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First Quantum Optomechanics: Physikalische Zeitschrift 22 817 (1909)   



Einstein 1909 
• Talk at the “81st meeting of the Society of Natural Scientists and Medics” in Salzburg 

 
 
 
 
 
 
 

• Known at that time: Planck’s formula for blackbody radiation spectrum 
 
 
 
 

• “Assuming Planck’s formula to be correct, what can be deduced about the 
constitution of radiation?” 

“About the development of our conception regarding the nature and 
constitution of radiation.” 
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Gedankenexperiment 
temperature T 

blackbody radiation 

perfectly reflecting, 
harmonically bound 
mirror 

mirror in thermal equilibrium e.g. via 
contact to ideal gas, or via suspension 



Gedankenexperiment 
temperature T Doppler shift of reflected wave: 

Thermal equlibrium? 

Radiation pressure force due to 
momentum         transfer on mirror: 

power 

“Doppler cooling” of mirror via radiation 
pressure 

Radiation provides friction: 



Gedankenexperiment 
temperature T Fluctuation – Dissipation: 

Radiation pressure force is fluctuating 
according to Plancks formula, causing 
mometum diffusion of the mirror. 

Radiation has both, particle and wave characteristic 
In radiation pressure force on mirror particle characteristics are 
dominant for low energy density! 

Average squared momentum 
transferred due to radiation pressure 
fluctuations: 

Allows for an 
explanation as an 
interference effect 
of classical waves 

Looks like localized 
particles moving 
with energy hν 



Standard Quantum Limit in Gravitational Wave Detectors 



Standard Quantum Limit in Gravitational Wave Detectors 



Standard Quantum Limit in Gravitational Wave Detectors 

Heisenberg, The Physical Principles of the Quantum Theory, 1930 

uncertainty in Compton recoil 



Optomechanical Entanglement & Limits of Quantum Mechanics  

 



Small vibrations described by: 
 
Eigenfrequencies 
 
 
 
Eigenmodes 
 
 
Displacement field 
 
 

Mechanical oscillators 

J. Harris 
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slide: F. Marquardt 



Mechanical Oscillators 

Aspelmeyer, Kippenberg, Marquardt, Cavity Optomechanics, Rev. Mod. Phys. 86 1391 (2014) 



Mechanical Oscillators 

Aspelmeyer, Kippenberg, Marquardt, Cavity Optomechanics, Rev. Mod. Phys. 86 1391 (2014) 



Mechanical Oscillators 



Optical Resonators 



Optomechanical Interaction 



Optomechanical Interaction 

Eichenfield et al. Nature 462 78 (2009) 

Optomechanical Crystals 



Optomechanical Interaction 



Optomechanical Equations of Motion 
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Optomechanical Equations of Motion 
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Weak Coupling Optomechanics  

     



Weak Coupling Optomechanics  



Optomechanical Instabilities 
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