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Abstract
In a uniform gravitational field, classical test objects fall universally. Any reference object or observer
will fall in the same universalmanner. Therefore, a uniform gravitational field cannot create dynamics
between observers and classical test objects. The influence of a uniform gravitationalfield onmatter
waves and clocks, however, is described inconsistently throughout research and education. To
illustrate, we discuss the behavior of amatter-wave interferometer and a clock redshift experiment in a
uniform gravitational field. As a consistent formulation of the equivalence principle implies, a
uniform gravitational field has no observable influence on these systems and is physically equivalent to
the absence of gravity.

1. Introduction

Gravity is usually described in one of twoways: either as aNewtonian field defined on three-dimensional space
(Newtonian gravity) or as the curvature of a four-dimensional spacetime (Newton-Cartan and, including
relativistic effects, general relativity) [1–3]. TheNewtonianfield has amagnitude at every point in space, whereas
the curvature is a geometric feature of spacetime and is not observable at any one point.How can these two
concepts be reconciled? As illustrated in this text, the answer is that theNewtonian field is not observable at any
one point either, alsowhen usingmatter waves or clocks. In other words, a uniform gravitational field (UGF)3 is
not observable.

Newtonian gravity, Newton-Cartan, and general relativity all satisfy the equivalence principle (EP).Modern
formulations of the equivalence principle [4–6] stress that gravity cannot influencemeasurement outcomes in
any local experiment4, even in experiments involving quantum states [7]. However, this basic tenet seems to be
violated in the discussion of gravitational phenomena in quantum systems, sincematter wave interferometers
and clock redshiftmeasurements are commonly held as evidence for observable effects due to the interaction of a
quantum systemwith aUGF [8–18]. This tension is caused by the unfortunate use of observers or reference
objects that are ‘fixed’ in theUGF.

In theNewtonianmodel of gravity [1], massive bodies create a gravitational fieldG(x) that induces the force
FG(x)=mGG(x) on an object with gravitationalmassmG and position x. The inertialmass parametermi

connects a force acting on an object with its acceleration.We assume the inertial and the gravitationalmass to be
identical5 and setmG=mi=m throughout the text. This equality has been tested experimentally to high
precision [20–23].With this equality, the gravitational fieldG(x) acts universally on allmassive objects. In a
small enough region around x0, the gravitational field is approximately uniform,G(x0)= aG. In this UGF, every
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For non-relativistic effects, we use the term ‘UGF’ to refer to aNewtonian gravitational field that does not depend on the position. In

section 3, ‘UGF’ refers to the position-dependentmetric in equation (9). Note that the corresponding curvature tensor vanishes for this
metric.
4
A ‘local’ experiment is an experiment inwhich all length scales and time scales are small enough that the effects of gravity gradients are

below themeasurement resolution.
5
The equality between inertial and gravitationalmass is usually termed theGalilean equivalence principle [19].
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object and observer will fall with acceleration aG. Relative accelerations between objects vanish. AUGF cannot
create relative dynamics between observers and test objects because it acts in a universalmanner. The emphasis
here lies on thefield being uniformbetween the observer and the test object. In contrast, gravitational field
differences can cause dynamics. For instance, an apple falls toward the center of the Earth because of the
gravitational field difference between the apple’s position and the Earth’s position. Thefield contribution from
other gravitational sources, e.g. the Sun, remains unobservable.

To befixed in aUGF implies that non-gravitational forces FNG=m aNG are applied to counteract the
gravitational acceleration induced by aUGF. For afixed object, it is then assumed that the applied force causes an
exactly equal and opposite acceleration aNG=− aG

6. In this text, we lift this restriction to avoid confusion
between non-gravitational forces and gravitational acceleration. The distinctionwewould like to stress here is
that you can feelnon-gravitational interactions but not theUGF [24].

The paper is organized as follows. In section II we analyzematter wave interferometers [8, 25–27], and in
section III we analyze clock redshift experiments [17, 18, 28, 29]. These experiments demonstrate that in
standard physics, a uniform gravitational field is not observable. As implied by the equivalence principle, all
observable effects in aUGF are of non-gravitational origin and are independent of themagnitude and direction
of theUGF.

2.Matter-wave interferometer inUGF

Matter-wave interferometers are composed ofmassive particles and some formof diffraction grating that puts
each particle in a spatial quantum superposition. The spatial superposition is usually described by twowell-
separatedwave packets that travel along classical trajectories known as the ‘interferometer arms.’Topredict the
interferometer phase, one has to keep track of the positions of the interferometer arms relative to the diffraction
gratings and of the phase evolution of eachwave packet as it propagates. The two crucial points are: First,matter-
wave interferometers canmeasure the relative acceleration between the gratings and the interferometer arms; a
UGFdoes not cause relative accelerations. Second, aUGFdoes not create a propagation phase difference
between the twowave packets [30].

Here we consider light-pulse atom interferometers [31], but our analysis can bemapped directly to other
matter-wave interferometers, e.g. by exchanging thewavelength of the light with the lattice constant of a crystal
used for neutron diffraction [8]. In a light-pulse atom interferometer, a cloud of cold atoms is diffracted by laser
gratingsmade from counter-propagating laser beams [32].

The position of the laser grating is typically set by a retro-reflectionmirror7. In aUGF, the calculation for
predicting and interpreting themeasured interferometer phase can be performedwith themidpoint theorem
[33]. Using this theorem allows for a straightforward interferometer phase calculationwithout losing accuracy
formatter waves in aUGF. Later in this section, wewill also discuss an approach using perturbation theory. The
average position of the two interferometer arms is themidpoint trajectory. The distance between themidpoint
and themirror, which sets the position of the laser gratings, is denoted as z t¯ ( ). The interferometer is composed
ofmultiple laser gratings, which have thewave vectors ki. Thesewave vectors encode the transferredmomentum
ÿki to the interferometer arms due to the diffraction process at the ith grating. In accordance with themidpoint
theorem, the interferometer phaseΦ is given by the sum

k z t , 1i i i¯ ( ) ( )F = S

where ti is the time of the diffraction by the ith laser grating.Without going into the specifics of the trajectories of
the arms, this formula already highlights the fact that the phase depends only on the positions of the
interferometer arms at the laser gratings. Themomentum imparted by the grating interaction leads to a velocity
change of ÿk/m. In general, such a recoil velocity can cause an acceleration of themidpoint trajectory and
therefore ameasurable phase shift.

For inertial and gravitational sensing, it is desirable that the interferometer phase is insensitive to initial
conditions and recoil effects from the laser interaction. Therefore, atom interferometers are operated in a closed
and symmetric configuration, e.g. in aMach–Zehnder interferometer. In such a configuration, themidpoint of
the interferometer is not accelerated due to the laser recoil, and the interferometer arms overlap spatially at the
end. For aMach–Zehnder interferometer[25]with total duration 2T, the phaseΦ is given by

k k k2 2z z z T z T z T z T0 0

2 2

2 2

2
u l u l u l ( )( ) ( ) ( ) ( ) ( ) ( )F = - ++ + +

where zu(t) and zl(t) are the positions of the upper and lower interferometer arms at time t, respectively.

6
This assumption ismotivated by our everyday intuition: The gravitational acceleration between an apple falling from a tree and the Earth is

well approximated by the non-gravitational acceleration of the surface of the Earth.
7
The analysis in this section is restricted to one spatial dimension.
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Infigure 1(a), themirror is freely falling, and the interactionwith the laser light causes a negligible
acceleration of themirror. At the first interferometer pulse, the atoms are displaced by z0= zu(0)= zl(0) from
themirror and have no initial relative velocity. At the second pulse, the upper arm is displaced by
zu(T)= z0+ ÿkT/(2m) and the lower armby zl(T)= z0− ÿkT/(2m), wherem is the atomicmass. At the third
pulse, both paths overlap at a distance of zu(2T)= zl(2T)= z0 from themirror. Adding together the phase
contributions, one obtains

0 3( )F =

for the configuration of a freely fallingmirror and freely falling atoms. AUGFhas no observable effect on the
atom interferometer.

If instead themirror is non-gravitationally acceleratedwith acceleration aNG as shown in figure 1(b), the
interferometer phaseΦ reads

kz k z kT m a T z kT m a T

k
z a T z a T

2 2 2 2

2
2 2 4

NG
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NG
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     
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F = - + - + - -

+ - + -

 

ka T . 5NG
2 ( )=-

In this case, the atom interferometermeasures the phase shift−kaNGT
2 induced by the non-gravitational

acceleration of themirror. Once again, theUGF is not observed.
The propagation phase of thewave packets along the interferometer arms is given by the classical action [30].

Themidpoint theorem takes advantage of the fact that the action difference between the arms is zero [34]. If
instead one explicitly computes the action difference, the gravitational potential energy difference between arms
gives rise to a phase term

m
V z V z dt 6V

T

G u G l
0

2

G
[ ( ) ( )] ( )òf = - -


whereVG(z)=− aG(z− z0) is the gravitational potential of theUGF.On average, the upper arm is located higher
byΔz= ÿkT/2m, so VG

f simplifies to
m

a z T ka T2 . 7V G G
2

G
( )f = D =


The phase term arising from the kinetic energy difference between the arms is given by

m
v t v t dt ka T

2
, 8T

T

u l G
0

2
2 2 2[ ( ) ( ) ] ( )òf = - = -



Figure 1.Atom interferometer in a uniform gravitational field. (a)The interferometer armsψu andψl fall universally between laser
pulses, as does themirror. The interferometer phase is zero. (b)Agas propellant accelerates the retro-reflectionmirror with
acceleration aNG, which influences the interferometer phase.
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with vu(t) and vl(t) being the velocity along the upper and lower armof the interferometer. The phase term VG
f

from the potential energy difference is canceled exactly by the phase termfT from the kinetic energy difference
[30, 33, 35–37], so theUGFdoes not give rise to an observable phase shift.

In a different approach, the gravitational field is often treated as perturbing potential and the phase shift of
the interferometer is calculated by using perturbation theory [30, 38]. The appeal of this approach is that one can
calculate the lowest order phase shift without the need to solve for the perturbed quantum state. In this
calculation, the propagation phase shift is given just by the integral of the gravitational potential energy
difference along the unperturbed interferometer paths, which is again equal to VG

f . The phase shift termdue to
the laser interaction is given just by the phase shift of the lasers since the interferometer paths used for the
calculation are undeflected [30]. But as before, the phase of the lasers comes into the interferometer phase8 and is
determined by the position of the phase reference, themirror. Themirror accelerates due to theUGF, and the
laser phase shift is equal and opposite to the propagation phase shift.Without non-gravitational acceleration of
themirror, the interferometer phase shift due to aUGF is predicted to be zero by perturbation theory, in
agreementwith non-perturbative calculations.

Note that the interferometer phase in aUGFdoes not depend on themassm of the test particle. Empirically,
howwell dowe know that the phase shifts of small quantum states do not depend on themass? By sending two
matter waveswith differentmasses through the same interferometer, phase shifts due to the Earth’sfield that are
proportional to themass of the atomhave been excluded by ten orders ofmagnitude [22, 39]. Gravitational
phase shifts proportional to the test particlemass only showup once thewavepacket separation becomes large in
comparison to the distance to the gravitating sourcemass [40].9

3.Gravitational redshift inUGF

So far, we have not consideredwhether relativistic effects are predicted to be observable in aUGF. Let us assume
that a light source in aUGF emits light with a certain frequency f0. The light source is displaced by d from a
detector with equal velocity.While the light travels toward the detector over a duration |d|/c, the detector is
fallingwith acceleration aG and gains additional velocityΔv= aG · d/c in the displacement direction, as shown

Figure 2.Gravitational redshift in a uniform gravitational field (UGF). (a)Detector and light source are freely falling in aUGFwith
distance d.While the light travels from the source to the detector, the detector continues to fall and gains additional velocity, which
results in aDoppler shiftΔfD of the observed frequency. In general relativity, a gravitational field causes clock rates to depend on
position, leading to gravitational redshiftΔfG.When the observer compares theDoppler-shifted light to his shifted clock, theDoppler
shift cancels the gravitational redshift, and theUGF is not observed. (b)The light source and the detector fall in theUGFwith
acceleration aG and are also accelerated non-gravitationally at a rate aNG. The observed frequency shift is a function of aNG but not aG.

8
See equation (91) in the tutorial by P. Storey andC. Cohen-Tannoudji [30].

9
Naturally,mass-dependent phase shifts can also arise in geometries where the non-gravitationalmomentum transfer ormidpoint

displacement is a function of themass, e.g. in guided interferometers [41] or recoil-sensitive interferometers. Suchmass dependence does
not indicate the presence of a gravitational effect.
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infigure 2(a). Due to theDoppler effect, the received light is blue-shifted [42] from the emittedwavelength by
the frequencyΔfD, whereΔfD/f0= aG · d/c

2 to lowest order inΔv/c.
If it were possible tomeasure this blueshift of the light from the freely falling object, the EP formulation

‘gravity is not locally observable’would be violated. For theUGFnot to violate this EP formulation, theremust
be a compensating redshiftΔfG induced by theUGF—the ‘gravitational redshift.’

The gravitational redshift was originally presented as a consequence of energy conservation [1, 43, 44], as the
photons travel along theNewtonian gravitational field. In general relativity, aUGF can be simulated by the line
element [45]

d g dx dx c c dt d ca x x1 . 9G
2 2 2 2 2 2 2( · ) ( )t = = - -mn

m n

where gμν is themetric tensor. Usually, a coordinate transformation is performed to remove the dependence on
aG and to create a trivial situationwithout any gravitational dynamics. Here, we do not apply such a
transformation to emphasize the difference between aG and aNG. The source clock and the detector clock are
separated by d and show time ∫dτs and ∫dτd, respectively. For small velocities and small coordinate time interval
dt, the clock time difference is dτd− dτs= aG · d/c

2 dt. The clockswillmeasure frequencies differently by the
gravitational redshiftΔfG/f0=− aG · d/c

2 to lowest order inΔv/c.
TheDoppler shift from falling in theUGF and the gravitational redshift are equal and opposite,

ΔfG=−ΔfD; they cancel out so that relativistic frequency shifts cannot be observed in freely falling local
systems.Whereas a gravitational redshift is not observable in aUGF, differences in the gravitational field can
cause observable frequency shifts [46–48].

Finally, we consider a configuration [figure 2(b)] inwhich a light source and a detector are non-
gravitationally acceleratedwith aNG, as in the Pound-Rebka experiment [17]. The acceleration of both the light
source and the detector is given by aNG+ aG. To lowest order inΔv/c, the total redshiftΔf is given by the sumof
three terms:

f f f f 10
D
NG

D
G

G ( )D = D + D + D

where f f ca d
D
NG

NG0
2·D = and f f ca d

D
G

G0
2·D = are theDoppler shifts associatedwith the non-

gravitational and gravitational acceleration, respectively, andΔfG is the gravitational redshift. As before, f
D
GD

andΔfG cancel out. The observable frequency shift is given solely by theDoppler shift associatedwith the non-
gravitational acceleration. This is confirmed by experimental tests inwhich themeasured redshift is consistent
with the locallymeasured acceleration of the light source and the detector [17] or a pair of precise optical
clocks [49].10

These results demonstrate the absence of an observable redshift from aUGF to their precisions. A local
redshift test in free fall, where aNG= 0, should be possible in the near future.

4. Conclusion

Wehave considered the influence of aUGF on the physical observables associatedwith a quantum testmass and
a pair of clocks. In the absence of non-gravitational interactions, aUGF does not affect any observable quantities.
Whennon-gravitational interactions are introduced, the resulting changes in physical observables are caused by
the non-gravitational interactions, not by theUGF.

These conclusions are a direct confirmation of the equivalence principle, which states that gravity is not
observable in local systems. If there are no non-gravitational forces, any observer and any experiment in aUGF
are in free fall, and allmeasurement resultsmust be identical towhat is obtained in the absence of gravitational
sources. The observation of nontrivial relative dynamics in aUGF indicates that non-gravitational forces are
present.

The equivalence principle is often illustrated in a thought experiment comparing physical effects in aUGF
onEarth and in a rocket ship far from any gravitational source. Since aUGF is not observable, this thought
experiment shows the equivalence of aUGF and empty space. Unfortunately, this equivalence is obscured by the
use of non-gravitational forces tofix observers and to accelerate the rocket.While such a thought experiment
can be useful for illustration, it should not be taken as the definition of the equivalence principle, as the thought
experiment invokes a nonlocal comparisonwith a far-away experiment that is inaccessible in practice. In
contrast, local formulations of the equivalence principle [6] are directly applicable to the prediction of
experiments [13].

10
Redshift is predicted to affect accelerated clock states in a spatial quantum superposition [12, 34]. The calculated dephasing arises from the

non-gravitational acceleration that ‘fixes’ the quantum states in aUGF.However, this effect is independent of theUGF,which does not cause
an observable redshift [50].
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Gravity is a nonlocal phenomenon and is associatedwith a length scale. OnEarth, themagnitude of the
gravitational acceleration is typically 3× 10−7 g for objects separated by 1meter. The strength of Earth’s gravity
is not given by g= 9.8 m s−2 in any local region.
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AppendixA. Gravimetry

Gravimetry experiments do notmeasure the local value of the gravitational field. Instead, gravimeters use local
measurements of non-gravitational (proper) acceleration, combinedwith nonlocal position information, to
infer the gravitational field difference between two spatially separated points.

As an example, we consider a local gravimetricmeasurement at a distanceR from a gravitational source of
massM. According toNewtonianmechanics, the gravitational field hasmagnitude g=GM/R and points
toward the sourcemass. Themeasuring apparatus consists of a spring balance and a testmass.We assume that
the apparatus is small enough and its resolution low enough that it can be treated as a local system.

If thismeasuring apparatus is placed at a distanceR from the sourcemass, then according to the equivalence
principle, the spring balance and testmasswill fall identically toward the sourcemass. Themeasuring apparatus
will read ‘zero’ rather than g, and the local value of the gravitational fieldwill not be observed.

If instead the spring balance is accelerated non-gravitationally at rate a away from the sourcemass, then the
measuring apparatus will read a. In order to interpret this observation of non-gravitational acceleration as a
gravimetricmeasurement, the experimentmust be designed in such away that themeasuring apparatus remains
at afixed distance from the sourcemass. For example, the proper acceleration of the spring balance can be
actuated to keep the distance to the sourcemass constant, or the spring balance can be attached to a rigid body to
constrain its position. In any case, the experimentmust incorporate nonlocal position information (namely, the
relative position between themeasuring apparatus and sourcemass), and position errors will induce uncertainty
in the gravimetric interpretation of themeasurement.

Once the position of themeasuring apparatus is referenced to the sourcemass position, the observed
quantity a≈ g corresponds to the gravitational field difference between the positions of themeasuring apparatus
and sourcemass. (In other words, if themeasuring apparatus and sourcemasswere falling in the approximately
uniform gravitational field of anothermass, the experiment would have noway to detect this.)Evenwith the
inclusion of nonlocal position information, gravimetry experiments do notmeasure the local gravitational field
value but rather a gravitational tidal force.

Appendix B. Comparisonwith electromagnetism

Unlike the gravitational field, the electromagnetic field can bemeasured locally. Tomeasure the electromagnetic
field tensor at a point, it suffices to use two test particles, one of which is electrically charged and the other of
which is neutral. For example, the particles can be spatially overlapped, and the relative acceleration of the two
particles can be observed. By varying the initial velocity of the charged particle, all components of the electric and
magnetic fields can be determined, provided the charge-to-mass ratio of the charged particle is known.

In contrast, an experiment like this one cannot be used tomeasure the local value of the gravitational field.
According to the equivalence principle, all particles have the same gravitational charge-to-mass ratio
mG/mi= 1, so there is no ‘gravitationally neutral’ particle that can serve as a reference. Locally, a gravitational
field does not induce relative acceleration between any two systems.
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