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Both quantum theory and general relativ-
ity appear to be fundamental, but they dif-
fer significantly not only in their mathemati-
cal formulations but also in their foundational
concepts. Even with either theory being indis-
putably tested to high precision independently,
the regime where both theories are jointly re-
quired to explain physical phenomena remains
largely untested by laboratory experiments.

The interplay between general relativity and
quantum theory is typically assumed to be rel-
evant only at high energies. Recently, we have
suggested to test the interplay with low-energy
composite quantum particles, which have dy-
namical internal degrees of freedom, such as
atoms or molecules, with their electronic or
vibrational energy levels. Crucially, such sys-
tems can be seen as ideal “clocks”.

According to quantum theory any system
can propagate along multiple paths in superpo-
sition, while general relativity predicts that the
time elapsed for a system depends on its path,
which is the effect of time dilation. There-
fore, in the regime where both theories apply,
time dilation will generally entangle the inter-
nal states of a “clock” to the path. This causes
loss and revivals of the interference fringes for
matter waves with internal states1 and analo-
gous effects arise also for photons due to the
Shapiro effect2. Moreover, the interferometric
visibility is affected stronger for larger systems.
For macroscopic systems the loss of visibility
can become very rapid and, for all practical
purposes, irreversible – time dilation can thus
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result in decoherence3.

Figure 1: Probing entanglement between internal and
centre-of-mass degrees of freedom of a freely falling par-
ticle constitutes a test of the quantum formulation of
the WEP.

In quantum mechanics internal energy is
given by a Hamiltonian operator describing dy-
namics of internal degrees of freedom. The
internal energy contributes to the total mass-
energy of a system. The Einstein Equivalence
Principle (EEP) then requires equivalence be-
tween the rest, inertial and gravitational mass-
energy operators. Thus far all tests of the
EEP were restricted to verifying equivalence
between their diagonal elements, yet to con-
clude about validity of the EEP in quantum
mechanics it is necessary to test equivalence
between the off-diagonal elements as well. The
first such experiment has recently been per-
formed for rubidium atoms4.
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