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Optlca!ly monltormg. levitated particles for ) iversiti
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1. Position measurement 2. Real time quantum filtering
at the quantum limit (and optimal control)
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Quantum measurements and the standard B wiversiti
guantum limit - ideal L
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Quantum measurements and the standard
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Efficiency and selectivity of the confocal microscope

n ~0. 34 7]*"’0 15 nbackground~0.001

A. N. Vamivakas et al., Optics Letters 32 (2007)
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Measurement close to the SQL
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Open gquantum system under continuous
measurement

p(t) state conditioned on the measurement output {(t)

If the state is Gaussian, it is completely determined by the first and second moments of
the state space operators z = [z,p]:

A v ~
SR P(&)
2(0) = tr(zp(V) ey
Padii ) N N W

2(t) = Re[tr(zz"p(6))] - 2(©)2(6)" &_}/ 2

And the dynamical equations of Z and Z are equivalent to the classical Kalman filter!

Belavkin, Radio Eng. Electron. Phys. (USSR) 25, 1445 211 (1980)
Kalman, R. E. ASME J. Basic Eng. (1960).
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The setup
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The quantum trajectory
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Real time estimation and control w ) \Diversitat
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Model verification 7 Wiversitat

Analysis of the innovation sequence: €E = ( — 7
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The distribution of the innovation sequence does not depend on the average state
covariance (temperature), only on the covariance of the conditional state (measurement
quality)

F. Monteiro et al., PRL 125 (2020)
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The quantum trajectory
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Sensitivity to impulses
does not require the state
to be cold, its enough that
the conditional state is!

APmin = \/ngf + 2\pp
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Measurement of a levitated particle at the SQL
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Continuous monitoring of a quantum systems

Generalized measurement

M,pM
P(z)

P(z) = tr[M,pM]] p -

Sequence of generalized measurements (+ unitary dynamics M, - M,U,(dt))

MZopM;-O leMZ()pM;—OM;-l N MZZ MZ1MZ0pM;0M;1MJ

p - -
P(z) P(zy|z1) P(zy|z41|2;)

the sequence can be generalized to a stochastic differential equation driven by the signal

{z:} = 29,21, 25 ...
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heterodyne noise analysis 2
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Ground state cooling '
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state estimation and control: the Kalman Filter @) \iersitat
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z = [z,p]
SYSTEM MODEL PROCESS NOISE
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pink noise modelling
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heterodyne noise analysis 1
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position calibration
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force calibration
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back-action and thermal force
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derivative feedback
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- ideal derivative filter
—— real derivative filter (1.4 MHz cut off)
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Optimal estimation and control
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Optimal estimation and control
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Optimal estimation and control
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