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Standard quantum limit on measurement precision

Heisenberg microscope:
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Weak continuous measurement: imprecision vs back-action noise.
Optomechanical setup: radiation pressure force: F = —hG3a'3,
Hint =—-%-F

» X is measured via the cavity phase shift.

» Photon shot noise (fluctuating force F)
causes back-action.




What is the equivalent of Heisenberg uncertainty relation for weak
continuous measurement?

Constraint on the detector input and output noises
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Noise is characterized by its power spectral density:

Sanl] = % / dte ({57(1).5B(0)} ).

Quantum constraint on noise detector:
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where xr(t) = —70(t) < [7( ), F(0 )D is the gain of the detector.



Quantum limit on the added noise

Detector output: signal 4+ back-action + imprecision,
Imeas = AXiF (X + dxBa) + 0limp = AxiF (X + 0Xadd) »

5Xadd = 5XBA + 6Ximpa 5Ximp = 5Iimp/(AXIF)7 5XBA = AXXX5F
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Quantum limit on the added noise
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SQL : optimal working point of a detector, where the added noise is
minimized.
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Reported in this work: first experiment where radiation-pressure shot
noise is the dominant driving force of a solid object (RPSN comparable
to thermal forces).

IA. A. Clerk et al. Rev. Mod. Phys. 82 (2010)



Experimental setup and parameters

Micromechanical SiN membrane inside a Fabry-Perot optical cavity.
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Mechanical mode: Optical modes:

> wn/2m = 1.55 MHz > cavity linewidth: k/27 ~ 1 MHz

> [o/2m < 1 Hz » As~0and Ay ~wp

Single-photon optomechanical coupling: g/2m = 17 Hz



Theoretical description of the device
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Hamiltonian: H = Hy + H,, + Hr
Ho = hwmcc + hAlaIal + hAgagag + hglaial(c + cT)
+ hgzaiag(c + CT) +eq1(a1 + aI) + €q2(a2 + ag)

Heisenberg-Langevin equations of motion:
a = —% [a1, Ho] — gal + VL (€L + dxa) + VEinéing + VERGRL
= —% [a2, Ho] — gaz + VELéL2 + VEintéint2 + VERER2,
£(t) =~ [e. Hol +/Ton



Regime of linearized optomechanics

Linearize the eom’s around classical coherent field amplitudes
al(t) :§1+d1(t), az(t) :§2+d2(t)

and solve in the frequency-domain for the quantum operators d, d>
(optical) and z = Zp¢(c + c') — z (displacement).

Enhanced optomechanical coupling:
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Increasing the driving power increases the measurement strength.




Mechanical spectrum

S.2(w) = (z(—w)z(w)) can be calculated from the noise correlators:

(6] (@) = d30(w +w), @Wwaw>>

) = (+ D6 +), (D)) = nend(er +)
{dxq (w)dxy (W) = 81

Szz(w) 1 Fo(nen +1) FoMin i
- + + 4w K|a1g1Xc
ZZe ()P ( @ om(—w) P |2181Xc1(—w)|

+4wh k328X c2(—w) P + dwhkiL|aigr (Xe1(w) + xi(—w)) 231)

In particular S,,(w) is used to calculate the change in the mechanical
response, needed to access the BA noise (dxga = Axxx 0F)



Ingredients for the observation of RPSN

Signal (mode 1)
» provides the RPSN

> its transmitted shot intensity fluctuations constitute a record of the
optical force on the resonator.

» driven on resonance Ag ~ 0,

» measurement strength (g1|31|) modulated via driving stength
Ns = [a1]* = (eq.1/%)?

Meter (mode 2):

» more weakly driven (Ny < Ns) on the first red sideband
(AM ~ wm)

» provides cooling [y > g, s

» The resonator’s displacement spectrum is imprinted in the
transmitted intensity spectrum of this laser.



Effective phonon occupation:
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Regime where RPSN dominates:

Cs

Rs = nen(1 + (2wm/K)2)

>1

Cs = 4Nsg? /Kl is the multiphoton cooperativity.
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Device A (Device B): Ny = 3.4 x 10° (7.0 x 10°), N® = 1.2 x 108(4.4 x 108),
wm/2m = 1.575 MHz (1.551 MHz), 'y, /27 = 3 kHz (1.43 kHz).



Correlation between signal and the meter beam
photocurrents

Cross-correlation function:

Sign (@) = {Is (@) Im(w))

Individual photocurrents:

=
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Peak correlation: E
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Red: |Sj,, (w)? Black: Sig(w) x Sy, (w)



Control of laser absorbtion heating
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