM\(inergy <~ GW PSD

* Heuristically: Sgij(w) & wq U T(w)? S, (w) (eiis + DAgnolo 2412.17897)

* Comparing the thermal & quantum limited sensitivities:
 Stored energy in cavity 2 MAGO wins
* EM frequency - LIGO wins

. : By = mT
Fabry-Pérot (FP) cavity /P <
bs

Microwave (RF) cavity P,

SRF cavities have the potential of more (GW sensitivity)/(Detector Size)
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Position Detection

Length scaling
* Heuristically: Sgjo(w) ~ Uy ~ L A

= Apin ~ 1/ \/Z (for RF and optical cavities)

~ GW tidal force ~ 0.2 T for Nb RF cavity
AN [ dA- Aix (By-B1—E¢Eq)|
* A closer look: (U, - max B2 | dV B’ Cm
~~ ‘ A 0 1 ‘ /< y - 2
/ Interaction volume Vint :h_—_—‘
(LA)2 b
BZ crit I

= hmin ~ 1/L possible?

e Generic cavity geometries scale hyi, ~ 1/VL with the cavity length
e Optimized geometries could unlock a hy,j, ~ 1/L scaling
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Position Detection

Optimized Microwave Cavity

mode in two-cell cavity = Vi, & |f dA - hx (B? — E2)|2

—>Example: Optimal 2D cavity that fits into circle
(circular cavity has Vipt /Veircle = 1.1)

* f 4 in MHz - GHz: Different modes - more design flexibility

—> Example: Concentric cavity increases area
with minimal cavity volume

Optimized cavities can have higher sensitivity than the heuristic scaling
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Position Detection

Maximal microwave cavity: O(LIGO) MAGO

» Best way to increase sensitivity: long detectors 1077
. : L
e Maximal length given through f,; < 0.3 MHZ% 10T
» Density of resonant modes increases for long cylinders ;N 10-19 |
(optical cavities: Schnabel, Korobko arXiv:2409.03019) =
= 10—21 L
A SN £
2107 yaco
V S ¢ 14 | L U N
) —— km-cylinder
- + =~ = Completely unfeasible? 107" F  onoptimized
EU-XFEL uses 768 superconducting '1'(')3 s 164 i "'1'65
~ - . ~ - RF cavities over length of 1.7 km GW frequency f — fy [H]
: : : : : : TE11p - TE11(2q+1) transitions

e Leaps in sensitivity are likely impossible with ‘tabletop’ experiments
e Optimal length scaling not found for arbitrarily long detectors (yet)
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Electromagnetic detection

GW £

Tom Krokotsch — Quantum Sensing meets Ultra-high Frequency Gravitational Waves

10



Electromagnetic detection

Dish Antennas: Broadband Focusing With BREAD

e Assuming ray optics f;Lgetector > 1
Fraction of focused rays

e Not valid for microwaves f;Lgetector = 1 0
- 20 A7t
Ray heatmap on top of BREAD 0.4F °
[ 0.055 F
0.3 .
- 0,028~ f5= i
0.2 !
I Or | i
01k 151 w/2 163
0.0 B Jl\f """""

0 /2 7T
GW inclination angle 6

Coaxial dish antennas retain limited focusing abilities for GWs

11
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Electromagnetic detection

Dish Antennas: GW Sensitivity of BREAD

S 1027 i~ | . .
> | ! e Small magnetic volume compensated by focusing
102 | Phonons . . .
% MADMAX — | ¢ Assume single photon detection (SPD) with
§ 1017 I’ [ E —4
o . I = | dark countrate Rp = 107 Hz
gﬁ 10125’P’1asma I ———————————— . . "
: Haloscopes l—==—"" JAXO-SPD — e Microwave detector (GigaBREAD) less sensitive due to
<2 7L . .
5 1 " o g - Worse focusing due to microwave resonances
= L3etBo ~ 10” m* T missing
£ 102F  BREAD: _ .
kS (this work) Worse noise performance
'S .| E GigaBREAD . . . .
£ 107 mrmansep | . Remaining question: Are there antenna geometries which
£ |emmmmmmmtemeeeeeoi

107 bbbt ot focus isotropic GW backgrounds better than BREAD?
GW frequency f [THz]

Coaxial dish antennas benefit from larger field of view than ‘1D’ designs
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Electromagnetic detection

Gertsenshtein Effect in Microwave Backgrounds

Scanning sensitivity

Conversion in static magnetic field: 1018

B; t
signal (1) Setup for axions searches like

ADMX (arXiv:2010.00169),

HAYSTAC (arXiv:1610.02580),

& more

—> Berlin, et al. (2021), arXiv:2112.11465

,_.

3
DD
[es)

1072

10724

Conversion in microwave background:
B si nal(t)
g

Minimal detectable GW strain

102
Parametrically enhanced on resonance

SNRSRF
SNRstatic B -

B, (1)

&

600

Tsrr Qnrr/10° \  Bo/8T 2fg

1.8 KQSRF/]-OlZ (Bo(t) /02 T f0+fg>2 10-28 |-

1 IIIIIII| 1 L1 11 1 L1 1111l 1 L1 1111l
106 107 108 109 10

GW Frequency f, = |fi — fo| [Hz]

Up-conversion cavities can have higher GW sensitivity on resonance
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Electromagnetic detection

Length Scaling in SRF Cavities

2
av Egje- . i i
1.0 |[JaVEsiger| with Jegrx wj Ly By h'' = Widening the detector leads to hyjy

1
P =~ ~

< Transverse length L, >

B field of pump mode TE,

Effective current for plus-polarized  — 0.5

GW in y-direction with f, ~ GHz = _8-8g

—04  —02 00 0.2 0.4
z |m]
e Figure of merit conflicts with mechanical signal > Small volumes are not preferred
e No strong external magnetic fields needed

GW strain sensitivity of EM-SRF cavities increases rapidly with length
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Electromagnetic detection

Sensitivity of Microwave Cavities

10—16 |
. 10—18 |
li 10—20 |
= 1072
'%f 10—24 |
—— MAGO-type
10726 |- —— km-cylinder
—— km-optimized*
| L | L | L |
0.1662 0.1663 0.1664 0.1665 TE11p 2 TE122941)

transitions

GW frequency f — fy [GHZ]

*optimized only for mechanical signal
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Electromagnetic detection

Proper Detector Frame: General GWs

Series expansion of PD metric e =23 e i 2)‘kazzn OnRIL]
Fortini, Gualdi (1982) n=0 '
Marzlin (1994) h%D _ _9 Z (::;)'xkxlzn [aZRgI;El]ZI:O
=0 :
For monochromatic GW, expressed through pED = 2y ] ahatn [onRIT]
. . . (] + 3 | z (] 2! =
exponentials in Berlin et al. (2021) = ()
L] k l .
AsTsTumlng genTgTral plane GW pFD ‘”z—f [h’,{lT(t —2) —hiT () + zh’,flT(t)] ,
h;; (t,x) =h;; (t—z My g _ gmyn g2 t—2 ,
y (00 =Dy (E=2) ey ane—aner -+ [ RER @+ S )
find equivalent expression: ? z2 Ji

PD _
iy

o7 22 + xma" 0707 — ™z (6]'67 + 6767 !

2 t—z
S M=)+ [ HER@)d +hTE ()
t

z

- Fully analytical if [ dt h'l-ro(t) can be obtained.
- Important application: GW chirps from compact binaries h'iro(t, z) = A;j(t — 2) e~ lp(t-2)
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Electromagnetic detection

Proper Detector Frame: General GWs

What if the integral is not known analytically?
—> Evaluate infinite sum by expanding hg}T(t, z) for z/t K 1

—— PD Chirp —— TT Chirp
1 — Monochr.

Most chirp signals fulfil ¢(t) > 1 long before merger.
—> Approximation is equivalent to monochromatic result in Berlin
etal. (2021) under w; — wy(t) and h}}T - A;;(t — z)

(normalized)
-

hoo = —wi F (wg2) z*z'hy", .5 N
hil = —wSF (w0y2) _2iF/ (0g2) [h;fiszk = hrkrlT:ckxl(Sf] :
hiP = iw? F' (w,2) -1 . | .
ij g 9
hTT 2 hTT k lé'zéz . hTT(SZ I hTTé‘z k U0 ! 09
X \Rjj 27 4 gy 7X°0;05 — Ny~ 052 kj 03 2T 5 z [m]
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Quantum Enhancement
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Quantum Enhancement

Vacuum Squeezing

< 200 100 0 100 200
Thermal losses (W —wi)/ Ky
Standard quantum limit
rate € K, = — L
L™ it with optimized Qcpy Squeezed vacuum (Qcp1 re-optimized
_\\\ Yl ,”
Readout losses g \\ ”~ -~ -
w B / B R — -
rate € K, = — / !
cpl L
) opt
p g -\ Mg~ = A
S < F \/
_ 3 Fthermal M -
squeezing readout [ [ [
gain qu amp [ . | . | [ . . | [ . | . |
: —200 0 200 —200 0 200 —200 0 200
Field quadratures:
E, «< X; sin(w,t) +Y; cos(w,t) <w _ wl)/’%l (w _ wl)/lil (w - wl)/’{l

Vacuum squeezing can increase the bandwidth but not the peak sensitivity
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Quantum Enhancement

Back-action Evading (BAE) Amplification

Goal: See:
o Amplify fields in cavity (signal + noise) before readout noise is added Clerk et al. 0810.4729
e Don't introduce additional (backaction) noise Wurtz et al. 2107.04147
< > Kuenstner et al. 2210.05576
Thermal losses - Readout IOSSGS
rate X k; = - auxﬂlary rate € K, =
int cpl
mode
@ .
. Parametric couplin rotating frame
GW Signal Ksig OIM.ST¢ i(w p—a) %t T i(watwq)t XX,
Hepi= g (e ATHUa a, + e\ AT alaA) = g X1X4
state swapping parametric amplification
th si
_ X; VEiSin + /KsigSin © Signaj Xy < VErEin
Equations W
of motion: ' th sig , L ,
Y] o< i $in H VKIS, — 219 Xa Yg o \fiep & — 21 g Xq

read out

A parametric coupling to an auxiliary mode can noiselessly amplify the cavity fields
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Quantum Enhancement

Back-action Evading (BAE) Amplification

Standard quantum limit BAE coupling o
with optimized Qp, to aux. mode Qcp1 re-optimized
opt
wamp
| ! | ! | | | | | | | | |
—9200 0 200 —200 0 200 —200 0 200
(W —wi)/Ky (W —wi)/ Ky (w = wi)/ky
KK, e 4g° KKy
Sin(w) Sharper resonance, but amplified Si, (w) «
th( ) 4(1)2 4+ (Kr+Kl)2 p p th( ) (4(1)2+K12)(4'(l)2+1€$-)

BAE amplification of the cavity fields w.r.t. readout noise broadens the bandwidth
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Quantum Enhancement

Comparing the Methods

t
Awg P
Ing: 1 ~ . 1010
Squeezing: =~ Gsq for Teavity > Treadout
Awg
. . . 10—18
Realistically: Gsq = 20 (Malnou et al. 1809.06470) 8
|
i 10—20
chain of N circuits o
Awggltp Qint 2/3 large N limit Qint %b -2
BAE Amp.: = (g ) > g ERS No tricks
Awg W1 Chen etal. 2309.12387 © @q C Soeering
. 107 - Back-action free amplification
Realistically: g = MHz (Luetal. 2303.00959)  Backaction free amplification + Squeering
—26 L | L | L | L
APt /3 0 2/3 07700 —50 0 50 100
= am i . .
BAE Amp. + Squeezing: Tp =~ (g4 ( w‘—“t) GW frequency f = (fi = fo) [kH
0 1

BAE amplification promises more bandwidth improvement than squeezing
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Position Detection + Electromagnetic Detection + Quantum Enhancement

Maximal GW Strain Sensitivity of a SRF Cavity

Strain sensitivity using BAE amplification

" Mechanical Signal Electromagnetic Signal
—— MAGO-type 1071 -
——— km-cylinder 20
—— km-optimized ? 107 =
B ,li, 10—22 .
— S 10—24 .

=

D0 B MAGO-type
L Y km-cylinder
[V p— km-optimized™
10—29 ) ] ool ] Lol 1 1 | 1 | 1 | 1 |
103 10 10° 0.1662 0.1663 0.1664 0.1665
GW frequency f — fo [Hz GW frequency f — fo [GHZ] TE11, 2 TE1302¢41)

. : : transitions
*optimized only for mechanical signal
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Position Detection + Electromagnetic Detection + Quantum Enhancement

Maximal GW Energy Sensitivity of a SRF Cavity

Energy sensitivity using BAE amplification

Mechanical Signal

1010
----- MAGO-type no BAE
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Energy spectrum of grav. waves h*Qaw
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o DMRadio-GUT F 10,
10 r 10
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107 F 107
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107 71—/ ------- 107
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07103 £ 100
012 E = Inflation-EFT E 1012
0 Inflation-extra species ¥ 107"
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0 E r 10
0" 1070
0% : Current exp. -® Astrophysical bounds [ 10720
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Summary

* Cosmological HFGWs are out of reach for currently proposed
detectors

* SRF cavities benefit from large stored energy

 Cavity length and geometry are key features to improve SRF
detectors

* SRF cavities can simultaneously act as mechanical and
electromagnetic GW detectors

* Quantum enhancement techniques are essential to widen
bandwidth while maintaining peak sensitivity
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Backup: Fabry Perot Cavities vs RF Cavities

Maggiore Eq. (9.220)

. cLIGO ._ mhfLfp fé

Sshot = Pps fT (1 +pr

. gMAGO _ /i Afim (4 + (fotfg—f1)"
SQL- 12 AfZw

Pout
e Off resonant: Figure of merit

o = 16107350 5 (2) (i)

S Qcpl m?3
Pps

. 17W__ 1
fLPps = 2.8 10 s 282 THz 1kW

* On resonance: Figure of merit

Optical cavities:

e Laser frequency f;

e Power on beam splitter P,
» FP cavity quality factor

_ FSR
- fl/QFP

e Pole frequency f, = %

thermal noise dommates5 10 2
o PoutQintQi| hfi| _ 4.1012]10 1010 v (Bo ) fi 18K
fi kpT Q1 Qijnt m3\0.2T/ GHz T
2
° PbSQFP —4‘6 1013]282THZ Pps ( QFp )
fL f  1kW \3.6-1012

03.07.25

Tom Krokotsch

RF cavities:
e Signal frequency f;

e Mode bandwidth Afgy = 1

Q1
e Qut-coupled power P,,; = —1 Uy
= Qpp = 2f1LF Gepl
FL
Optical Cavity Signal
RF Cavity Signal

Peak_ o PbsQFP/fL TRF cavity ~ 10
sensitivity PoutQr/fre  fre

High freq. fLPbs_ 1

limit fRFPout

For an ideal 1 m3 SRF cavity without mech.
resonances at the SQL vs. LIGO parameters.
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Quantum Enhancement

Backup: Including Mechanical Resonances

GW

>
Thermal
losses « Qipt

<
Thermal

losses & Qi

auxiliary
cavity

Readout losses

-1
Parametric coupling (not BAE) Parametric coupling O: Qcpi
Hep) = Vo1 (XmX1 + Y1) Hepl = Gamp X144
squeezing readout
gain Ggq amp
41, S (w) (vSV ’ 4 K Spo (@) (V61 )
SSP;QE((‘)) _ fGW( ) (VO gamp) Ssoig(w) _ few 01

”(a)2+%)<w2+’cz>+(y0W) ] w2+'2‘) 2 |<w2 +%)<a)2+’C >+(y0
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Quantum Enhancement

Comparing The Methods: Exact formulas

opt
Awgq

Awg

Realistically: Gsq = 20 (HAYSTAC, Malnou et al. 1809.06470)

Squeezing: ~ Ggq forng > ny

r, 1, amp 2/3 . .
BAE Amp_: AwBAE ~ 2 . 21/3 . <g Qint nT+E+TlT ) chain OfClI’CUIt§g Qint

1
Cc
Awy w1 ny+; w1

Realistically: g = MHz (Luetal 2303.00959)

2/3
Aw°Pt  nl4=nlmP
BAE Amp. + Squeezing: ——= =2 21/3. Gslq/ > (g Qa‘)nt - ZC+1T )
0 1 nrTz

BAE amplification of the signal might increase the bandwidth more than squeezing
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