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▪ Propagation phase & wave-packet evolution: 

‣ two-level atom as a quantum clock 

‣ matter-wave propagation in curved spacetime 

▪ Full interferometer and separation phase 

▪    Description in different reference frames 

▪ Retardation & relativistic effects on laser pulses

PART I   (Theoretical Framework)
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▪ Quantum phase from time dilation in atom interferometry 
and gravitational Aharonov-Bohm effect 

▪ Quantum-clock interferometry 

▪ Atom interferometers as freely falling clocks for time dilation 
measurements. 

▪ GW detection & search of ultralight dark matter

PART II   (Experiments)
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Propagation phase & wave-packet evolution
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• Proper time encoded in the relative phase between the two internal states (clock states).

Two-level atom as a quantum clock
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• Comparison of independent clocks  (after read-out pulse):

Two-level atom as a quantum clock
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• Comparison of independent clocks  (after read-out pulse):

Two-level atom as a quantum clock
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• Theoretical description of the clock: 

‣ two-level atom  (internal state): 

‣ classical action for COM motion:

Two-level atom as a quantum clock
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• Theoretical description of the clock: 

‣ two-level atom  (internal state): 

‣ classical action for COM motion:

Two-level atom as a quantum clock
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• Theoretical description of the clock: 
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• Theoretical description of the clock: 

‣ two-level atom  (internal state): 

‣ classical action for COM motion:

Two-level atom as a quantum clock
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Matter-wave propagation in curved spacetime

• Wave-packet evolution in terms of

‣ central trajectory  (satisfies classical e.o.m.)

‣ centered wave packet
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• Metric in Fermi-Walker coordinates:

• Expanding the action for the centered wave packet:
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• Wave-packet evolution:

‣ propagation phase

‣ centered wave packet
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Ĥn = mnc
2 + Vn(⌧c,0) + Ĥ
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Full interferometer and separation phase
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Full interferometer (including laser kicks)

• Detection probability at the exit port(s):

• Phase shift:

h I| Ii =
1

2

�
1 + cos ��

�

�� = �b � �a + ��sep

propagation + laser phases

| Ii =
1

2

�
ei�a + ei�b

�
| ciI

II

b

t

z

a



Albert Roura, Institute of Quantum Technologies, 08.09.2026

Laser phases

▪ Phase acquired by an atomic wave packets diffracted by a laser pulse driving a two-photon process 
(Bragg or Raman), possibly described in a freely falling frame: 

where  ,  and the index  labels the pulse. 

▪ For a single-photon transition, the phase  at the center of the pulse envelope remains 
constant as the laser pulse propagates       (co-propagation of laser wave fronts and pulse envelope). 

A different central position  means that the wave packet gets diffracted at a slightly different time  . 

▪ The spatially dependent phase factor  associated with the momentum kick matches the different 
hypersurfaces of simultaneity in the frames comoving with the central trajectory before and after the kick:

Δω = ω1 − ω2 keff = k1 − k2 j
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Separation phase

• Standard derivation of phase-shift contribution  arising in case of a relative displacement of the 

interfering wave packets at each exit port: 

resulting in  with  and   , 

where            (separation phase) 

      ( additional phase contribution  vanishes for   ) 

• No relativistic aspects involved in the above considerations. 

But there is an interesting, intuitive interpretation in terms of the relativity of simultaneity  (next slide).

δϕsep

⟨ψI |ψI⟩ =
1
2 (1 + C cos δϕ′ ) C = ⟨ψc(t) 𝒟̂(δX, δP) ψc(t)⟩ ≤ 1 δϕ′ = ϕb − ϕa + δϕsep

δϕsep = − P̄ ⋅ δX /ℏ

arg(⟨ψc(t) 𝒟̂(δX, δP) ψc(t)⟩) ψc(−x) = ± ψc(x)

because they affect, in the same way, repeated realizations
where only the initialization time is changed, and they
cancel out when taking the difference.

3. Open interferometers and separation phase

In open interferometers, the central trajectories of the
two interfering wave packets at the exit port, Xμ

aðλÞ and
Xμ
bðλÞ, do not coincide. The separation is typically com-

parable to or smaller than the wave-packet width Δx and
much smaller than the characteristic curvature radius l.
Therefore, one can naturally consider the Fermi-Walker
frame associated with a midtrajectory, where the two

central trajectories become −δXðτcÞ=2 and δXðτcÞ=2,
respectively. Nevertheless, it is instructive to also consider
more general frames where the spatial coordinates of the
midterm trajectory X̄ðtÞ and the associated momentum P̄ðtÞ
do not vanish. As long as the relative velocity between the
different frames is nonrelativistic [and approximating the
Fermi-Walker metric at the exit port by the Minkowski
metric, i.e., neglecting the curvature terms in Eqs. (A1)–
(A3)], one can make use of the results derived in
Appendix C 1 and, in particular, Eq. (C6). The modulus
of the wave-packet superposition at the exit port can then be
written in position representation as follows:

jψ Iðx; tÞj ¼
1

2
jeiϕaψaðx; tÞ þ eiϕbψbðx; tÞj ¼

1

2
jeiϕaeiPa·ðx−XaÞ=ℏψ cðx −Xa; tÞ þ eiϕbeiPb·ðx−XbÞ=ℏψ cðx −Xb; tÞj

¼ 1

2
jeiϕaeiP̄·δX=2ℏe−iδP·ðx−X̄Þ=2ℏψ cðx − X̄þ δX=2; tÞ þ eiϕbe−iP̄·δX=2ℏeiδP·ðx−X̄Þ=2ℏψ cðx − X̄ − δX=2; tÞj; ðC8Þ

where we have taken into account that X̄ ¼ ðXa þXbÞ=2,
P̄ ¼ ðPa þ PbÞ=2, δX ¼ Xb −Xa, and δP ¼ Pb − Pa, and
have factored out some common phase factors that do not
contribute to the modulus. Squaring the right-hand side of
Eq. (C8) and integrating over space, one obtains the
following representation-free expression for the detection
probability in port I:

hψ Ijψ Ii ¼
1

2
ð1þ C cos δϕ0Þ; ðC9Þ

where δϕ0 ¼ ϕb − ϕa þ δϕsep, with the separation phase
δϕsep given by

δϕsep ¼ −P̄ · δX=ℏ: ðC10Þ

In turn, the contrast C, which characterizes the amplitude of
the oscillations as a function of the phase shift, corresponds to

C ¼ jhψ cðtÞjD̂ðδX; δPÞjψ cðtÞij ≤ 1; ðC11Þ

where D̂ðδX; δPÞ denotes the displacement operator

D̂ðδX; δPÞ ¼ exp ðiδP · X̂=ℏ − iδX · P̂=ℏÞ; ðC12Þ

and the inequality in Eq. (C11) is saturated only when
δX ¼ δP ¼ 0. Hence, open interferometers lead to a loss
of contrast for the oscillations of the integrated atom number
in each exit port. Note also that the expectation value in
Eq. (C11) is, in general, a complex quantity, and one needs to
add its argument to the phase shift δϕ0 in Eq. (C9). However,
for symmetric or antisymmetric centered wave packets, i.e.,
those with ψ cð−xÞ ¼ %ψ cðxÞ, the expectation value is real,
and there is no additional contribution to δϕ0 [31].
When considering the Fermi-Walker frame associated

with the midtrajectory, we have P̄ ¼ 0, and the separation
phase vanishes. On the other hand, the nonvanishing
separation phase for P̄ ≠ 0 can be interpreted in terms of
the proper-time difference between the two branches,

together with the relativity of simultaneity in different
frames. Indeed, let us consider simultaneous end points for
the central trajectories of the two interfering wave packets
in a reference frame where these have a nonvanishing
velocity v̄. The proper-time difference between the two
branches obtained in this way will differ from the analo-
gous calculation in the Fermi-Walker frame of the mid-
trajectory because the two end points considered above will
no longer correspond to simultaneous events in this frame.
Making use of Eq. (C4), one finds that this time difference
between the two end points is δτc ≈ −v̄ · δX=c2, which
corresponds to a phase difference −mc2δτc=ℏ ≈mv·
δX=ℏ ¼ P̄ · δX=ℏ. But this phase difference exactly can-
cels out the separation phase in Eq. (C10), so the total phase
shift δϕ0 calculated in the frame with v̄ ≠ 0 coincides with
the result obtained in the framewhere the midtrajectory is at
rest. This cancellation is important because the fraction of
atoms detected in each port, which is determined by δϕ0

through Eq. (C9), must be independent of the reference
frame. Notice that although we have implicitly assumed a
vanishing δv in the previous argument, one can straight-
forwardly show that it also holds for δv ≠ 0.
For simplicity, the discussion of the previous paragraph

is illustrated in Fig. 13 with the example of a Ramsey
interferometer consisting of two π=2 pulses, but the argu-
ment only depends on the central trajectories at the exit port
and holds for any interferometer configuration. In general,
open interferometers arise from otherwise closed interfer-
ometers due to gravity gradients [31], a case that will be
considered in Appendix F, or due to changes of the pulse
timing such as changing the time between the second and
third pulses in a Mach-Zehnder interferometer by δT
[31,117,118]. (Rotations also give rise to open interferom-
eters mainly along the transverse direction, i.e., along the
direction orthogonal to keff [30,31,72].)
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Separation phase

We close this subsection with some brief remarks on the
fringe pattern of the density profile at the exit ports of an
open interferometer. For Gaussian wave packets, expand-
ing BECs within the time-dependent Thomas-Fermi
approximation or wave packets, in general, at sufficiently
late times [31], the spatial probability density at the exit
port is given by

jψ Iðx; tÞj2 ≈ ð1=2Þ½1þ Cfr cosðkfr · xþ δϕ0Þ%jψ cðx; tÞj2;
ðC13Þ

where 0 ≤ Cfr ≤ 1, the vector kfr is determined by a linear
combination of δX and δP [31], and its modulus jkfrj ¼
2π=λfr is inversely proportional to the fringe spacing λfr. In
the above expression for the density profile, we have

assumed that the relative displacement δX is small com-
pared to the size of the envelope, and one can make
the approximation jψ cðx − δX=2; tÞjjψ cðxþ δX=2; tÞj≈
jψ cðx; tÞj2. It is clear from Eq. (C13) that the phase shift
δϕ0 can be extracted from the relative location of the fringes
with respect to the envelope [31,117,118] or to the fringes
of the other atomic cloud in a differential measurement
[19,74,119].

APPENDIX D: TWO-PHOTON TRANSITION FOR
THE INITIALIZATION PULSE

As seen in the laboratory frame, the initialization pulse
employed in the interferometry scheme presented in
Sec. VI consists of a pair of counterpropagating equal-
frequency laser beams with suitable polarizations and
four-dimensional wave vectors kμ' ¼ ðjkj;'kÞ, where
jkj ¼ ω0=2c corresponds to half the transition frequency
between the two clock states [26]. This configuration can
be naturally implemented with a beam injected along the
vertical direction that is retroreflected by a vibrationally
isolated mirror.

1. Atomic wave packet at rest

For an atom at rest in the laboratory frame, the counter-
propagating beams resonantly drive the transition between
the clock states through a two-photon process with vanish-
ing momentum transfer to the atom’s c.m. motion.
Specifically, each laser beam drives allowed E1 and M1
dipole transitions to a third state that are both far off
resonance [26]. After adiabatically eliminating the third
state, one is effectively left with a two-level system
experiencing Rabi oscillations between the two clock states
driven by two-photon processes. More precisely, the
dynamics of the internal state jΦðtÞi ¼ gðtÞjgiþ eðtÞjei
is governed by the following equation:

i
!
_eðtÞ
_gðtÞ

"
¼

!
ω0

Ω
2 e

−iω0teiφ

Ω
2 e

iω0te−iφ 0

"!
eðtÞ
gðtÞ

"
: ðD1Þ

The angular Rabi frequency associated with the two-photon
process is given by Ω ¼ Ω1Ω2=2Δ, where Ω1 and Ω2 are
the Rabi frequencies of the allowed off-resonant transitions
and Δ is the detuning of these single-photon processes. In
turn, Ω1 is proportional to the transition matrix element of
the electric-dipole operator and to the amplitude of the
electric field, whereas Ω2 is proportional to the transition
matrix element of the magnetic-dipole operator and to the
amplitude of the magnetic field. Therefore, Ω is, overall,
proportional to the laser intensity and inversely propor-
tional to the detuning Δ.
On the other hand, the time-dependent phase factors

in the off-diagonal matrix elements of Eq. (D1) arise
from contributions to the product of the electric and
magnetic fields of the counterpropagating beams that are

(a)

(b)

FIG. 13. Central trajectories at the exit port of an open
interferometer. Simultaneous detection for nonvanishing central
velocities (a) corresponds to nonsimultaneous spacetime events
in the comoving frame, where the interfering wave packets are at
rest (b). The resulting proper-time difference, corresponding to
the dashed segment in panel (b), is exactly compensated by the
nonvanishing separation phase δϕsep in panel (a).
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dipole transitions to a third state that are both far off
resonance [26]. After adiabatically eliminating the third
state, one is effectively left with a two-level system
experiencing Rabi oscillations between the two clock states
driven by two-photon processes. More precisely, the
dynamics of the internal state jΦðtÞi ¼ gðtÞjgiþ eðtÞjei
is governed by the following equation:
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The angular Rabi frequency associated with the two-photon
process is given by Ω ¼ Ω1Ω2=2Δ, where Ω1 and Ω2 are
the Rabi frequencies of the allowed off-resonant transitions
and Δ is the detuning of these single-photon processes. In
turn, Ω1 is proportional to the transition matrix element of
the electric-dipole operator and to the amplitude of the
electric field, whereas Ω2 is proportional to the transition
matrix element of the magnetic-dipole operator and to the
amplitude of the magnetic field. Therefore, Ω is, overall,
proportional to the laser intensity and inversely propor-
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On the other hand, the time-dependent phase factors

in the off-diagonal matrix elements of Eq. (D1) arise
from contributions to the product of the electric and
magnetic fields of the counterpropagating beams that are
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FIG. 13. Central trajectories at the exit port of an open
interferometer. Simultaneous detection for nonvanishing central
velocities (a) corresponds to nonsimultaneous spacetime events
in the comoving frame, where the interfering wave packets are at
rest (b). The resulting proper-time difference, corresponding to
the dashed segment in panel (b), is exactly compensated by the
nonvanishing separation phase δϕsep in panel (a).
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• Relativity of simultaneity for spatially separated spacetime events: 

• Relativistic interpretation of the separation phase: 

When combined with the propagation phase    proper-time difference between the two arms in the frame 
             where the exit port is at rest.

�tFW = �(vz/c
2)�z
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▪ Uniform gravitational field  same proper time along the two arms of a Mach-Zehnder interferometer. 

Even for asymmetric Ramsey-Bordé interferometer  proper-time difference independent of . 

▪ In the lab frame: cancelation of special relativistic and gravitational time dilation (kinetic and potential terms 
in the classical action).
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▪ In the freely falling frame: central trajectories are straight lines, proper times manifestly independent of . 

▪ Timing shift of pulse envelope due to retardation effects dependent on   resulting proper-time difference 
suppressed by  compared to naively expected gravitational time dilation. 

▪ Detailed discussion of relativistic and retardation effects for laser pulses in the next section.
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• Relativistic description of atom interferometry in curved spacetime. 

• Wave-packet propagation including external forces and even guiding potentials. 

• Relativistic interpretation of the separation phase in open interferometers.

Main reference:
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The creation of delocalized coherent superpositions of quantum systems experiencing different
relativistic effects is an important milestone in future research at the interface of gravity and quantum
mechanics. This milestone could be achieved by generating a superposition of quantum clocks that follow
paths with different gravitational time dilation and investigating the consequences on the interference signal
when they are eventually recombined. Light-pulse atom interferometry with elements employed in optical
atomic clocks is a promising candidate for that purpose, but it suffers from major challenges including its
insensitivity to the gravitational redshift in a uniform field. All of these difficulties can be overcome with
the novel scheme presented here, which is based on initializing the clock when the spatially separate
superposition has already been generated and performing a doubly differential measurement where the
differential phase shift between the two internal states is compared for different initialization times. This
scheme can be exploited to test the universality of the gravitational redshift with delocalized coherent
superpositions of quantum clocks, and it is argued that its experimental implementation should be feasible
with a new generation of 10-meter atomic fountains that will soon become available. Interestingly, the
approach also offers significant advantages for more compact setups based on guided interferometry or
hybrid configurations. Furthermore, in order to provide a solid foundation for the analysis of the various
interferometry schemes and the effects that can be measured with them, a general formalism for a
relativistic description of atom interferometry in curved spacetime is developed. It can describe freely
falling atoms as well as the effects of external forces and guiding potentials, and it can be applied to a very
wide range of situations. As an important ingredient for quantum-clock interferometry, suitable diffraction
mechanisms for atoms in internal-state superpositions are investigated too. Finally, the relation of the
proposed doubly differential measurement scheme to other experimental approaches and to tests of the
universality of free fall is discussed in detail.

DOI: 10.1103/PhysRevX.10.021014 Subject Areas: Atomic and Molecular Physics,
Gravitation, Quantum Physics

I. INTRODUCTION

In this article, a general formalism describing relativistic
effects in atom interferometry for atoms propagating in
curved spacetime is developed. This formalism is then
exploited in Sec. VI to present a novel scheme for quantum-
clock interferometry, which is sensitive to gravitational-
redshift effects and whose experimental implementation
should be within reach of the 10-meter atomic fountains of
Sr and Yb atoms that will soon become available at
Stanford and HITec (Hannover), respectively.
Remarkable advances in atom interferometry have

enabled the creation of macroscopically delocalized

quantum superpositions with atomic wave packets sepa-
rated up to half a meter [1]. Nevertheless, in all cases
realized so far, the differences in the dynamics of the two
wave packets of the superposition can be entirely described
in terms of Newtonian mechanics. While the impressive
precision of atomic clocks based on optical transitions
enables the measurement of the gravitational redshift for
height differences as little as one centimeter, this result is
achieved by comparing two independent clocks. In con-
trast, creating delocalized coherent superpositions of quan-
tum systems experiencing different relativistic effects
remains an important milestone in future research at the
interface of gravity and quantum mechanics.
This result couldbe achievedbygenerating a superposition

of quantum clocks that follow paths with different gravita-
tional time dilation and investigating the consequences on the
interference signal when they are eventually recombined [2].
More specifically, the proper-time differences between the
two interferometer arms imprint which-way information on

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
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Other relevant references:

General relativistic effects in atom interferometry

Savas Dimopoulos,1 Peter W. Graham,2,1 Jason M. Hogan,1 and Mark A. Kasevich1

1Department of Physics, Stanford University, Stanford, California 94305, USA
2SLAC, Stanford University, Menlo Park, California 94025, USA
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Atom interferometry is now reaching sufficient precision to motivate laboratory tests of general

relativity. We begin by explaining the nonrelativistic calculation of the phase shift in an atom interfer-

ometer and deriving its range of validity. From this, we develop a method for calculating the phase shift in

general relativity. Both the atoms and the light are treated relativistically and all coordinate dependencies

are removed, thus revealing novel terms, cancellations, and new origins for previously calculated terms.

This formalism is then used to find the relativistic effects in an atom interferometer in a weak gravitational

field for application to laboratory tests of general relativity. The potentially testable relativistic effects

include the nonlinear three-graviton coupling, the gravity of kinetic energy, and the falling of light. We

propose specific experiments, one currently under construction, to measure each of these effects. These

experiments could provide a test of the principle of equivalence to 1 part in 1015 (300 times better than the

present limit), and general relativity at the 10% level, with many potential future improvements. We also

consider applications to other metrics including the Lense-Thirring effect, the expansion of the Universe,

and preferred frame and location effects.

DOI: 10.1103/PhysRevD.78.042003 PACS numbers: 04.80.Cc, 03.75.Dg

I. INTRODUCTION

Atomic physics has made rapid progress recently, yield-
ing several high precision techniques and experiments.
Atomic clocks can remain synchronous to 16 decimals
[1] and have been used to search for the time variation of
the fine structure constant [2–4]. In particular, atom inter-
ferometry has become a high precision tool that has been
used successfully for a variety of applications including
gyroscopes [5], gradiometers [6,7], and gravimeters [8,9].
In light of this, it is interesting to consider the possibilities
for using atom interferometry to test general relativity in
the lab. Indeed, the first atom interferometry experiment to
push the limits on the principle of equivalence (POE) [10]
is currently under construction.

Experimental tests of general relativity (GR) have gone
through two major phases. The original tests of the peri-
helion precession and light bending were followed by a
golden era from 1960 until today (see e.g. [11]). These tests
were in part motivated by alternatives to Einstein’s theory,
such as Brans-Dicke, designed to incorporate Mach’s prin-
ciple [12]. More recently, the cosmological constant prob-
lem suggests that our understanding of general relativity is
incomplete, motivating a number of proposals for modify-
ing gravity at large distances [13–15]. In addition, possible
alternatives to the dark matter hypothesis have led to
theories where gravity changes at slow accelerations or
galactic scales [16–18].

In a previous paper [10] we discussed the possibility of
testing general relativity with atom interferometry. We
found that many relativistic effects will be large enough
to be seen in the upcoming generation of experiments. In
this work we give the details of the framework for calcu-

lating the effects of general relativity in an atom interfer-
ometer. We then apply this to an interferometer in the
Earth’s gravitational field with the motivation of using
the high precision of atom interferometry to test general
relativity in a laboratory experiment. The ability to find GR
effects in an atom interferometer is more widely applicable
as well. In particular we consider other effects such as the
Lense-Thirring effect. Further, in [19,20] we apply this
technique to find the effect of a gravitational wave.
Wewill also discuss a few ideas for strategies to measure

several of these GR effects in the lab. We do not attempt to
prove that such experiments are feasible, since this would
require a very detailed analysis of the many relevant back-
grounds. Instead, we give a few arguments why the most
important backgrounds may be controllable. We wish
mainly to motivate a more careful consideration of these
experiments, given the interest in laboratory tests of gen-
eral relativity.
An attempt was made to make the different sections of

this paper as independent as possible. Section II will dis-
cuss the experimental setup of an atom interferometer and
give a description of the usual, nonrelativistic calculation
of the final phase shift. Section III will describe our method
for finding the final phase shift in an atom interferometer in
any space-time in general relativity. Section IVA will
specialize this discussion to the Schwarzschild metric for
application to an atom interferometer in a weak gravita-
tional field such as the Earth’s. Section IVB will give our
results for the GR effects in an atom interferometer near
the Earth and discuss their physical origin in general
relativity. Section V will discuss a few ideas for measuring
these GR terms in an actual experiment. Section VI will
discuss other applications of this work including using
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Exact Semiclassical Phase Shifts for Relativistic Atom Interferometers in Flat
Spacetime

Hunter Swan⇤ and Jason M. Hogan†

Department of Physics, Stanford University, Stanford, California 94305, USA
(Dated: July 14, 2026)

Atom interferometry is a sensitive tool for measuring relativistic e↵ects, but there are no known
non-trivial exact solutions for relativistic atom interferometer phase shifts. Here we derive rel-
ativistically exact expressions within the usual semiclassical approximation for a wide range of
experimentally interesting atom interferometer pulse sequences in flat spacetime, including Mach-
Zehnder, resonant, and large momentum transfer interferometer geometries. As an example, the
leading order phase shift !agT

2
/c for a Mach-Zehnder clock atom interferometer is found to become

!a

�
1 + !a

2m

�
(e�gT/c�1)2c/g when all relativistic kinematics are included. We calculate exact phase

shifts for both clock (single-photon) interferometers and Raman or Bragg (two-photon) interferom-
eters.

I. INTRODUCTION

From the first demonstration of light-pulse atom in-
terferometry in the Kasevich-Chu experiment [1], it has
been recognized that this phenomenon has a deep con-
nection to gravity, and by extension to relativity. Many
proposals have been made for using atom interferometers
to measure relativistic phenomena, such as gravitational
waves [2, 3] or post-Newtonian e↵ects [4]. In parallel, a
wide variety of formalisms for computing atom interfer-
ometer phase shifts have been developed [4–13] in both
non-relativistic and relativistic settings. However, to the
best of our knowledge, all relativistic calculations so far
have been perturbative and only carried out to finite or-
der. Such approximate calculation methodologies can be
computationally cumbersome [11], can miss interesting
physical e↵ects of high perturbation order, and can pose
di�culties of interpretation, since e.g. similar terms in a
perturbation series may originate from multiple e↵ects.
Moreover, some formalisms introduce intermediate quan-
tities which may not be independently measurable, which
has resulted in previous work studying which aspects of
atom interferometer phase shift calculations are physi-
cal as opposed to artifacts of the computational method
[14]. Exact solutions for atom interferometer phase shifts
would have the potential to illuminate many of these is-
sues, since an exact final phase shift expression exhibits
no arbitrariness of decomposition, includes all possible
e↵ects, and may be analytically easier to work with than
a perturbation series.
In the present work, we use the covariant formalism

[4] to calculate atom interferometer phase shifts exactly
in flat spacetime. The case where the lasers driving
atom optics pulses are in uniform hyperbolic motion can
be considered a relativistic generalization of the non-
relativistic setting of a uniform gravitational field, with
the flatness of spacetime generalizing what would be clas-

⇤ orswan@stanford.edu
† hogan@stanford.edu

sically described as a vanishing gravity gradient. For spe-
cific choices of laser acceleration, this setting is equivalent
to an atom interferometer with lasers at fixed position in
Rindler space [13]. We find that the kinematics of rela-
tivistic atom interferometers are naturally adapted to a
description in light-cone (LC) coordinates, which results
in great simplification of the resulting recursive equations
of motion, and much of the work of the present treatment
consists in systematically expressing atom interferometer
kinematics in LC coordinates. All of our methods ap-
ply equally to either two-photon (Raman or Bragg) or
single-photon (clock) atom interferometers, though the
analytical form of the resulting phase shifts can di↵er
considerably.
While our treatment of relativistic kinematics is exact,

there are other approximations inherent to our approach,
such as the semi-classical approximation and the short
pulse approximation. Both of these are standard in pre-
vious similar work [4], and corrections to these approxi-
mations have been considered elsewhere [15–17]. Practi-
cal terrestrial atom interferometer experiments are also
significantly a↵ected by spacetime curvature. However,
the flat space case captures the leading order and many
sub-leading order e↵ects, and it may provide an accurate
foundation for perturbative treatments of curvature ef-
fects. Moreover the mathematical structures which are
evident in the flat space case are of interest in their own
right, and provide useful intuition for the curved space
case as well.
Finite speed of light and laser chirping e↵ects in atom

interferometry have been considered before using pertur-
bative frameworks [7, 18, 19]. Recent work has compared
the influence of such e↵ects in Raman and clock interfer-
ometers in Rindler space [13]. Our work extends these
results by providing atom trajectories and interferometer
phase shifts which are exact to all orders in relativistic
parameters.
The structure of this paper is as follows. In Section II

we recapitulate necessary background material on atom
interferometry and relativistic kinematics. In Section III
we derive formulas for clock atom interferometer phase
shifts when all atom optics pulses are from a single di-
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Also earlier work by Christian Bordé.

https://arxiv.org/abs/2607.10042
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Retardation & relativistic effects on laser pulses
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Propagation of laser wave fronts

▪ Proper time along a freely falling world line (geodesic) and elapsed between two light rays. 

‣ Retardation effect due to the finite speed of light:

dt̄ = dt+ (n̂ · v̄/c) dt̄+O
�
1/c3

�

dt

dt̄

t

z
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Propagation of laser wave fronts

▪ Proper time along a freely falling world line (geodesic) and elapsed between two light rays. 

‣ Retardation effect due to the finite speed of light: 

‣ Relativistic time dilation:

gravitational redshiftspecial relativistic

dt̄

dt
=

1

1� n̂ · v̄/c

d⌧̄

dt̄
= 1� 1

2 c2

✓
dX̄

dt̄

◆2

+
1

c2
U
�
t̄, X̄

�
+O

�
1/c4

�

(stationary spacetime)

dt̄ = dt+ (n̂ · v̄/c) dt̄+O
�
1/c3

�
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▪ Freely falling frame comoving with the mid-point world line  (Fermi-Walker frame): 

‣ light rays (laser wave fronts) have fixed slope, 

‣ shifts due to Doppler effect (opposite sign in reversed interferometer) and time dilation (same sign).

Atom interferometer based on single-photon transitions

z
(a)

tFW

T T
z

tFW

(b)T T
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▪ It is sufficient to calculate the proper times along the mid-point world line rather than the 
actual arm trajectories  (negligible higher-order corrections to total phase shift). 

▪ Proper time as a function of the phase , invariant characterizing each laser wave front: 

▪ The Doppler factor can be (partially) compensated through a suitable frequency chirp:

'

d⌧̄

d'
=

d⌧̄

dt̄

dt̄

dt

✓
dt

d'

◆
=

d⌧̄

dt̄

✓
1

1� n̂ · v̄/c

◆✓
dt

d'

◆

✓
dt

d'

◆

chirp

=
⇣
1� n̂ · v̄0/c

⌘✓
dt

d'

◆

0

(dt/d')0 = 1/!0

v̄0(t̄) = v̄0
0 + g0 (t̄� t̄0)
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▪ Phase-shift calculation: 

▪ For an approximately uniform gravitational field,  and 

▪ Partial compensation of the Doppler factor characterized by  and .

X̄(t̄) = v̄0 + g (t̄� t̄0)

�g = g � g0 �v̄0 = v̄0 � v̄0
0

�� = ��E

~

"Z !0T

0

✓
d⌧̄

d'

◆
d' �

Z 2!0T

!0T

✓
d⌧̄

d'

◆
d'

#

�� =
�E

~


(n̂ ·�g)

c
T 2 � 2

v̄0 · g
c2

T 2 � 2
g2

c2
T 3

�
+ ��corr
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▪ Corrections of order  and proportional to  or , due to only partial compensation 
of Doppler factor: 

▪ The above results can be straightforwardly generalized to a time-dependent . 

This can naturally account for laser phase noise and vibrations of retro-reflection mirror. 

▪ In contrast to terms linear in , the time-dilation terms and the contributions in  , which are 

quadratic in , do not change sign for interferometers with opposite   (reversed interferometers).

1/c2 �g �v̄0

�g(t̄)

n̂ ��corr

n̂ n̂

��corr =
�E

~


2
(n̂ ·�v̄0) (n̂ · g)

c2
T 2 +

(n̂ · v̄0) (n̂ ·�g)

c2
T 2 + 3

(n̂ · g) (n̂ ·�g)

c2
T 3

�
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▪ Freely falling frame comoving with the mid-point world line  (Fermi-Walker frame): 

‣ light rays (laser wave fronts) have fixed slope, 

‣ shifts due to Doppler effect (opposite sign in reversed interferometer) and time dilation (same sign).

z
(a)

tFW

T T
z

tFW

(b)T T

Reversed interferometers:
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▪ Result when subtracting the phase shift for the pair of reversed interferometers: 

It corresponds to a gravimeter (accelerometer). 

▪ Result when adding up the phase shift for the pair of reversed interferometers: 

It can be exploited in time-dilation measurements with atom interferometers acting as 
freely falling clocks  (further discussed in tomorrow’s lecture).

(��n̂ + ���n̂) /2 = �2
�E

~


v̄0 · g
c2

T 2 +
g2

c2
T 3

�
+ ��corr

(��n̂ � ���n̂) /2 =
�E

~
(n̂ ·�g)

c
T 2



Albert Roura, Institute of Quantum Technologies, 08.09.2026

Pulse timing

▪ So far we have assumed that changes in the timing of the pulse envelope and the laser wave fronts 
coincide. This may not be the case due to timing imperfections or to a lacking compensation of retardation 
effects for the pulse envelope. 

▪ A time shift  of the pulse envelope with respect to the reference wave front for the  pulse leads to the 
following phase-shift contribution: 

Including uncompensated retardation effects, the detuning becomes

ΔT π

��timing = �2

✓
�E

~ � !0

◆
�T = � 2 �⇡ �T

�⇡ =
�E

~


1 +

(n̂ ·�v̄0)

c
+

(n̂ ·�g)

c
T

�
� !0
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▪ Shifts in the timing of all laser pulses in a Mach-Zehnder interferometer can be accounted 

for by a time shift  for the  pulse, and a change of the total interferometer time . 

From the retardation effects of the pulse envelope (with no compensation) we have: 

▪ This leads to the following result for    at leading order: 

whereas the leading correction from  in  contributes to  .

ΔT π 2 T′ 

(��n̂ � ���n̂) /2

T′ 
�E

~
(n̂ ·�g)

c
(T 0)2 (��n̂ + ���n̂) /2

T 0 = T

✓
1 +

(n̂ · v⇡)

c

◆
�T = � (n̂ · g)

2c
T 2
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�E

~
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c
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Atom interferometers based on two-photon processes

▪ Two counter-propagating laser frequency components with opposite linear Doppler shifts: 

      
 
   leading to    

           (additional terms of order  and quadratic in  are proportional to ) 

▪ Frequency component  always on + pulsed envelope for component    (control of pulse timing)

!̄j = !j

✓
1� n̂j · v̄/c
1� n̂j · v̄0/c

◆
�� = ke↵ ·�g T 2

1/c2 n̂ ω1 − ω2

ω2 ω1

ke↵ = k1 � k2
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▪ For an antisymmetric frequency chirp  , the result of retardation effects is 

analogous to that for single-photon transitions: 

with the same  and  of a previous slide. 

▪ In case of a non-vanishing symmetric contribution  , there is an additional phase-shift term 

due to retardation effects of the frequency chirp on the laser phases: 

Connected to a change of  for the different pulses induced by the symmetric frequency chirp.

α1 = − α2 = keff ⋅ g′ /2

T′ ΔT

ᾱ = α1 + α2

keff

��↵̄ =
�
↵1n̂1 � ↵2n̂2

�
· (v⇡/c)T

2

�� = ke↵ ·�g (T 0)2 � 2 �⇡ �T =
⇣
ke↵ · g � (↵1 � ↵2)

⌘
(T 0)2 � 2 �⇡ �T
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Main reference:

▪ Main focus on atom interferometers based on single-photon transitions. 

▪ Useful framework for a detailed theoretical description of such interferometers. 

▪ Simple, intuitive description of time dilation and retardation effects for the laser pulses working in 

the freely falling frame. 

▪ Discussion of retardation effects for the timing of the pulse envelope (with or without compensation). 

▪ Including also external (non-gravitational) forces and possible violations of the equivalence principle.
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The propagation time delay due to the finite speed of light (FSL) in atom gravimeters introduces a bias in the
gravity measurement, as well as that in classical free-falling corner-cube gravimeters, which is usually termed
the FSL effect. For a typical atom gravimeter, the FSL time delay is about several nanoseconds, resulting in
the FSL effect, a non-negligible bias in the gravity-acceleration measurement. However, a time delay of about
several microseconds, achieved by controlling the Raman-pulse timing directly, contributes a negligible effect.
This interesting phenomenon motivates us to make clear two questions: first, what are the origins of the FSL
effect in atom gravimeters, and second, what is the difference between the two time delays? Our analysis shows
that the FSL effect in atom gravimeters is not just a matter of FSL time delay to a great extent but also the change
in the effective wave vector; moreover, the FSL time delay can be quantitatively regarded as the same as the
pulse time delay since both actually affect the gravity measurement by changing the two interferometer pulse
separations.

DOI: 10.1103/PhysRevA.96.023604

I. INTRODUCTION

The propagation time delay due to the finite speed of light
(FSL) introduces a bias in the g measurement in classical
free-falling corner-cube gravimeters [1–8]. A similar effect
also exists in atom gravimeters which is usually termed the
FSL effect. To evaluate the performance of high-precision
atom absolute gravimeters [9–14], systematic errors such as
the FSL effect need to be carefully considered since they are
at the level of instrument precision of the atom gravimeters
developing rapidly, introducing a non-negligible bias in the
g measurement. In the past few years, a few studies [15–21]
discussed the FSL effect in atom gravimeters: Peters et al.
[15,16] and Cheng et al. [17] considered the FSL correction
introduced by the change in the effective wave vector of Raman
pulses during the frequency-chirp process, Dimopoulos et al.
[18,19] analyzed the FSL correction resulting from the time
delay due to the propagation of light, and we presented [20,21]
the FSL correction related to the coupling between the time
delay and the change in the effective wave vector. The above
results can be well summed up by [20]

gmeasured = −
"k0 · "g
|"k0|

[
1 + 3"vπ · "n1

c
− α1 − α2

"k0 · "g
2"vπ · "n1

c

+ α1"n1 − α2"n2

"k0 · "g
· 2"vπ

c

]
, (1)

with "k0 being the effective wave vector of the Raman beams
at the π pulse, "vπ being the velocity of atoms at the π pulse,
c being the speed of light, and (α1,α2) and ("n1, "n2) being
the frequency chirps and directions of the two Raman beams,
respectively. To make the FSL effect well understood, we
further study this effect in this paper and attempt to make
some key issues related to the FSL effect clear.

*cgshao@mail.hust.edu.cn
†zkhu@hust.edu.cn

Generally speaking, the FSL effect in atom gravimeters
arises from the FSL time delay. Similar to the pulse time
delay achieved by controlling the Raman-pulse timing directly,
the FSL time delay also changes the interferometer pulse
separations and further contributes a correction to the gravity
measurement. Therefore, with the same influencing mecha-
nism, if the two time delays are equal, they should theoretically
present equal corrections to the g measurement. For a typical
20-cm-long atom gravimeter, in which the velocity of atoms
at the π pulse is about 0.06 m/s, the FSL time delay is about
several nanoseconds, introducing the FSL effect, a bias of
about 0.4 µGal in the g measurement; however, a pulse time
delay of several microseconds has a negligible effect. This is
an interesting phenomenon, which motivates us to make clear
what the FSL effect and the difference between the FSL time
delay and pulse time delay are.

The outline of this paper is as follows: in Sec. II, we
show the space-time diagram of an atom gravimeter with the
FSL time delay and the pulse time delay. In Sec. III, with
the frequently used continuous chirp of Raman pulses, we
calculate phase shifts introduced by the FSL effect and the
pulse time delay, where the detuning for Raman pulses is also
considered. Here, we make clear what results in the FSL effect
in atom gravimeters and what the difference between the two
time delays is. In Sec. IV, we present a simple discussion
of the stepped-chirp mode (that is, the continuous chirp is
approximated by switching between three fixed frequencies)
and find this chirp mode may have the advantage of enlarging
the effect of the pulse time delay in the g measurement, which
has been verified experimentally [15,16]. Finally, the paper is
concluded in Sec. V.

II. SPACE-TIME DIAGRAM OF AN ATOM GRAVIMETER
WITH A PULSE TIME DELAY AND A FSL TIME DELAY

High-sensitivity atom interferometry plays a significant
role in many precision-measurement experiments [22–29], on
the basis of which atom gravimeters are being developed
rapidly. The work principle of atom gravimeters based on

2469-9926/2017/96(2)/023604(8) 023604-1 ©2017 American Physical Society

▪ The simple derivation relying on the freely falling frame that I outlined above agrees with the 

results for two-photon processes obtained in this reference with a much longer calculation.
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