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@ Such photon-detections were key in the formulation of quantum theory
in the early 1900s (Bohr Model, photo-electric effect)
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@ Such photon-detections were key in the formulation of quantum theory
in the early 1900s (Bohr Model, photo-electric effect)

@ The photo-electric effect works on exactly the same principle, but
|0) — |k), where |k) is a state in the continuum of excited states.
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Particle detection for gravitational waves
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@ Such photon-detections were key in the formulation of quantum theory
in the early 1900s (Bohr Model, photo-electric effect)

@ The photo-electric effect works on exactly the same principle, but
|0) — |k), where |k) is a state in the continuum of excited states.

© Original studies of photon detections - stimulated processes
(photo-electric effect).
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Particle detection for gravitational waves

Question: Can we observe such a detection process for the interaction
between gravitational waves and quantum matter?
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Particle detection for gravitational waves

Question: Can we observe such a detection process for the interaction
between gravitational waves and quantum matter?
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Particle detection for gravitational waves

Question: Can we observe such a detection process for the interaction
between gravitational waves and quantum matter?
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Question: Can we observe such a detection process for the interaction
between gravitational waves and quantum matter?
Conventional answer: No! (Dyson)
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Particle detection for gravitational waves

Question: Can we observe such a detection process for the interaction
between gravitational waves and quantum matter?
Conventional answer: No! (Dyson)
© They were only thinking about 'single-graviton-input’ (spontaneous
emission)
@ They were only considering these processes for atoms (Weinberg's
calculations: T = 10740 Hz)

Our answer: Yes!

Tobar, Manikandan, Beitel, Pikovski Arxiv:2308.15440 (2023)
Quantum-jumps between energy levels of a massive quantum acoustic
resonator, induced by a gravitational wave.
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Particle detection for gravitational waves

You do not need a single graviton input, to infer the exchange of single
energy quanta between matter and gravitational waves (as occurs in the
photo-electric effect)

/N. Compact binary inspiral Continuous energy measurement
%
@,b/ ) P
S
% A
0) A
3 . T.. Correlate absorption
Stimulated single _ —stim ——> with LIGO

graviton absorption detection event

energy
=
€

time

Gravitons CERN, 5 Dec 2023 5/19



An enhancement to the graviton-matter interaction

Weber-BARs provide a macroscopic enhancement for the graviton-matter
interaction as compared to the case where the matter is an atom:

§ S Joceedbbeben..

Now, take the example of a Niobium-cylinder:
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Orders of magnitude larger than the atom, but still vanishingly small!
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We now consider stimulated emission and absorption. For an Aluminum
BAR of Mass 1800 kg, and strain amplitude hg = 5 x 10722 (GW150914),
we obtain:

Mtim ~ 1 Hz. (1)
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Chirping Gravitational Waves

However, detected gravitational waves chirp, in which case need to solve by
accounting for the time-dependent interaction:

H = hwbth+ L/ Mij(¢) (E+ BT).

LIGO Hanford Data Predicted
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Expected signal

For the response of the BAR to a Primordial BH-BH merger of chirp mass

5 x 107*M, and a rare event with hg = 10710, the required BAR detector
parameters are
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Expected signal

For the response of the BAR to a Primordial BH-BH merger of chirp mass

5 x 107*M, and a rare event with hg = 10710, the required BAR detector
parameters are

BAR detector resonance frequency : f = 5.5 MHz

Required enivironmental temperature : 0.6 mK

Required Q — factor : 101°

Optimal detector mass : 10 g
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Chirping gravitational waves

For the response of the BAR to GW170817, the required BAR detector
parameters are
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Chirping gravitational waves

For the response of the BAR to GW170817, the required BAR detector
parameters are

BAR detector resonance frequency : f = 150 Hz
Strain Amplitude : hy = 10722
Required enivironmental temperature : 1 mK (3)

Required Q — factor : 1019
Optimal detector mass : 250 kg
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Chirping gravitational waves

For the response of the BAR to GW170817, the required BAR detector
parameters are

BAR detector resonance frequency : f = 150 Hz
Strain Amplitude : hy = 10722
Required enivironmental temperature : 1 mK (3)

Required Q — factor : 1019
Optimal detector mass : 250 kg

What has been achieved?
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Chirping gravitational waves

For the response of the BAR to GW170817 (hg = 10~22):

BAR detector resonance frequency : f = 150 Hz
Required enivironmental temperature : 1 mK
Required Q — factor : 1010

Optimal detector mass : 250 kg

What parameters have been achieved?

High Sensitivity Gravitational Wave Antenna with Parametric Transducer Readout The ultracryogenic gravitational-wave detector AURIGA

M Cerdor M Bonal D Carlesso’, E Cavallini®, S Caruso', A Colombo', P Falferi?, G Fontana®,

D.G. Blair, E.N. Ivanov, M. E. Tobar, P.J. Tumer, F. van Kann, and . S. Heng t

Physics Department, University of Western Australia, Nedlands, Western Australia, 6009
(Received 4 April 1994; rvised manuscipt received 27 September 1994)
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Progress towards ground state cooling of a 1.5 tonne Niobium BAR, with
Q ~ 108 and f = 700 Hz

More recently, near ground state cooling for lower masses (gram scale) and
higher frequencies (MHz), with @ ~ 100.
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Photo-electric analogue

In order to make a direct photo-electric analogue we need quantum jumps.
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Photo-electric analogue

In order to make a direct photo-electric analogue we need quantum jumps.
Need projective energy measurements of the BAR's energy levels:
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Gives a direct gravito-phononic analogue of the photo-electric case:
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Photo-electric analogue

In order to make a direct photo-electric analogue we need quantum jumps.
Need projective energy measurements of the BAR's energy levels:
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What has been achieved?

Parity measurement in the strong dispersive regime of
circuit quantum acoustodynamics

Uwe von Liipke &, Yu Yang, Marius Bild, Laurent Michaud, Matteo Fadel & Yiwen Chu &

Nature Physics 18, 794-799 (2022) | Cite this article

Direct measurement of individual energy levels of microgram mass acoustic

resonators
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Photo-electric analogue

What has been achieved? Ccontinuous measurement of massive mechanical
resonators

Observing and Verifying the Quantum Trajectory of a Mechanical
Resonator

Massimiliano Rossi, David Mason, Junxin Chen, and Albert Schliesser
Phys. Rev. Lett. 123, 163601 - Published 14 October 2019
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Photo-electric analogue

The three archetypal signatures of the photo-electric effect are

@ Threshold frequency
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Photo-electric analogue

The three archetypal signatures of the photo-electric effect are
@ Threshold frequency
o Independence of ejected photo-electron energy from the classical
electric field intensity
@ Near instantaneous ejection of photo-electrons.

In our gravito-phononic set-up, we have:

h2 3ML2 ) _
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@ Independence of ejected gravito-phonon energy (hw) from the GW
amplitude h.

@ Threshold frequency: Py_1 ~

@ Time-scale for gravito-phonon production is the measurement
strength.
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Semi-classical vs Quantum

In our gravito-phononic set-up, we have:

RwIMLZ . -
@ Threshold frequency: Py_,1 ~ hw%?v—w)Z sin? (v 2°J)t.

@ Independence of ejected gravito-phonon energy (fiw) from the GW
amplitude h.

@ Gravito-phonon production timescale on the order of the measurement
strength.

Gravitons CERN, 5 Dec 2023 16 /19



Semi-classical vs Quantum

In our gravito-phononic set-up, we have:

RwIMLZ . -
@ Threshold frequency: Py_,1 ~ hwquv—w)Z sin? (v 2°J)t.

@ Independence of ejected gravito-phonon energy (fiw) from the GW
amplitude h.

@ Gravito-phonon production timescale on the order of the measurement
strength.

The above signatures can be explained with a semi-classical model (in
which the matter is quantised, but the gravitational field is not).
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Semi-classical vs Quantum

In our gravito-phononic set-up, we have:

nRw3ML?2 . _
@ Threshold frequency: Py_,1 ~ hﬂq‘?}v—w)z sin2 (v 2w)t_

@ Independence of ejected gravito-phonon energy (fiw) from the GW
amplitude h.
@ Gravito-phonon production timescale on the order of the measurement
strength.
The above signatures can be explained with a semi-classical model (in
which the matter is quantised, but the gravitational field is not).
However, such semi-classical models must violate energy conservation for
single discrete transitions in energy.
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Semi-classical vs Quantum

In our gravito-phononic set-up, we have:

RwIMLZ . -
@ Threshold frequency: Py_,1 ~ hﬂ%‘:v_w)z sin? (v 2“’)t.

@ Independence of ejected gravito-phonon energy (fiw) from the GW
amplitude h.

@ Gravito-phonon production timescale on the order of the measurement
strength.

The above signatures can be explained with a semi-classical model (in
which the matter is quantised, but the gravitational field is not).

However, such semi-classical models must violate energy conservation for
single discrete transitions in energy.

If energy is conserved, the experiment is inconsistent with the
gravitational field treated as a classical-continuous wave that solves
the linearised Einstein equations.
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Protocol Summary
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Chirping gravitational waves

Optimise the mass for a single graviton exchange:

2 hw3

Pmax =036 M= —5———
° VgX(’BW, t)
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Chirping gravitational waves

Optimise the mass for a single graviton exchange:

GW170817

(NS-NS
merger)

2 hw3

Pmax =036 M= —5———
me V(%X(i%w’ t)

Primordial
(rare BH-BH
merger)

100 Hz
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1.19 Mg
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10 km/s

1 mK

10
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GW170817 GW170608 GW150914 J1301+0833 | J1748-2446ad | A0620-00
(NS-NS (BH-BH (BH-BH (black-widow | (fast-spinning | (BH Super-
merger) merger) merger) pulsar) pulsar) radiance)
150 Hz 175 Hz 200 Hz 1085 Hz 1433 Hz 33 kHz
2x10% 2x10% 107 <10% <10% 3x107
1.19 Mg 7.9 Mg 28.6 Mg Continuous Continuous  Confinuous
Aluminum Niobium CuAl6% Niobium Superfluid He-4  Sapphire
5.4 km/s 5 km/s 4.1 km/s 5km/s 238 m/s 10 km/s
1 mK 1 mK 1 mK 0.1 pK 0.1 K 0.6K
10" 1010 10" 10" 1013 100
~250 kg =9t ~6t >521 >20t ~ 100 kg
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6.3 km/s
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Gravitational photoelectric relation
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