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Levitated Nanoparticles and 
Foundations of Quantum Physics 

• Quantum control of  levitated 
nanoparticles in high vacuum 

• Macroscopic quantum superposition states 
and decoherence in the presence of 
gravity 

• Design and proof-of-concept for a 
satellite-based experiment 

 

Nikolai Kiesel 
Rainer Kaltenbaek 



Quantum Non-Demolition 
Measurements and Tests of  Quantum 

Gravity 
• Quantum state control through 

quantum non-demolition 
measurements of macroscopic 
mechanical devices 

• Towards low-energy tests of quantum 
gravity predictions 

Sungkun Hong 
Michael Vanner 



Fundamentals of Low-Noise 
Mechanical Resonators and Optical 

Coatings 
• What are the ultimate stability and 

precision limits for lasers and 
gravitational wave detectors? 

• What determines the ultimate low-
temperature mechanical losses in 
multilayer mirrors? 

Garrett D. Cole 



Solid-State Quantum Information 
Interfaces 

• Quantum entanglement between light 
and micromechanics 

• Single-photon control of micro- and 
nanomechanical devices 

• Micro- and nano-optomechanics at 
ultra-low temperatures 

Witlef Wieczorek 
Simon Gröblacher 



Tasks: 

Deliverables: 



light: amplitude and phase quadrature mechanics: position and momentum 

direct measurement  

via homodyne detection 

only indirect determination  

via measurements on light 

field 

Optomechanical quadratures 
detection of correlations (entanglement) 



coupling to light is governed by 
•time-delay: cavity decay k 
•type of interaction: detuning of light D  
•strength of interaction: OM coupling g 

simple example: resonant, adiabatically coupled optical drive 

via 

T. Briant et al., Eur. Phys. J. D 22 (03) 
P. Verlot et al., PRL 102 (09) 

mechanical  
position and momentum 

time 

measurements on 
optical field 

Optomechanical state reconstruction 



real-time determination of x(t), p(t) allows  for feedback on mechanical 
system by optical field for 
 
 optical feedback cooling of mechanical motion 
 
 
 

 
 teleportation, entanglement swapping 
 
 
 
statistics of x(t), p(t), xl(t), yl(t) allows for determination of 1st and 2nd 
order moments for 
 
 reconstruction of Wigner function 
 characterization of optomechanical entanglement 

Hofer, Wieczorek, Aspelmeyer, Hammerer PRA 84 (2011) 
Hofer, Vasilyev, Aspelmeyer, Hammerer, PRL 111 (2013) 

S. Mancini, et al., PRL 80 (1998) 
J.-M. Courty et al., Eur. Phys. J. D 47 (2001) 
C. Genes et al. PRA 77 (2008) 

D. Vitali et al, PRL 98 (2007) 
M. Paternostro et al., PRL 99 (2007) 

Optomechanical quadratures 



Estimation is the process of inferring the value of a quantity of 
interest from indirect, inaccurate and uncertain observations: 
 
a parameter (time-invariant quantity) 
the state of a dynamic system (evolving in time according to 
stochastic equations) 
 
Filtering is the estimation of the state of a dynamic system 
(“filtering out the noise”). 
 
e.g. determination of planet orbits, tracking an aircraft 

State estimation 

R. E. Kalman, Transactions of the ASME, 82 (1960) 

Y. Bar-Shalom et al., Wiley (2001) 

R. Stengel, Dover (1994) 



State estimation: an example 



measurement at t1: 
conditional density of 
position 

measurement at t2 

State estimation: an example 

best estimate and uncertainty 
due to measurement 1 

see Maybeck, Stochastic models, estimation and control, Academic Press (79)  



State estimation: an example 

best estimate and uncertainty 
due to measurement 1 and 2 

Kalman gain 

actual measurement 
predicted measurement 

see Maybeck, Stochastic models, estimation and control, Academic Press (79)  

predicted state 



State estimation: an example 

system dynamics:  
move with constant, but somehow uncertain, velocity u 

see Maybeck, Stochastic models, estimation and control, Academic Press (79)  

with white Gaussian noise 



State estimation: an example 

best estimate and uncertainty 
before measurement 

see Maybeck, Stochastic models, estimation and control, Academic Press (79)  



1) propagation of last estimate Xk-1
+ via 

known system dynamics to prior state Xk
- 

2) measurement Zk takes place 

3) measurement is taken into account to 

estimate posterior state Xk
+ 

Kalman-filter algorithm 



Linear dynamic system: state space model 

plant equation 

measurement equation 

linear dynamic system with deterministic input 
u(t) and white Gaussian process noise w(t) and 
measurement noise v(t) 

minimizes mean estimation 

error covariance 

posterior state estimate 

predicted state 

Kalman gain 

actual measurement 

predicted measurement 

Kalman filter is optimal filter for linear Gaussian dynamic systems 



Optomechanical state space model 

Wieczorek, Hofer, Hoelscher-Obermaier, Hammerer, Aspelmeyer, et al. in preparation 



Kalman-filter  

OM system  

(linearized Langevin equations and zero-mean Gaussian white process noise) 

+ 

linear measurement 

(includes zero-mean Gaussian white measurement noise) 

R. E. Kalman, Transactions of the ASME, 82 (1960) 

Y. Bar-Shalom et al., Wiley (2001) 

R. Stengel, Dover (1994) 

Optomechanical state space model 



mechanical quadratures 

xm(t),pm(t) 

optical quadratures 

xc(t),yc(t)
 

Experiment 

optical control of cavity-OM system via two optical beams 

Read-out beam 

Driving beam 



weak  

coupling 

strong  

coupling 

Measurements Z(t)=(z      (t), z       (t)) 

Wieczorek, Hofer, Hoelscher-Obermaier, Hammerer, Aspelmeyer, et al. in preparation 



Estimated mechanical and optical quadratures X(t)=(xm(t),pm(t),xc(t),yc(t))
T 

weak  

coupling 

Wieczorek, Hofer, Hoelscher-Obermaier, Hammerer, Aspelmeyer, et al. in preparation 



Estimated mechanical and optical quadratures X(t)=(xm(t),pm(t),xc(t),yc(t))
T 

strong  

coupling 

intermediate 

coupling 

Wieczorek, Hofer, Hoelscher-Obermaier, Hammerer, Aspelmeyer, et al. in preparation 



Tasks: 

Deliverables: 



Optomechanical teleportation 

state transfer 

Hofer, Wieczorek, Aspelmeyer, Hammerer, PRA 84 (2011) 
Entanglement part: Palomaki et al., Science (2013) 

teleportation fidelity 

better than classical, if 

Alice and Bob share an entangled state 

Viktor‘s state shall be teleported to Bob 
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