
Equivalence Principle 
for Quantum Systems

Bei - Lok Hu    胡悲樂
(University of  Maryland,  College Park, USA)

ongoing work with

Charis Anastopoulos (U. Patras, Greece)

Based on C. Anastopoulos and B. L. Hu, “Equivalence Principle for Quantum Systems: 
Dephasing and Phase Shift of Free-Falling Particles” arXiv:1707.04526 Class Quant Grav. 

> NCTS Lecture, Taiwan  Dec. 26, 2017 <
----------------------------

EmQM17 Bohm Centenary,  University of  London, Oct 2017 
RQI-N, Yukawa Inst. Theoretical Physics, Kyoto, Japan.  July 2017

https://arxiv.org/abs/1707.04526


• Quantum Quantum Mechanics  Quantum Field Theory
Schroedinger Equation    |

• Gravity  Newtonian Mechanics  General Relativity
GR+QFT= Semiclassical Gravity (SCG)

• Laboratory conditions:  |  Strong Field Conditions:
Weak field, nonrelativistic limit:   | Early Universe, Black Holes

(work in both regimes ongoing since the 80’s)
e.g., Newton-Schroedinger Eq | Semiclassical Einstein Eq.
(NSE)  beware of problems! |  Einstein-Langevin Equation

(last May) lectures on gravitational cat   
Three elements:  Q I G

Quantum, Information and Gravity



• Quantum Decoherence: Environment-induced
– Gravity as ubiquitous environment  
– “Universal / Fundamental / Intrinsic” Decoherence

• Quantum Entanglement:  Entangled states
– Bell states 
– Gravitational Cat State 

Quantum Information Issues 
in gravitational quantum physics



This talk, Equivalence Principle
for Quantum Systems, focuses on 
Gravity and Quantum, but 

necessarily involve entanglement. 

Here, more about GQP than RQI 
Gravitational Quantum Physics than
Relativistic Quantum Information

GR + QFT In fact, only
weak field, nonrelativistic QM



Part I:  Why worry about EP for 
Quantum Systems?



I.   Introduction
Weak Equivalence Principle

• Newton
F= ma         (m inertial mass)
F= GMm/r^2 (m gravitational mass)

• m (i) = m (g)  weak equivalence principle
- E”otv”os expts, Torsion pendulum expts
- Laboratory results correct to very high accuracy.



Classical description

Galileo: [G]
All masses fall (in vacuum) at the same rate:

x= ½ gt^2 g=GM/r^2
Einstein: [E]
Gravity can be “replaced” by acceleration:

Physics in a freely falling frame (Einstein elevator) 
FFF is the same as in an inertial frame



EP assumed in QFT / CST
• Wave equation for a quantum field φ in 

curved spacetime with metric g, 
curvature scalar R  

Box: Laplace-Beltrami Operator in CST with 
metric g: Kinetic term:      m_i inertial mass 

Potential terms: m_g grav. mass 
(g_00:   expansion:  1 -2GM/r)

• Einstein Equation-- as field equation: grav. 
Mass; as equation of motion:  inertial mass 



What is different in a quantum world?

Quantum description in terms of:
• state preparation 
• measurements 
• Probabilities

Quantum states and processes:  
• pure / mixed / entangled states
• Dephasing  vs Decoherence



How does EP manifest in 
Quantum physics?

• Quantum systems with internal dof: Atoms
External dof (center of mass): Trajectory

(Caution:  Quantum histories need be sufficiently 
decohered before classical trajectories can be defined.)
• Consider two separate cases of: 
1) an elementary (non-composite) particle  
2) an atom (composite) in free fall 
• Describe its motion in QM language



Our Findings:  Equiv. Principle for 
Quantum Systems:      2 versions

A. [Einstein] The probability distribution of 
the position for a free-falling particle is the 
same as the probability distribution of a 
free particle, modulo a mass-independent
shift of its mean. (the ½ gt^2 term)

B. [Galileo]: Any two particles with the same 
velocity wave-function behave identically 
in free fall, irrespective of their masses.



II. Elementary Particle 
in Free Fall:



EPQS Version A [Einstein]



• Applies to particles prepared in any initial state, not just 
those prepared in a state with a direct classical analogue. 

• In particular, Eq. (9) applies also to cat states, i.e., 
superpositions of macroscopically distinct configurations.

• Valid for composite particles. It remains unaffected by 
the coupling between internal and translational degrees 
of freedom that is induced by free-fall.

• Thus, quantum tests of the EP could be used to constrain 
/ discern different models of gravitational decoherence.



EPQS Version B [Galileo] in terms of Velocity Wigner function



EPQS Version B [Galileo]

(16)  =>

Equivalence principle for quantum system, Version B: 
Any two particles with the same velocity wave-function 
behave identically in free fall, irrespective of their masses.



Why Velocity Wigner Function?

/



III. Composite particle:
An atom in Free Fall

• Effect of internal dof on the translational 
motion: Dephasing in the position basis

• Effect of free fall on its internal dof: 
Gravitational phase shift



III.      One free composite particle: 
Effect of internal dof on translational dof



The Hamiltonian for a composite particle in a 
weak homogeneous gravitational field is given by 
a matrix with respect to the basis |n> of H_internal



Consider measurements only of the translational degrees of 
freedom. All information about such a measurement is 
encoded in the reduced density matrix on H0 that is obtained 
by a partial trace of the internal degrees of freedom 

QEP Version A [Einstein]



Version B [Galileo] of QEP



Dephasing







Universal Decoherence?
Eq. (34) coincides with an analogous equation of 
Pikovsky et al 2015, where it was claimed that the 
suppression of interferences due to Γ_t(∆x) corres-
ponds to a process of universal decoherence. 

We disapprove this claim.
1) Not universal:  

Result depends on choice of initial state
2) Not decoherence, but dephasing: 

No loss of information



Non-Markovian Evolution
of entangled state

• Since the Hamiltonian involves coupling between 
translational and internal degrees of freedom, the 
generic state for a composite particle is entangled. 

• The evolution law Eq.  (24) is non-Markovian
- Memory of the initial state can persist in time. 
- Depends on specific choices of the initial 

condition.



IV. Effects of translational dof 
on the internal dof (qubit here):

Gravitational Phase Shifts



Phase Shift from Free Fall



Gravitational Phase-Shift
Albeit of quantum origin 

φ g has a classical interpretation:

• half originates from gravitational red-shift 

• half from special-relativistic time dilation.







Summary I. Equivalence Principle for 
quantum systems:        2 statements

A: The probability distribution of position for a 
free-falling particle is the same as the 
probability distribution of a free particle, 
modulo a mass-independent shift of its mean.

B: Any two particles with the same velocity 
wave-function behave identically in free fall, 
irrespective of their masses.



Summary 2:  Coupling between 
internal dof & translational dof

Free fall induces a coupling between the internal and 
translational degrees of freedom. 

• It depends on the initial state of the system and on 
the observable that is being measured.

• For a particular class of initial states, we show that the 
internal degrees of freedom can lead to a suppression of 
the off-diagonal terms of the density matrix in the 
position basis: Dephasing of position 

• This phenomenon is not universal and that it is not 
decoherence, because it does not involve irreversible 
loss of information.



Summary 3:  Effect of free fall 
on the internal dof

• We found a gravitational phase shift in the 
reduced density matrix of the internal 
degrees of freedom. 

• While this phase shift is a fully quantum 
effect, it has a natural classical interpretation 
in terms of gravitational red-shift and 
special relativistic time-dilation.



Thank You.

Happy Holidays !
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