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Pikovski et al. [Nat. Phys. 11, 668 (2015)] show that a composite particle prepared in a pure initial
quantum state and propagated in a uniform gravitational field undergoes a decoherence process at a rate
determined by the gravitational acceleration. By assuming Einstein’s equivalence principle to be valid, we
analyze a physical realization of the ð1þ 1ÞD thought experiment of Pikovski et al. to demonstrate that the
dephasing between the different internal states arises not from gravity but rather from differences in their
rest mass, and the mass dependence of the de Broglie wave’s dispersion relation. We provide an alternative
view to the situation considered by Pikovski et al., where we propose that gravity plays a kinematic role by
providing a relative velocity to the detector frame with respect to the particle; visibility can be easily
recovered by giving the screen an appropriate uniform velocity. We then apply this insight to their thought
experiment in ð1þ 1ÞD to draw a direct correspondence, and obtain the same mathematical result for
dephasing. We finally propose that dephasing due to gravity may in fact take place for certain modifications
to the gravitational potential where the equivalence principle is violated.
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Introduction.—Exciting ideas have recently been pro-
posed to explore the interplay between quantum mechanics
and gravity using precision measurement experiments, for
example, testing the quantum evolution of self-gravitating
objects [1,2], searching for modifications to the canonical
commutation relation [3], and studying the propagation of
quantum wave functions in an external gravitational field
[4,5]. There have also been proposals for the emergence of
classicality through gravitationally induced decoherence,
such as from an effective field theory approach [6,7] or the
Diósi-Penrose model [8,9]. Pikovski et al. recently pointed
out that a composite quantum particle, prepared in an initial
product state between its “center of mass” and its internal
state, will undergo a decoherence process with respect
to its spatial degrees of freedom in a uniform gravitational
field—as exhibited by a loss of contrast in matter-wave
interferometry experiments, whose loss depends on the
gravitational acceleration g [1]. They attributed this effect
to gravitational time dilation, and proposed this as a
universal decoherence mechanism for composite particles.
This interpretation has significant implications and has
been the subject of lively debate [10–13].
According to Einstein’s equivalence principle (EEP),

freely falling experiments cannot detect the magnitude of
gravitational acceleration [14]. Of course, the thought
experiment in Ref. [1] is not in free fall: although there
is no physical detector in their setup, implicitly their
detection process occurs in an accelerating lab. This means
their result is not necessarily in contradiction with the EEP.

Nevertheless, it is still interesting to explain why
the dephasing, which takes place during the particle’s
free propagation, has a rate determined by gravity.
Furthermore, since EEP implies that gravity is equivalent
to acceleration, the idea of decoherence induced by uniform
gravity suggests that the motion of an accelerated observer
affects the evolution of a quantum system in such a way that
causes decoherence, which is an idea that begs clarification.
At this point, we note that calculating the dephasing of

wave functions in the lab frame as in Ref. [1] mixes the
observed effects due to propagation and those due to
acceleration of the detection frame. In this Letter, we will
separate these two processes by providing a description of
both the system and measurement process in free falling
Lorentz frames which can be extended globally to
Minkowski coordinates. In a Lorentz frame, the internal
states of the composite particle do not interact with external
potentials or each other, and are distinguished only by their
rest massm. Therefore, we can treat each internal state as an
independent, freely propagating particle species labeled
by m. The particles are measured in a detector frame with
relative motion, where specializing to a uniformly accel-
erating detector frame recovers the case of gravity. The
overall measurement outcome is the trace over all species.
Using this framework,wemodel a physical realization of the
ð1þ 1ÞD thought experiment of Ref. [1]. In ð3þ 1ÞD, we
consider a particle beam propagating along one direction,
being measured by a screen traveling along an arbitrary
trajectory in a transverse direction [Fig. 1]. Because of the
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mass dependence of de Broglie wave dispersion, where
ωk ≈ k2=2m, the packets have different propagation veloc-
ities and will arrive at the detector at different times. This
means that the pattern registered by the moving detector for
each species will be spatially shifted along the direction
of detector motion (Fig. 2). This is equivalent to a mass
dependent phase shift that will result in the blurring of
interference fringes when all patterns are summed. Here, the
motion of the detector will determine the size of the spatial
shifts, and, therefore, determines howmuch blurring occurs.
This explains the appearance of g in the dephasing rate of
Ref. [1], since it controls themotion of the screen for the case
of uniform gravity. In this view, the source of dephasing is
mass dependent dispersion, which appears as a loss of
quantum coherence due to a kinematic effect of detector
motion. To emphasize that it is not gravitational, we predict
dephasing even in the absence of gravity for a detector with
uniform velocity. This insight allows us to understand the
thought experiment of Ref. [1] without referring to time
dilation: there, the interference pattern generated by each
species has a mass dependent spatial wave vector, again due
to dispersion. The dephasing is larger as one moves farther
away from the center of the superposition. If we observe the
state at a constant coordinate position in the Lab frame, then
the effect of a moving lab move farther away from its center.
Mathematically, this corresponds to the calculation of
Ref. [1] of the correlations between constant coordinate
values z1 and z2, initially near the center, at some later time in
the lab frame. Therefore, g again appears in the dephasing
rate via the lab frame’s motion.
The Lorentz frame approach provides a simple way to

understand the dephasing. However, a rigorous calculation
requires a description of the system and measurement as
Lorentz covariants, since Lorentz symmetry is a property
required in our discussion of frame independent physics
viewed by arbitrary observers. We develop our formalism

in this fully relativistic way, although we find that relativ-
istic effects are ignorable, and the nonrelativistic limit
completely reconstructs the effect found in Ref. [1]. In
this analysis we have assumed EEP to hold. We point out
comparison of this approach with an explicit treatment of
gravity as a modified external force field offers possibilities
to test for EEP violations in the quantum regime. For our
calculations and results we have set ℏ ¼ c ¼ 1.
Evolution of a composite particle in the Lorentz frame.—

Here, we give a Lorentz covariant description of the
composite particle then examine its evolution in a
Lorentz framewith Cartesian coordinates xμ ¼ ðt; x; y; zÞ ¼
ðt;xÞ. We model each species as an independent Klein
Gordon field, with its field operator ϕ̂mðxμÞ satisfying
ð□þm2Þϕ̂m ¼ 0, and with the relativistic dispersion rela-
tion ωmðkÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 þ k2

p
, which we emphasize is mass

dependent. Without loss of generality, a single particle state
for species m is given by

jΨmi ¼
Z

d3k
ð2πÞ3 gmðkÞâ

†
mðkÞj0i; ð1Þ

where â†mðkÞ is the creation operator associated with ϕ̂m,
and creates a momentum eigenstate in the quantization
frame with eigenvalue k. When gm is limited to values of
jkj≪m, the quantum state is nonrelativistic. The Lorentz
covariant state vector can then be mapped to the time
dependent quantum mechanical wave function ψmðt;xÞ
for a chosen frame by constructing the nonrelativistic field
operator Φ̂ðt;xÞ¼eimtϕ̂ðt;xÞ and noting that ψmðt;xÞ ¼
h0jΦ̂ðt;xÞjΨmi. Conversely, given the form of the initial
wave function ψmð0;xÞ in the particle emitter frame, we
can identify the state vector jΨmi. Suppose then that the
initial state of the composite particle is a direct-product
state between the internal and translational modes of the
composite particle. The translational mode corresponds
to the center-of-mass degree of freedom of Ref. [1], and
contains all the information about the particle’s location.
Therefore, all species share the same initial wave function,
or ψmð0;xÞ ¼ ψ iniðxÞ (Fig. 1). This implies that they also
share the same momentum space distribution, which we
denote by fmðkÞ. We note that fmðkÞ ¼ gmðkÞ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ωmðk

p Þ.
We consider the case where ψ iniðxÞ is spatially localized

around the origin and fmðkÞ is localized near k̄ ¼ ð0; k0; 0Þ
(inset of Fig. 1). This means that the wave packet for
species m will propagate along y with mean velocity
vm ¼ k0=m, and its center will arrive at the screen at y¼L
in time tm ¼ mL=k0. Although time evolution entangles
the internal and translational modes so that ψmðt;xÞ is mass
dependent, the wave functions at their respective tm do not
depend on mass

ψmðtm;xÞ ¼
ffiffiffiffiffiffiffiffiffiffi
k0

2πiL

r Z
d3x0e−½k0ðx−x0Þ2=2iL�ψ iniðx0Þ≡ ψ fin:

ð2Þ

FIG. 1. Propagation of a wave packet for species m from the
emitter to the screen in the Lorentz frame. For each m, the same
initial wave function leads to the same measured wave function
on the y ¼ L plane (where the screen is located), but the arrival
time of the packets depend onm. Here the screen is moving along
z. The inset illustrates that fmðkÞ is localized around k̄. For
snapshots in time, see left panels of Fig. 2.
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In other words, the mass dependence of propagation and
time of arrival cancel each other, so that all species have the
same wave function upon arrival at the screen. Therefore,
the pattern registered by the screen for each species will be
the same modulo spatial displacement.
The measurement process.—For each species, we

measure the number of particles captured by the screen
per area over the lifetime of the experiment. We call this
quantity the areal density and denote it by σm, and our
final outcome σ is the sum of σm over the mass distribu-
tion. To calculate σm, we introduce the 4-current operator
ĵνmðxμÞ¼i½∂νϕ̂m;−ðxμÞ�ϕ̂m;þðxμÞþH:c:, wherewe’ve defined
ϕ̂m;þ and ϕ̂m;− as the positive and negative frequency
components of ϕ̂m. For a particular quantum state jΨi,
hΨjĵνmðxμÞjΨi represents the 4-probability current for species
m. Then the number of particles in a spacetime volume V is
given by the flux integral

Nm½V� ¼
Z
V
dΣνhΨmjĵνmjΨmi: ð3Þ

For Nm counted by a particular pixel on the screen, V is
spanned by dΣν, which is the differential volume one-form
corresponding to the proper area and proper time for the
pixel. This quantity depends on the detector trajectory, which
we will now characterize.
Detector trajectory.—We allow the screen to move

arbitrarily along z, and we parametrize its central pixel
by its proper time τ,

xμcs ¼ ½tcsðτÞ; 0; L; zcsðτÞ�: ð4Þ
The central pixel has instantaneous 3-velocity βðτÞ and
Lorentz factor γðτÞ, and its proper acceleration is given by
g ¼ γ2dβ=dτ. To find dΣν, we establish a proper reference
frame [15] for the central pixel with coordinates (τ, X, Y,
Z), which maps to Minkowski as

xμðτ; X; Y; ZÞ ¼ ½tcsðτÞ þ βγZ; X; Y þ L; zcsðτÞ þ γZ�:
ð5Þ

We note that when g is constant, Eq. (5) recovers the
transformation to Rindler coordinates. In this coordinate
system, pixels on the screen are parametrized spatially
by (X, Z), with Y ¼ 0. Then, the differential volume one-
form at (X, Z) is given in Minkowski coordinates by
dΣνðX; ZÞ ¼ ½0; 0; ð1þ gZÞdXdZdτ; 0�. Using Eq. (3) and
averaging over area, we obtain the areal density for each
species

σmðX; ZÞ ¼
Z

dτð1þ gZÞhΨmjĵym
�
xμðτ; X; 0; ZÞ

�
jΨmi:

ð6Þ
Finally, the total count per area is given by integrating
over the mass distribution Pm, so that σðX; ZÞ ¼R
dmPmσmðX; ZÞ.

The interference pattern and loss of visibility.—We will
now evaluate Eq. (6) by making some simplifying approx-
imations: since fmðkÞ is localized around k̄, and further
assuming that the packets are spatially localized to within
l ≪ L, where L is the propagation distance, we can write
Eq. (6) as a spatial integral of jψmðtmÞj2 ¼ jψ finj2 along y.
These approximations correspond to the physical picture
that the wave packet dynamics is semiclassical along the
propagation direction, and that it passes through the screen
in a short enough time so that during measurement, the
packet shape is approximately rigid. We emphasize that for
all species, we integrate over the same wave function ψ fin.
However, σmðX; ZÞ is still mass dependent, but this
dependence is now incorporated into the integration tra-
jectory in the y − z plane along which the pixel (X, Z)
samples jψ finj2. For our assumptions, the effect of this
trajectory is well approximated by the position at which the
pixel samples jψ2

finj at the particular time of arrival tm for
each species m. If we additionally assume wave function
separability such that ψ finðx; y; zÞ ¼ ψx

finðxÞψy
finðyÞψ z

finðzÞ,
and nonrelativistic velocities for the screen such that γ ≈ 1,
Eq. (6) reduces to the physically intuitive form

σmðX; ZÞ ¼ jψx
finðxÞj2jψ z

fin½~zcsðtmÞ þ Z�j2; ð7Þ
where ~zcsðtÞ is an explicit function of t that gives the central
pixel’s z position in Minkowski time. Simply put, since
each species has a different time of arrival, then the pattern
registered by a screen moving along z will have an m-
dependent spatial shift, as shown in Fig. 2. This mass
dependence is shown explicitly in Eq. (7) through ~zcsðtmÞ.

FIG. 2. Snapshots taken upon arrival of m1 and m2 (m1 < m2)
packets at the screen, at tm1

(upper left panel) and tm2
(lower left

panel), respectively (separation between the packets highly
exaggerated). Positions of the screen differ at these moments
(with the central pixel labeled by a red star), causing a shift in the
interference pattern registered by the screen, which is best viewed
in the central pixel’s proper reference frame (right panel).
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To see how this causes loss of fringe visibility, suppose
now that ψ z

fin contains an interference pattern with visibility
V, so that locally around z ≈ ~zcsðtmÞ we have jψ z

finðzÞj2 ∝
½1þ V cosðαzþ ϕÞ�, where α is the wave number of
the spatial oscillation. We can ignore ϕ without loss of
generality, and write

σðZÞ ∝
Z

Pmð1þ V cos½αzcsðtmÞ þ Z�Þdm: ð8Þ

This is simply a sum of shifted cosines, which will result
in a “fuzzy” interference pattern with a new visibility V 0,
such that

V 0

V
¼ 1 −

α2 _~z2m̄t2m̄
2

�
Δm
m̄

�
2

; ð9Þ

where Δm2 is the variance of the mass distribution, m̄ is the
average mass, and the m̄ subscript is used denote quantities
of the average mass particle. We emphasize that the loss of
contrast we predict depends crucially on the transverse
velocity of the screen at time tm̄, denoted by _~zm̄, and has no
dependence on the acceleration, or equivalently, on gravity.
Note that Eq. (9) assumes small differences in spatial

shifts between species compared to the coherence length
scale, corresponding to short measurement times. But since
the interference pattern is just the superposition of shifted
cosines, for a finite number of particle species, we can
always find a time at which the oscillations for all species
have cycled over an integer number of 2π. This will recover
full fringe visibility, and corresponds to the “revival” effect
of Ref. [1].
A double slit experiment in a uniformly accelerating

lab.—We now apply our model to the specific thought
experiment of Ref. [1], where there is an initial spatial
superposition of the translationalmode so thatψ iniðx; y; zÞ ∝
½δðz − z1Þ þ δðz − z2Þ�, and a thermal distribution at high
temperature T of N harmonic degrees of freedom, being
measured by a detector with uniform acceleration g. From
this, we calculate the parametersV¼1 and α¼k0ðz1−z2Þ=L
from ψ fin, ~zcsðtÞ ¼ gt2=2 and _~zm̄ ¼ gtm̄ from the detector
motion, and Δm ¼ kBT

ffiffiffiffi
N

p
from the mass distribution.

Inserting these into our general result in Eq. (9), we find

V 0 ¼ 1 −
N
2
½gðz1 − z2ÞkBT�2t2m̄; ð10Þ

which exactly reproduces the loss of contrast found in
Ref. [1]. Using the insight that this is a kinematic effect
which is due to a coordinate transformation, we now address
this thought experiment without extension to our physical
model to establish direct correspondence.
The ð1þ 1Þd thought experiment.—We briefly state

results from the thought experiment of Ref. [1] using
our kinematic interpretation. Here, state preparation and
detection occurs in two different local Lorentz frames,
which we denote by LLF-E for the emitter and LLF-D for

the detector, with coordinates (t, z) and (τ, Z), respectively.
Here, detection at time τ is an instantaneous evaluation of
the particle’s wave function in LLF-D. Mapping the initial
wave function ψmð0Þ ∝ ½δðz − z1Þ þ δðz − z2Þ� in LLF-E to
a state vector, we boost the field operator ϕ̂m by the
instantaneous velocity v of LLF-D at detection time. The
spatial distribution in LLF-D at τ for species m is then

jψmðτ; ZÞj2 ∝ 1 − cos

�
m
τ
ðZ − zc þ vτÞΔz

�
; ð11Þ

where Δz ¼ z2 − z1, and zc ¼ ðz2 þ z1Þ=2 is the center of
the superposition. We point out that here the mass depend-
ence lies in the spatial frequency of the interference cosine
term, which again can be traced back to de Broglie wave
dispersion. The effect of an accelerating detection frame
that observes the system at the same coordinate point Z is to
observe it at a point farther away from zc as time increases.
In the limit where the detector motion dominates such that
vτ ≫ Z − zc, such as when Z ∼ z1, z2 for realizable
massive superpositions, and for v ¼ gτ, we obtain the
same loss of contrast as in Ref. [1].
Origin of the loss in visibility.—While our predicted loss

of visibility in Eq. (10) for the Eq. (11) the same as that of
Ref. [1] in the appropriate limits, we interpret this effect as
being unrelated to gravity. The true source of dephasing is
the mass dependent dispersion of de Broglie waves. In our
experimental particle beam model, this manifests as mass
dependent propagation velocities, causing the species to
arrive at different times. This implies that a particular pixel
on the moving screen is effectively evaluating ψ finðxÞ at
mass dependent positions along z as shown in Eq. (7) and in
the left panels of Fig. 2. On the screen itself, this means that
different species land on different locations, resulting in
mass-dependent shifts of their interference patterns along Z
[Fig. 2, right panel], which in turn smears out the pattern.
Pictured in the lab frame, packets of different species
separate along y and drop onto the screen at different
heights. The size of these shifts, and, consequently, the
dephasing, depends on both the amount of time the species
are allowed propagate, as well as the velocity of the screen
at measurement time. In this way, the loss of visibility
appears as a rate that is directly related to the transverse
velocity of the detector [Eq. (9)], instead of acceleration. In
the situation considered by Ref. [1], gravity happens to
supply such a transverse velocity, thereby making the
decrease in visibility dependent upon the gravitational
acceleration. However, if we give the screen a uniform
velocity in the lab frame (with gravity) that matches the
velocity at which the packets fall in the lab frame, there will
be no loss of visibility. Vice versa, even in the absence of
gravity, any motion of the screen transverse to the beam’s
propagation direction as the packets land will lead to a loss
of visibility. As for the thought experiment of Ref. [1], mass
dependent wave dispersion implies greater dephasing
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among different species in regions farther away from the
center of the initial superposition. Observing interference at
constant lab coordinates equates to observing the system at
a point whose distance from its center increases with time,
resulting in an apparent dephasing “rate.” Thus, our
formalism offers an alternative perspective that the loss
of visibility is a kinematic effect instead of a gravita-
tional one.
Conclusions.—Having treated both the thought experi-

ment of Ref. [1] and its possible physical implementation as
a particle beam interferometry experiment, in both cases we
offer the point of view that dephasing between different
internal states does not arise from gravity, but instead from
the mass dependence of their de Broglie waves’dispersion
and the relative transverse motion of the detector.
Furthermore, the dephasing we calculate from this per-
spective is the same as that predicted by Ref. [1] using their
perspective of time dilation [16]. In these calculations, we
have assumed EEP to be valid. The comparison of these
two approaches—by treating gravity explicitly versus as
acceleration—offers possibilities to study the implications
of EEP in quantum systems and to test for its violations in
this regime. To do this, we will have to consider a more
general Hamiltonian in the lab frame

Ĥ ¼ p̂2=ð2M̂Þ þ Ĝ · x̂; ð12Þ

where Ĝ, the gravitational force, is no longer given by M̂g,
which would a priori be consistent with weak equivalence.
In this case, the packets of multiple mass components will
separate due to both the spectrums of M̂ and Ĝ, and now
gravity will cause packet separation in addition to the
effect of mass. It is also plausible that preparation of novel
quantum states can reveal more structures in the operator
Ĝ that could otherwise be revealed by a classical
experiment [17,18].
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