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Outline

" Gravitational wave coupling mechanisms
" Sensitivity estimation of the MAGO detector

" A detector concept for high-frequency gravitational

waves
" Quantum enhanced cavity searches

" Gravitational wave sources of new physics
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Gravitational Waves

" Linearized general relativity: flat space + perturbétierl,+h,,
" Gravity must be spin-2: Radiation generates quadrupole moment

https://www.sr.bham.ac.uk/~cplb/GWplotter/
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Gravitational Wave Coupling with
EM. Caviti

“Deforms the mechanical *Induces a current for an
structure of the detector electromagnetic

background field

(Gertsens@ﬂ effect

~ N

(. (2
h, ~T% | MWWV E, h MWW E,
N/W/WVW( ~C2 1 ) ) AV =Tt

MWW E, MWW E,

N N

UH
SRF Cavity Detectors for High-Frequency Gravitational 29.08.2024 4
Ll Waves




Gravitational Wave Cavity

Experiments

" Superconducting cavities " Normal conducting

in a heterodyne set-up Cavities in static
" EM eigenmode loaded magnetic fields

with EM energy “Empty EM mode and
* MAGO prototype strong external B-field

w,  Signal
mode
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Coordinate Systems for
= ravitati "W

“Transverse-traceless “Proper detector (PD)
(TT) frame GW take frame suited to describe
simple form laboratory

EM fields in TT EM fields In
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Mechanical Coupling Signal Strength

" Mechanical coupling on resonance
E-mech Q Lcav qu

sig
" Mechanical displacement of cavity walls by force

qD~fp/McaV[Qp/(w2wp) for W= U)p
w for w> w,
" For tidal force of a GW

E'z;“ Qui"E Qoiiguie] for 25
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Electromagnetic Coupling Signal

Strength

" GW induced effective current
Jesr(X)~nPE L, ~w,w, h'" E

0 —cav

" Signal strength of direct conversion is
EEM~Q,E 0w’ L2, h""

sig cav
" Ratio of direct and indirect signal strength
-2 ~
Enect gEM | QpCs” for W=,
wO/wg for (x)g>(x)p
"Indirect conversion enhanced on resonance ()
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Noise Sources Power Spectral
Densities (PSD)

“ InCIUding ﬁeld baCk'aCtLi'J@elﬂberg, Moortgat-Pick 2307.14379

Signal and Noise PSDs: Non-Scanning with Damping Signal and Noise PSDs: Scanning with Damping
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MAGO Detector Sensitivity

" Estimate minimal measurable strain by integrating PSDs in
sighal-to-noise ratio " h () 0\ -1/4
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SRF Detectors for High-
Frequencies

A regime of quantum limited noise
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Direct Conversion Static B vs.

Heterodyne

" Recall the signal strength for a heterodyne cavity
EEM~ QlEOwZ L2 hTT

sig g —'cav

" For direct conversion in a static B-field
ES,~Qrw L], h' B,
" The signal strength ratio is
EEM w. E
i;g~Q2 = —=~ 0100 - -
Esig Q’ w, B, Static B-field cavities:

" Static B-field dominate for

Heterodyne SRF cavities:
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A Detector at the Quantum Limit

" A detector with GHz:

Signal and Noise PSDs: Non-Scanning with Damping
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Detector for a HFGW Heterodyne

Search

Jers in xy-plane, T"Mp E-tield in xy-plane, T'E5y_
0pF | | = 1.0 [ R O
. e Y

X [m]
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Peak Sensitivity

" Estimate sensitivity with signal-to-noise ratio
where Is the signal bandwidth

" Heterodyne SRF cavity experiments

" Static B-field gavitr experiments
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Coupling Coefficient for
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GEO600, DOI: 10.1038/NPHYS2083

Quantum Enhanced Sea

1020
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" Squeezing increased sensitivity in

GW interferometers A0

il e H'IHM '1

Observatory noise, calibrated to
GW-strain (Hz'2)

“ Direct axion searches speed up scan rate e T TR T

with squeezed vacuum Frequency (Hz)
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Squeezed States of Light

" Until here: Classical field theory

e N\,
Elt,x)=E, @ sinkx P flaxwell in 1D)
L& (a+a’)sinkx L—i#B,(a—a)cos kx
Define quadrature operators: and
, for

From follows the uncertainty relation

Squeezed light for or
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Squeezed States of Light

R. Schnabel, arXiv:1611.03986

" Squeezed vacuum state

e

21 Ar )

Phases space Electric field oscillation, real space
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A Cavity Model within Input-Output

Based on: yMa/nou et al., PhsyRevX 9,
= Interaction-of incoming bath  'easurementport - Drive port
modes with the cavity Caviy | " | ‘
aout,x(t): a;, x( ) FA01 ﬁint
“ Model in it's own rotating e L Pump Mode
ﬁiacrp\? H + H +Hmt . |
ﬁint:h d (AO A1+AO AI) Loss portJK!S i Loss port

" Interaction of bath an cavity i —_jg A - Ra® B A A+VEK A, g4V K,
Heisenberg picture 2 "

" Assuming A =-igA, - 2 LA VK, Gy K A,

Solve for in Fourier space
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A Cavity Model within Input-Output
Theory

* Interaction of all incoming with the cavity yields the outgoing of

the signal mode
am N )+ZX}S(U)
]

out s Z an

“ Where the (2x2) sucsceptlblllty matrices are
g, K K, Z) 046,,(Z,|w] Z | w]+g)

ain,j(w)

0

X”S(w_Zl(w)Zo(w)+g2’ Xl /= Z\|w|Z,|w|+g®
Mode Z |lw)=iw+(x,+K )2
simpedances”: 7 (¢ | =iw+(K,+K_)/2
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A Cavity Model in Input-Output
Theory

Measurement port Drive
* Follow the quadrature through R p%gt
Individual elements Cavity |
}in,O: {in,d }in,lz }/{in,m Hint
X in,l X in,1 Signal Mode <9 Pump Mode
" Projector for
| |
x|_ 1 I, I, a JKls ICIIU|_
¥~ V2 ( ~i1, i\’ Loss port Loss port

" Find susceptibility matrices for output quadrg%une‘fﬁx,o}m,o’fEx,ﬁ?m,l
" Cascading field quadratusepieezing (SQ) Amplification (AMP)

\Cavity ——
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A Cavity Model in Input-Output
Theory

“ From input to output quadratures

—_

Xout,leX (\Xo(w)s%{>_2in,0+xl(w)stXin,1

AMP signal output SQ pump input SQ signal input

" Squeezing (5Q) the sighal mode
" Amplify (AMP) signal output

- [ = T
" Output spectral density Zout,X,1:<(Xout,1) (Xout,l) >/2H

UH
SRF Cavity Detectors for High-Frequency Gravitational 29.08.2024 23
Y Waves




nT+1/2 ng+1/2

Improved Signal Visibili' == Qi e
Cavity & |:d
|
" First element in corresponds to o e > A
measurement output port
" “Signal visibility” is SNR of B oW
2 4 s ? —
(o) gn;KuK,/G, S —
(n,+112)(plw| K K, +g" K K+ B(w) /G, r+1/2 nr+1/2
‘TSqluleelzel pump cl)rlsilgrllall que | Squeeze signal mode and overcouple
i — P

U-H P
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BSM Gravitational Wave Sources for
MAGO

Equal mass primordial black hole binary mergers Black hole superradiance from bosonic clouds

PBH Mass mppg [Ms]
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Conclusion

" Heterodyne Cavity experiments have a uniqgue broadband sensitivity
for

" Potential region, where direct and indirect conversion can be
combined at

“ In this spectral range a detector is likely operating at the quantum
limit

“ Inspection of a detector only using the direct conversion of the
Gertsenshtein effect shows limited broadband sensitivity

* Construction of a quantized heterodyne cavity model within an input-
output theory showed potential improvements with squeezed states
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ldeas and Thoughts

" Expand the signal analysis to more realistic signal forms, like
chirp or stochastic signals

" Quantify the detector sensitivity with less biased quantities, e.q.
,effective noise strain“ or characteristic strain

" Optimizing detector geometries and tuning mechanisms for high-
frequency GWs

“ A detailed investigation of detector correlation and signal
analysis to improve the sensitivity

" Experimentally test the opportunities of squeezing to enhance
the broadband sensitivity of a quantum limited detector
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Wave Observation




The Proper Detector Frame

2(n+3) LAk
Z (1_|_3)| 1 (akl
~2(n+2) okl k
Z n—|—3)| & Ok
= 2(n+1)
e EVERS

and

Waves

.. Ok, Rorot)(9),

.. Ok, Rokit)(g),

hay (k,t) = (
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Nume_rical Evaluation of the
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Overcoupling Heterodyne Cavity
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Input-Output Theory

ain(t) = (2mp) ™" 32, exp [—iwg(t — to)] - dq(to)

d.{qh. 1 A A AT N
ar E[Hcavaﬂ] - EH — ﬁﬂin{tjs
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S q u e ez i n g i n H AYSISACJOI 10.1038/5s41586-021-03226-

High-electron-mobility transistor (HEMT) amplifier
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Flux-pumped Josephson Parametric

Amp.

" Parametric processes with
nonlinear ,optical” devices

* crystal material/SQUID with
nonlinear susceptibility

* amplified or deamplified
depending on the phase
" |In RF use Josephson Parametric and squeezed

Amplifier (JPA)

“ Nonlinearities in Josephson-
junction, effective inductance of
an LC-circuit

..ﬁ
n

SRF Cavity Detectors for High-Frequency Gravitational
Waves

Port:1:
signal O

Vacuum reflected
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Port 2:

pump
O Modulates
inductance

Flux line with

SQUID array of PUmMp current
josephson junctions

35 (33)



Improved Models in Input-Output
Theory

" Including transmission losses along all transmission lines

alw)~ gA(1-A+2/G,))n KK, : New terms
(nT+1/2)(B(w)(1— A)+A[y(w)K,Km+g2K,Km+(1— A+A/Gs)[3(w)]) \évlci[’;tifgizrnacn;mission

" Add a third cavity with GW quanta to calculate for

100__ I T T T I T T I T T T I T T ]

E |—— No squeezing

H _ =#4Acw ( EZT a +1/2 ) | — o squeezing, over . /\

S-mode squeezed

A A ) 107! = S-mode squeezed, over cpl.

QnyK.K,/G, ) m
alw, +w|~ > ; 2 Ll '
(M +112) (K, K, €, K, # Bl + 0, [1G,)
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A Cavity Model within Input-Output

—~ —~ —~ —~ Measurement port Drive port |
Hs p~ -~ cav + Hbath + Hz’nt = K Ka
' | |
H =Y#hw d a
bath Z 47494 Signal Mode <9 Pump Mode
A . /\_/_ AN P A~
Hcav,s hws( SAS+1/2) H, H,
A AN AN I i_
. T . Iy,
Hcav,p—fl(x)p(ApAp+1/2) Loss portJKt "L Loss port

In rotating wave approx.

Markov approximtaion to simplify cavity and bath interaction

coupling of bath and cavity mode:
HPHOS ity density of states:
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