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Introduction  

□Quantum nature of gravity  

： Newtonian constant  

： 1 / light velocity   

：Plank constant 

Quantum gravity 
Unification of Quantum mechanics 

 and General relativity 

Gravity should be quantized ?  

No widely accepted theory and  
experimental evidences  

Non-relativistic gravity is described in 
quantum mechanics ? 

Bose (2017),  Marletto (2017)  

Test of quantumness of non-relativistic gravity by quantum entanglement was proposed.  



□Gravity-induced entanglement  

Gravity-induced entanglement can be the evidence of quantumness of gravity 

Quantum entanglement：Nonlocal correlation known in quantum mechanics  

Entangled state  

Interaction given by q-numbers or operators generates 

Ａ Ｂ If gravity is q-number Ａ Ｂ 

Quantum entanglement can be generated 

Not generated by Classical evolution ( local hidden variable theories, LOCC) 



□Setup for two matter-wave interferometers  

Gravity-induced entanglement in matter-wave interferometers 

Bose (2017),  Marletto (2017)  
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□Setup for two matter-wave interferometers  

Gravity-induced entanglement in matter-wave interferometers 

Bose (2017),  Marletto (2017)  

Non-uniform  
magnetic field 

Spin particles 

Gravity 

Measurements of spin correlations  

Non-uniform  
magnetic field 

If no gravitational interactions  

and are independent 
How to generate quantum 
entanglement by gravity ? 



□Time evolution 
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□Time evolution 
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□Generation of quantum entanglement 

The value of the interaction changes ∵ q-number 

Gravity 
② 

other distances 

then, entangled state 

② 

Gravity described by q-number generates quantum entanglement 

Gravity 

typically 



□Basic model for optomechanical systems 

Gravity-induced entanglement in optomechanical systems 

Gravity 

Photon 

Oscillating mirrors 
(quantum harmonic oscillator) 

Entanglement of oscillators or photons 

Balushi (2018) : perturbative analysis 

Miao (2020) : linearized analysis  

Our research 

For optomechanical interactions,  

non-perturbative and nonlinear analysis for optomechanical couplings 

mechanism of gravity-induced entanglement of photons  

comparison with quantum decoherence of photons 

Photon 

(dissipative system)  



□Setup 

Balushi (2018) 

Gravity 

Gravity 

Mechanical rods oscillate in the horizontal plane  

Gravity acts among mirrors attached to the rods 



□Analysis for a simple model 
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□Analysis for a simple model 

x-y plane 

Gravity 

Photon 

Mirror 

Source 

Photon 

Photon 

Photon 

Mirror 

Half Mirror 

Half Mirror 

Source 

Simple model 

and are independent 
How to generate quantum 
entanglement by gravity ? 

In the following, I explain the Hamiltonian of our simple model.  

If no gravitational interactions 



□Optomechanical Hamiltonian 

Photon 

Hamiltonian of photon 

Optomechanical Hamiltonian 

photon-oscillator 

Frequency of photon Light velocity 

Oscillator 

photon 
oscillator 



□Gravitational interaction : Newtonian gravity 

Newtonian potential  

oscillator-oscillator (cross term) 

mass 

displacement 

x-y plane 

Gravity 

mass 

displacement 



□Total Hamiltonian 

Gravity 

Harmonic oscillators (dimensionless, quadratic) 

Photons (quadratic) 

oscillator-oscillator  
(quadratic, couple by gravity) 

photon-oscillator (third order, nonlinear) 



□Conservation of photon numbers and diagonalization 

Conservation of photon numbers  

Hamiltonian is block diagonalizable 

For an eigenstate of photon numbers  

as well as the system d  

Harmonic oscillators+gravity 

quadratic Hamiltonian 

Linear order for oscillators 

The part of oscillators (operators) is  
at most quadratic order  

one can solve this system 

photon-oscillator (third order, nonlinear) 



□Entanglement between two photons 

Initial state Superposition of a single photon Ground state of an oscillator 

Gravity 

Horodecki  (1996), Peres (1996), Vidal(2002) 
：entangled 

Negativity 

：eigenvalues of partial transposed matrix  

In general, it is difficult to compute the negativity, however,  

4×4 matrix ∵ photon numbers are conserved  

easy to compute 

as well as the system d  



□Negativity between single photons   

Negativity approaches 0.5 → maximum for a 4×4 matrix 

The time scale realizing the maximum  

small couplings 

and Negativity between each photon in 

Gravity 



□Generating mechanism of entanglement  

Potential of the oscillators 

Harmonic oscillator＋gravity＋photon-oscillator 

maximal entanglement 

equilibrium point changes by radiation pressure 
it depends on separated photon states because of gravity  

frequency of each photon changes  
(phase of photon state changes) 

Quantum entanglement generates 

displacement of  
equilibrium point 

photon-photon 

Gravity 



□Decoherence for photons  

photon leak conversion between 
 a photon and an external field  

coupling 

For simplicity, we stimulate this phenomenon by GKSL equation 

  von Neumann eq 
   (Schrodinger eq)  ̈ 

photon leak and amplitude damping  

more appropriately, we need the quantum master eq  
or quantum Brownian motion eq 

In this analysis, the negativity between single photons is given as 

 the negativity typically remains  
until a single photon decays  

Gorini(1976), Lindblad(1976),  Breuer(2007) 

dissipation rate  



□Entanglement generation vs Decoherence 

Required condition for generation of entanglement  

parameters characterizing  
the contribution of gravity 

：frequency of oscillators 

：optomechanical couplings  

review paper Aspelmeyer(2014) 

It seems to be difficult  
in present experiments  

without gravity, 

：entangled 

 small but extremely large  



Summary  

□We investigated the gravity-induced entanglement in optomechanical systems. 

□We solved the nonlinear dynamics nonperturbatively by using the conservation law 
of photon numbers. 

□We found the maximal generation of entanglement between single photons. 

□We clarified the generation mechanism of entanglement of photons. 

□From the comparison with decoherence time of photons, we give the condition 
for the dissipation rate to generate the entanglement sufficiently.  


