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Introduction
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Introduction
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Energy spectrum of grav. waves h*Qgw
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... But how far can we get?

Quantum heursitics for gravitational-wave detection

[Aggarwal et al., Challenges and
Opportunities of Gravitational Wave
Searches above 10 kHz, 2025]



Scope of the talk

Toy models Analytical control

p—

1. Highlight key properties of detectors

) (allowing for comparisons)
Interesting features —

2. Hints on how to push forward at high frequencies

—

Stochastic backgrounds (gaussian, isotropic, stationary, and unpolarized
random process with zero mean) l

Windows on energy regimes otherwise unaccessible!
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Heursitics break our hearts...

Q: Will we ever be able to det@ct guiggol
frequencies? *

itaflonal-wave signals at very high

In fact, classical heuristics tell us that [S.A.R. Ellis, R.T. D"Agnolo, arXiv:2412.17897]

Energy conversion
efficiency

A

Sensitivity
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Energy density and 2-point correlation

Qg (w) x w2 Shn(w)

__———_—_

Energy density (per logarithmic
unit of frequency)
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The minimal detectable strain

« Minimal detectable strain:

dw Qy(w)? 2 / dw Q, (W) 2
= |t ~ = | tin s
SNR, (tmt / AT L OSNRy = (e [ 5o g0

* Bound on minimal signal strength for detection of GWs coming from primordial

backgrounds [M. Kawasaki ef al., Phys. Rev. Lett. 82, 4168 (1999) & Phys. Rev. D 62, 023506 (2000), M.
Maggiore, Physics Reports 331 (2000), 283-367]

/dlogw h2eQ,(w) $5x 107°ANg
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BSM signals’ typical observed frequency

* Which high frequencies?

A < H1 (Process occurring at temperature T)
W = a(t*)/a(to) Wi (Redshift of gravitons)

Signal at GUT scale:

i1, 9. (T)\°
wo < 100 MHz (1015 GeV) ( 100 )
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A new question

Now, all of this was based on classical heursitics...

Q: Can we analytically take into account all of these factors, starting from an ab initio computation
in quantum mechanics?
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Two toy models to describe (almost) any detector

EM resonators Mechanical resonators ‘fx‘;‘”
7 1 / ]
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* Large static magnetic + Transition mode

| |

I | ° . . oy .
field ' 0(loaded) - 1 (readout) | Like test masses. Their position is measured through an

I I

| |

EM readout

___________________________________________

* Readout: w1 ~ wy * Readout: w; = wp +wy

Direct 1nteract1on [- Mechanical back-action

H(t) = Ho(t) +@+(t + Hpu(t
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Quantum mechanical set-up

EM resonator
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*  Resonant EM microwave
cavities [Physical Review D 105
116011 (2022)], Lumped LC

EM
resonators [Phys. Rev. Lett. 129

Free Ho=) Anal,an,+ / d*x| Bo|* :
:
|
|

Int. He(t) = f d*why, TH = h(t){ > Cipal(ay(t) + Y [Djas(t) + Djal(#)] } | (2022) 041101
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«  MADMAX [arXiv:2409.06462],
CAST [arXiv:1705.02290], IAXO
[Eur. Phys. ]. C 79 (2019) 1032];
MAGO [Phys. Rev. D 108 (2023)
084058]

Readout Hg(t)=)» ) [ dw{wbj(w)bl(w)+igf b (w)a;(t) _b,(w)a;(t)]}
(thermal bath) §=0 1
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Quantum mechanical set-up

Mech. resonator
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H (=YY" ] deo{ebf (@)bi(w) + ig] o] ()a; (1) — bi(w)a (1)}
i=0 1
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* Interferometers (LVK, Holometer),
Optomechanical sensors
(levitating sphere [A. Arvanitaki,
A. A. Gercai, Phys. Rev. Lett. 110
(2013) 071105]), Weber bars
(AURIGA [M. Cerdonio et al.,
Classical and Quantum Gravity 14
(1997) 1491]), Magnetic Weber bars
[V. Domcke, S.A.R. Ellis, N. L.
Rodd, Phys. Rev. Lett. 134, 231401]



Pipeline

* Input-output formalism [Beckey et al., arXiv:2311.07270] FY = —V2E,ImCy
FY = —V2EyReCw
I ATTAPRATIIRES f -
\ QUADRATURES Xa(t) = AnYa(t) T % Z R () + Z VERXE (1) +FR (1)
_in_ in_ I
) _ ol7te) | o (=)t i EM
i A V2 | Yo(t) = —AnXn(t) F Z RY; (1) + Z Y () +HFR ) SOLVE
. (%) _ ()t | (in F-space)
() e ) =gt _pt) P
| B E i(t) = 57 Mech
I - _ —
| A =) ! B(t) = —Muwpz(t) (mp(t) — g X1 HE()  ~_ ' |
A PP, : Loss rates |
I
[
. kR =2m(gR)?
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2T = a : ~1n g :
ain = bout I K’j - Z B8 N :
= : A I
[Walls, Milburn, Quantum optics, Ch. 7]
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Transfer functions

* Input-output relations

\

X = X =3 e, 20) = 3 [xtea TR W) + X0a @] + 3 xtmrr ) Fr(0)
g A T

Yo — pin_ Z KLY Yort(w) = ZA: [XYmXA (W)X (W) + XV, ¥a (w)?f\“(w)} + ZI: X Fr (@) Fr(w)

(A =0
Xab(w)
/ \
— aom: bin
Xeal) ( . 2 e ) | X0l
= =
\ /
Xba (w) [Walls, Milburn, Quantum optics, Ch. 7]
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Power Spectral Density and Minimal Detectable Strain

 Quadrature PSD:

S92y, (@) = 2| Ixvwa (@SB v, (@) + Xvxa ()P, x, ()]

& — Noise

+) [XYmXA (W)XYva (W)* S x, (W) + XV ¥a (W)X Vi Xn (W)* SR, v, (w)}
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Assumptions and regimes

* Assumptions

* Mechanical detectors have infinite mass: M — oo

« No intrinsic losses: &., = k1

* Regimes
Thermal-limited Quantum-limited
in 1 haw in I
Bit = B coth (2kBT) sa < =
Standard Quantum Limit (SQL) Heisenberg Limit (HL)
in _ 1 “© 'i/r_ly -0
YY )

(Shi(w)|NoISE = S1v)
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Energy spectrum of grav. waves h’Qgw
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[Aggarwal et al., Challenges
and Opportunities of
Gravitational Wave Searches
above 10 kHz, 2025]



Quantum heuristics for mechanical resonators
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Quantum heuristics for EM resonators
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Summary & conclusion

+ With the aid of the applied to

, we were able to study the response of most operating and proposed gravitational-wave
detectors under unrealistically generous assumptions on their efficiency.

* The two quantum-mechanical toy models we considered allowed us to
" sensitivity curves.

By taking the and HL of these models, we were able to put on the sensitivity
GW detectors can ever hope to achieve. The analytic bounds confirm the validity of classical
heuristics: most existing detectors cannot probe energy densities below the critical density line,
even at their HL. Improving over the BBN bound much above a kHz does not seem feasible.

High-frequency gravitational waves coming from primordial backgrounds may remain out of the
experimental reach of current and near-future detectors
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Comparison with Heuristic SQL
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Some PSDs

e Interferometers:

(k° + 40®)[w?yp, + (wW? — wy)?]
32Uinwiwi| 1|2

Shn(w) =27 Sg)fitym( )

 Weber bars:

[(r1/4+ wi — Q%) + K27 [(w, — Q%)° + 77,07

S (@) = 2 2 S, ()
21 L2wh|T|2 2 {[wlIm(C’w) — k1/2Re(Cw)]% + mRe(cw)2}
 Photon (re)generation: Cw = #C‘W

2 2 O2)\2 2092
Spn(€) = 21 [(k1/4 +wi — Q%)" + k707
2K1 {[wllm (Dl) — 51/2 Re (Dl)]Z + Q2%Re D4 ,2}

Y ¥rm ()

D; = Dj\/Vw; Byw,L min[1,w,L]
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Example: EM resonator w/ ext. static magnetic field

(3/4-+ 2 = ) + 2w = )P + 2]

out

Shi(w)|NoISE = #

Minimal detectable GW energy density [ADMX-like microwave cavity] (thermal-limited)
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