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Linearized quantum optomechanics
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(Gaussian states and linear measurements
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Sideband single-photon detection

Step 1. W
State preparation :
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Step 2.
Verification Non-classical photon-phonon correlations,
W, & > Riedinger et al., Nature 5630, 313 (2016)

Phonon antibunching,
Hong et al., Science 358, 203 (2017)
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Implementation of sideband single-photon detection

single
Schematic of setup: ,|”_~ photon
detectors
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optomechanical filter cavities
cavity

3 um

optical mode

o0 & 4§ . . . —| ,7
suspended photonic crystals superfluid helium in fiber cavities (Yale)
(Delft/Vienna/Caltech) Wr, ~ 300 MHz

Wy, ~ D GHz

whispering gallery microresonators

(Imperial)
Wy, ~ 8 GHz

silicon-nitride membranes (NBI)

Wy ~ 1 MHz



Motivation for this work

single
Schematic of setup: "”"I' photon
LHe detectors

Laser Y 1 i I !:‘ i

optomechanical filter cavities
cavity

Sequential pulsed driving can be challenging,
continuous driving easy (for helium and membranes)

e Jesting guantum mechanics:

Quantum features in sideband photon statistics
with continuous driving?

* Quantum resource for sensing:
Steady stream of photons with nonclassical statistics?



One continuous drive tone

Frequency

statistics of thermal radiation
(no quantum signatures)

(nonclassical cross-correlations)

Borkje et al., PRL 107, 123601 (2011)
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Setup and measurement scheme

effective mech. linewidth

T A K0 KL R, Wy,
Two coupling rates:

2
G,r — g()C_Lf,« Gb — g()C_Lb 5 — <—> = —



Setup and measurement scheme
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Assume mechanical state thermal since 4 < ¢

Average phonon occupation number:  (b'b) = n,,
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Normalized second order coherence

Photodetection gives
L@)I(t+7))

classical/v N <I (t) > :

quam‘um\ ~ P(click at t + 7 | click at t)

P(click at t + 7)

Coherent radiation: ¢'*) (1) =1

~

Thermal radiation: 9(2)(7) — 14 7

Antibunching (nonclassical radiation): ¢‘% (1) < 1



Result and interpretation

SD(r) =146 (1 AB[L/4+ 1 (o + 1) 008(257)])
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Result and interpretation
468 (1/4 + np (N, + 1) COS(257')])

g () =147 (1 |
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Zero time delay

Amplitude of
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Interference vanishes at low temperatures
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Model-independent nonclassicality

q'?) (7) : features due to quantum nature of mechanical oscillator

But is it foolproof?

e Correct model of the system?
* Thermal mechanical state?
 Technical laser noise?

e Detector noise?

o 777



Normalized third order coherence

two clicks at 1,
oneatt + 7
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Classical inequality #1

If (filtered) cavity mode described by
positive-definite Glauber-Sudarshan distribution P(«):

Titulaer & Glauber,
K(tv t) Z 1 Phys. Rev. 140, B676 (1965)

Note that K (¢,t) = g((f)(()) ,
l.e., second order coherence conditioned on one photon detection
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Classical inequality #2

If (filtered) cavity mode at times ¢ and ¢ 4+ 7 described by joint
positive-definite distribution P(aq,as):

Vogel, Phys. Rev. Lett. 100,
K(t’ L+ T) > 1 013605 (2008)
= 8= = = T When
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Results, violation of classical inequalities
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Cold reservoir: kpl.g < hw,,

4G? 4G?

Small cooperativities (', = s Cp = ——b <1
K7y K7y
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Could be realized with sideband cooling if wy,, > k:
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Hot reservoir: kgTl.g > hw,,

Exploit intrinsic sideband cooling: b k1 C,>1

avg. phonon number for only red-detuned drive



Hot reservoilr, intrinsic sideband cooling
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Conclusion

* Richer photon statistics with two-tone driving than single-tone

 Model-independent nonclassicality possible when
mechanical oscillator close to ground state

* Inequality #2: «<nonclassicality in time» -
reminiscent of Leggett-Garg inequalities

» Steady-state source of photons with nonclassical statistics

arXiv:2108.10738, Phys. Rev. A (in press)



