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Abstract: Atom interferometers measure quantum interference patterns in the wave functions of

cold atoms that follow superpositions of different space-time trajectories. These can be sensitive to

phase shifts induced by fundamental physics processes such as interactions with ultralight dark mat-

ter or the passage of gravitational waves. The capabilities of large-scale atom interferometers are

illustrated by their estimated sensitivities to the possible interactions of ultralight dark matter with

electrons and photons, and to gravitational waves in the frequency range around 1 Hz, intermediate

between the peak sensitivities of the LIGO and LISA experiments. Atom interferometers can probe

ultralight scalar couplings with much greater sensitivity than is currently available from probes of the

Equivalence Principle. Their sensitivity to mid-frequency gravitational waves may open a window on

mergers of masses intermediate between those discovered by the LIGO and Virgo experiments and the

supermassive black holes present in the cores of galaxies, as well as fundamental physics processes in

the early Universe such as first-order phase transitions and the evolution of networks of cosmic strings.
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1 Introduction

Quantum technologies offer new prospects for sensitive and precise measurements in fundamental

physics. Prominent among quantum sensors are atom interferometers, and in this article we review

their potential applications to some of the most challenging topics in fundamental physics, namely the

nature of dark matter and measurements of gravitational waves.

For some 80 years now, astronomers and cosmologists have been accumulating evidence that the

visible matter in the Universe floats in invisible clouds of dark matter [1–4] that exert gravitational

attraction but can have at most very weak electromagnetic and other interactions with the visible

matter. There are strong constraints on the fraction of the dark matter that could be provided

by black holes [5] or other compact astrophysical objects, and the general expectation is that dark

matter is composed of one or more species of so far undetected neutral particles. There are two

general schools of thought about the properties of these dark matter particles, which might be either

weakly-interactive massive particles (WIMPs) or ultralight bosonic fields that form coherent waves

moving non-relativistically through the Universe. In the absence of evidence for the production of any

WIMPs at particle colliders (see, e.g., [6, 7]) or for their collisions with heavy nuclear targets deep

underground [8], attention is shifting towards ultralight dark matter (ULDM) candidates that have

very weak interactions with the particles of the Standard Model (SM) that make up the visible matter

in the Universe. Atom interferometers enable very precise measurements of atomic properties, so are

exquisitely sensitive to the possible interactions of ULDM fields with SM particles [9].

Atom interferometers can also probe the small distortions of space-time caused by the passage

of gravitational waves (GWs) [10]. The discovery of GWs by the LIGO and Virgo laser interferome-

ters [11] opened a new window on the Universe through which novel phenomena could be observed,
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such as the mergers of black holes (BHs) and neutron stars (NSs) [12]. It is known that supermassive

BHs (SMBHs) far more massive than those revealed by LIGO and Virgo are present in the cores of

galaxies [13, 14], and their binary systems and mergers are the prime target of the planned LISA

space-borne laser interferometer [15]. The existence of intermediate-mass BHs (IMBHs) is strongly

suspected [16], and measurements of the GWs emitted during their mergers could cast light on the

assembly of SMBHs. As we discuss in more detail below, atom interferometers can observe GWs in the

mid-frequency range intermediate between LISA and LIGO/Virgo, and are hence ideal for addressing

this issue. Atom interferometers can also search for possible fundamental-physics sources of GWs,

such as first-order phase transitions in the early Universe and networks of cosmic strings [17].

In addition to these primary objectives, atom interferometers can also provide unique tests of

general relativity, e.g., by probing Einstein’s Equivalence Principle [18], as well as testing the limits

of quantum mechanics [19] and probing quantum effects in gravitational fields [20]. Beyond making

significant contributions to fundamental physics, atom interferometry can also be used to study the

properties of ultracold atoms, such as Bose-Einstein condensates and degenerate Fermi gases. More-

over, the precision of measurements using atom interferometry offers unprecedented sensitivity and

accuracy for a variety of physical quantities, such as acceleration, local gravity, and rotation. For

example, atom interferometry can be used to create highly sensitive inertial sensors for navigation

and geophysical exploration. Precision measurements of the local gravitational acceleration are of

relevance to earth observation and to detect underground structures [21].

In view of its many potential applications to precision measurements and quantum technology,

atom interferometry is a rapidly-developing field of research. Many of the practical challenges involved

in the design and operation of atom interferometry are being actively addressed, and much research

is underway to explore fully its possibilities.

The outline of this article is the following. We review the basic principles of atom interferometry

in Section 2, and in Section 3 we review current projects to scale up atom interferometers to baselines

ranging from O(10) m to O(1) km on Earth, and potentially thousands of km in space. We then

discuss in more detail in Section 4 the potential applications to fundamental physics that motivate

these projects, principally searches for ULDM and GWs.

2 Atom Interferometry in a Nutshell

Atom interferometry is a relatively new and exciting field of research that explores and exploits the

wave-like properties of atoms in setups analogous to optical interferometers. The study of matter

waves and their interference dates back to the early days of quantum mechanics, but the development

of laser cooling and trapping techniques in the 1980s and 1990s greatly expanded the possibilities for

this area of research.

The concept of wave-particle duality was first proposed by Louis de Broglie in the 1920s [22]. It

stipulates that all particles, including atoms, have wave-like properties and that these can give rise

to observable interference patterns, for instance when a beam of particles passes through two closely-

spaced slits, in the same spirit as Thomas Young’s famous double-slit experiment in optics [23]. This

proposal was later experimentally confirmed for electrons in independent experiments by Davisson and

Germer [24] and by Thomson [25] in 1927. Esterman and Stern in 1930 extended these observations

to atoms by diffracting a beam of sodium atoms off a surface of NaCl [26]. These early observations

suggested that the principle of interferometry could also be extended to matter waves.

The development of lasers beginning in the 1950s enabled not only ever more precise spectroscopy

but also more precise control over the internal states and momenta of atoms. In particular, lasers
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could be used to cool and trap atoms, creating a new field of research using cold atoms. In 1995, the

groups of Eric Cornell and Carl Wieman at the University of Colorado and of Wolfgang Ketterle at the

Massachusetts Institute of Technology created for the first time a Bose-Einstein condensate (BEC), a

new state of matter in which a group of atoms behaves as a coherent entity [27, 28]. The creation of

BECs opened new possibilities for the study of matter waves.

The first complete atom interferometers were reported in 1991: Carnal and Mlynek [29] and the

Pritchard group [30] independently demonstrated atom interferometers using microfabricated diffrac-

tion gratings. At the same time, the first atom interferometers based on laser pulses were demonstrated

independently in the group of Bordé at PTB [31] and by Mark Kasevich and Steven Chu in Stan-

ford [32]. For a general introduction and review of atom interferometry and some applications see [33].

2.1 Principle

Atom interferometers are most easily understood by analogy to optical interferometers: by splitting

and recombining beams of light, the latter are capable of detecting extremely small differences in the

phase of the light waves accrued over the different paths, allowing for the measurement of tiny changes

in distance, angular velocity, and other physical quantities. Laser interferometers have revolutionized

our ability to make precise measurements in a wide range of fields, from astronomy to nanotechnology,

and atom interferometers will expand this range even further.

Beamsplitter Mirror

Input
(Light)

Output 1

Output 2

Beamsplitter
𝜋/2-pulse

Mirror
𝜋-pulse

Input
(Atoms)

Output 1

Figure 1. Left: Conceptual outline of a Mach-Zehnder laser interferometer [34, 35]. Right: Conceptual outline

of an analogous atom interferometer. Atoms in the ground state, |g〉, are represented by solid blue lines, the

dashed red lines represent atoms in the excited state, |e〉, and laser pulses are represented by wavy lines.

Any interferometer will rely on the same basic ingredients, most easily visualized in the Mach-

Zehnder configuration [34, 35] illustrated in Fig. 1. Starting from a coherent source, such as a laser in

optical interferometry, a first beamsplitter splits the beam into two parts that travel along different

paths, where they can pick up different phases. A mirror is then used to bring the beams back

together so that they can interfere at the final (closing) beamsplitter. Crucially, the intensities at the

two output ports will depend on the differential phase ∆ϕ = φ1 − φ2 picked up along the two arms of

the interferometer.

While atom interferometers can be built using microfabricated diffraction gratings, the interfer-

ometers discussed in this review rely on atom-light interactions. They have been made possible by

the development of laser technology and quantum optics to levels where the central elements of any

interferometer, namely the beamsplitters and mirrors, can be replaced by atom-light interactions, as

illustrated in the right panel of Fig. 1.

The laser pulses consist of coherent single-frequency light that is resonant, or close-to-resonant,

with the transition between the atomic ground state and a specific excited state (|g〉 ↔ |e〉). As
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illustrated in Fig. 2 for an atom with initial momentum p0, the absorption (emission) of a photon of

wavelength λ not only exchanges the atom’s internal state but in the process also changes the atomic

momentum by the photon’s momentum ~k (−~k), where k = 2π/λ. This recoil kick thereby deflects

the atom, as seen in the right panel of Fig. 1. By precisely controlling the amplitude and duration

of the light pulse, it is possible to implement a π/2−pulse that can act as a beamsplitter by bringing

the atom into an equal superposition of ground and excited states whose momenta differ by ~k. After

this splitting, the two components propagate along their respective paths and may accrue different

phase shifts due to, for instance, different magnetic, electric, or gravitational fields. After a time

T , a π−pulse swaps ground and excited states and imparts a further momentum kick of ±~k that

acts as a mirror, so that the paths are eventually recombined. A final π/2−pulse then acts as the

final beamsplitter before the numbers of atoms in the ground and excited states are read out by, e.g.,

fluorescence imaging. These final atom numbers provide the output ports of this interferometer.

This π/2− π− π/2 or Ramsey pulse sequence is directly analogous to the operation of an atomic

clock [36]. The main difference is that in an interferometer the two parts of the wavefunction become

spatially separated and can therefore pick up different spatially-dependent phases. The resulting inter-

ference pattern provides information about the physical properties of the system, such as acceleration,

rotation, or gravitational field strength. This was demonstrated successfully in 1991 by the group of

Bordé that observed the Sagnac effect in a rotating apparatus [31]. In the following years, several

types of atom interferometers were developed, such as Mach-Zehnder, Ramsey-Bordé, and Sagnac

interferometers, each with its own strengths and weaknesses [33].

| ۧ𝑒

| ۧ𝑔

𝑝 ൌ ℏ𝑘

𝑝 ൌ 𝑝

𝑝 ൌ 𝑝  ℏ𝑘

Figure 2. Every photon carries a momentum p = ~k and, upon absorption of the photon, its momentum is

transferred to the atom. This forms the basis for manipulating atomic momentum with resonant light.

In another incarnation of atom interferometry, standing waves of light are used as a diffraction

grating for the atoms [37] in a similar fashion as crystals can be used to diffract electrons. The standing

wave creates a periodic potential that interacts with the atoms, causing them to diffract into two or

more paths. This remains the method of choice when implementing interferometers using ever-larger

molecules to test the possible breakdown of quantum mechanics in large-mass systems [38].
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2.2 Sensitivity

The achievable sensitivity for an atom interferometer can be decomposed into two parts. The readout

sensitivity, that is the precision with which the final phase of the interferometer can be read out, can

be assumed to be limited by the shot-noise limit, i.e., to scale as ∝ 1/
√
N , where N is the number of

atoms. Current interferometers operate in the regime of 106 atoms per second [39], and one area of

development for the coming years will be to boost this by several orders of magnitude. An additional

boost to the readout sensitivity will come from squeezing, as discussed below.

The second part of the total sensitivity is the intrinsic sensitivity, i.e., how big a phase shift

results from a given strength of the targeted physical effect. It is hence also important to design the

interferometer to maximise the phase shifts created by the physics in question while minimising the

sensitivity to unwanted systematics. Some important considerations are reviewed briefly below.

Gradiometer A fundamental limitation of atom interferometry stems from the phase noise of the

interferometer (interrogation) laser used to implement the beamsplitters. As in an atomic clock,

the final populations in the output ports depend on the phase difference between the interrogation

laser during the final π/2−pulse and the relative phase between the components of the atomic wave

function. Single interferometers are therefore intrinsically susceptible to laser noise. This sensitivity

to laser noise forms the basis for atomic clocks, where the resulting error signal is used to stabilize the

laser to the atomic transition, giving rise to excellent precision for the time-averaged frequency [36].

However, it represents a significant limitation for interferometers that aim to study time-dependent

effects such as gravitational waves or oscillating dark matter fields.

An elegant solution for mitigating this limitation is provided by gradiometer configurations, where

two or more interferometers are interrogated by a common laser [40], as illustrated in the right panel

of Fig. 3. In such a configuration, the laser noise becomes a common mode for all interferometers and

hence does not contribute to differential signals, i.e., the differences between the phases measured by

the interferometers. Such configurations are by construction not sensitive to common fields, which

would induce identical phases in the interferometers, but only to the gradients of, for instance, elec-

tric or magnetic fields, and hence are known as gradiometers. Their sensitivity scales linearly with

the separation ∆r between the interferometers. For terrestrial interferometers this separation is in

practice limited to at most the kilometre scale, since the laser needs to travel in vacuum between the

interferometers in order to avoid unwanted phase fluctuations from air turbulence or fibre noise.

Large Momentum Transfer (LMT) Large momentum transfers in atom interferometry are anal-

ogous to the use of cavities in optical interferometers, where n round trips result in an n-times larger

overall phase shift. In an LMT pulse sequence, the atoms interact n times with counter-propagating

interferometer lasers, as illustrated in the left panel of Fig. 3, and thereby acquire a large momentum

kick of n2~k. In the process, the atoms get exposed n times to the laser phase, which ultimately

increases the sensitivity of the interferometer n-fold and thereby enables high-precision measurements.

In the last few years LMTs up to 400~k have been demonstrated experimentally [42]. Future de-

velopments will aim at significantly increasing the amount of LMT and will need to overcome the

challenge that the interferometer contrast typically decays with increasing LMT due to imperfections

in the pulses used and effects of the finite initial temperature of the atoms, which gives rise to inho-

mogeneous Doppler shifts. Mitigation strategies will likely include more complex pulse sequences and

developments of higher power laser sources.

Spontaneous emission limit Spontaneous emission occurs when an excited atom spontaneously

decays back to its ground state by emitting a photon and is a fundamental limitation in atom interfer-
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Figure 3. Schematic representation of an gradiometer with multiple atom interferometers. The left panel illus-

trates the spacetime diagram of one of the atom interferometers with n = 4 LMT momentum kicks. The atoms’

excited (|e〉) and ground (|g〉) states are shown in dark and light blue, respectively, and π/2− and π−pulses are

displayed as wavy purple and red lines. The right panel shows how a series of such atom interferometers may

be spaced within a single vertical vacuum tube of length L, forming multiple atom gradiometers that combine

the atom interferometers i, j, labelled as AG−(i, j). Figure taken from [41].

ometry. The spontaneous emission process is stochastic, with the timing and direction of the photon

emission being unpredictable. As a result, spontaneous emission introduces a random phase shift in

the interferometer, which limits the precision of the measurement. For a given atomic transition, the

amount of achievable LMT is ultimately limited by the rate of spontaneous emission, which is propor-

tional to the inverse of the excited-state lifetime. As a consequence, many current proposals plan to

use clock transitions, i.e., doubly-forbidden ultra-narrow transitions in atoms such as strontium (see

Fig. 4) or ytterbium that are very weak and hence provide mHz linewidths and long lifetimes of the

excited states with lifetimes > 100 s. These transitions also form the basis of optical atomic clocks [36].

While the use of ultra-narrow clock lines avoids spontaneous emissions, it requires high laser powers

to excite these weak lines at a suitable rate to achieve large LMT.

Squeezing As detailed above, when measuring the output of an interferometer, one characteristic

limitation on the achievable precision arises from the quantum noise associated with the counting of

uncorrelated probe particles. This shot noise or projection noise gives rise to the standard quantum

limit (SQL) of phase resolution. It can in principle be reduced to the fundamental Heisenberg limit

by entangling the probe particles, a process known as squeezing. 20dB of squeezing have recently

been demonstrated in cold atoms with the help of an optical cavity, which would lead to a 100-fold

reduction in phase noise [44].

2.3 Signals of ultralight dark matter and gravitational waves in atom interferometers

Here we describe briefly the possible signals of ultralight dark matter and gravitational waves in atom

interferometers in gradiometer configurations.
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5𝑠5𝑝 𝟏𝑷𝟏
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𝟑𝑷𝟏

𝟑𝑷𝟎

87Sr

Figure 4. The clock transition in 87Sr that is favoured for attaining large LMTs in atom interferometers such

as AION and MAGIS. The lifetime of the 3P0 state of τ > 100 s corresponds to an ultra-narrow transition with

γ0/(2π) = 1.35(3) mHz [43].

Ultralight dark matter As discussed in more detail in Sec. 4.1, scalar ultralight dark matter

(ULDM) can be modelled as a temporally and spatially oscillating classical field. If ULDM couples

in a weak but finite non-gravitational linear way to Standard Model particles [45, 46], the presence

of the dark matter field would manifest itself as a periodic modulation of the excitation energy and

hence the transition frequency ω → ω + ∆ω between the atomic ground and excited states, |g〉 and

|e〉, generating a phase shift in atom interferometers:

1√
2
|g〉+

1√
2
|e〉e−iωT → 1√

2
|g〉+

1√
2
|e〉e−i(ω+∆ω)T . (2.1)

Spatial gradients of the dark matter field are expected to be too small to be detectable, but ULDM

will nonetheless make its presence felt in an atom gradiometer, as the interferometer pulses interact

with the different atomic clouds at different times separated by ∆t = c∆r, giving rise to differential

phase shifts between the interferometers.

Gravitational waves While ULDM is ultimately detected by its effect on the atomic transition

frequencies, a passing gravitational wave (GW) is detected via the strain it creates in the space

between the free-falling atoms. This strain changes the light propagation time, and therefore gives

rise to an additional phase shift for the light pulses seen by the spatially-separated interferometers in

the gradiometer:
1√
2
|g〉+

1√
2
|e〉e−iωT → 1√

2
|g〉+

1√
2
|e〉e−iω(T+∆T ) . (2.2)

In both cases, the resulting phase is directly proportional to the separation ∆r between the two

interferometers and the number n of LMT pulses applied. Hence, large-scale interferometers are

required to reach the desired sensitivities.

3 Landscape of Large-Scale Atom Interferometer Experiments

The experimental landscape of atom interferometry projects has expanded significantly in recent years,

with several initiatives underway to construct projects exploiting different cold atom technologies

beyond the conventional laboratory environment.
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Figure 5. Phase shift induced by a tungsten source mass adjacent to an atomic gradiometer using 87Rb clouds

(red points) compared with theoretical predictions based on a semiclassical quantum-mechanical calculation (pink

band). The grey band is based on a calculation neglecting the Gravitational Ahoronov-Bohm effect: see [20] for

details.

These include the construction of prototype projects at scales O(10 − 100) m, namely a 10-m

fountain at Stanford and MAGIS-100 at FNAL in the US [47], AION-10 at Oxford with possible

100-m sites at Boulby in the UK and at CERN under investigation [48], MIGA in France [49], VLBAI

at Hannover in Germany [50] and a 10-m fountain and the ZAIGA project in China [51].

These projects will demonstrate the feasibility of atom interferometry at macroscopic scales, paving

the way for km-scale terrestrial experiments as the next steps. It is foreseen that by about 2035 one

or more km-scale detectors will have entered operation. These km-scale experiments would not only

be able to explore systematically for the first time the mid-frequency band of gravitational waves

O(10−2 − 102) Hz, but would also serve as technology readiness demonstrators for a space-based

mission such as AEDGE [52] that would reach the ultimate sensitivity to explore the fundamental

physics goals outlined in this article.

In the following Sections 3.1 and 3.2 we outline further details of the ongoing and proposed

terrestrial projects and the space-based mission concept, respectively, with a view to highlighting the

enormous science potential of large-scale atom interferometry projects.

3.1 Terrestrial

The expanded landscape of terrestrial atom interferometer experiments includes projects ranging from

ultra-sensitive laboratory setups to portable devices and commercially available gravimeters. These de-

velopments have been made possible by advancements in technology, including improved laser cooling

and trapping techniques, better control over atom interferometer systems, and more precise readout

and feedback mechanisms. We now review the larger terrestrial atom interferometer experiments rang-

ing in size from O(10) m to O(1) km that are in operation, in preparation, planned or proposed in

different geographical locations around the world.

In the US, a pioneering facility has been operating for some years at Stanford University [53].

It uses a 10-m vertical vacuum chamber into which clouds of rubidium are launched. One of the

experiments performed in this facility has been to test the Einstein Equivalence Principle (EEP) by

comparing the motion in free fall of clouds of 85Rb and 87Rb. The EEP was verified at the 10−12
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Figure 6. Location of the MAGIS-100 experiment (highlighted) in a vertical access shaft to the long-baseline

neutrino beam at Fermilab [47].

level [18], the most precise check in a terrestrial experiment. Another experiment used pairs of 87Rb

clouds launched simultaneously to different heights to verify a gravitational analogue of the Aharonov-

Bohm effect [20], namely a phase shift

∆φ = m

∫
[V (x1, t)− V (x2, t)]dt (3.1)

induced by the gravitational field of a tungsten source mass placed close to one of the clouds, as

depicted in Fig. 5.

Another 10-m fountain using strontium is currently under construction in another Stanford lab-

oratory, and a next-stage US experiment, MAGIS-100, is currently being prepared for installation

in a 100-m vertical shaft at Fermilab [47], see Fig. 6. It plans to use clouds of strontium to probe

the possible couplings of ultralight dark matter (ULDM) to Standard Model particles, and to act as

a pathfinder for the search for GWs. A follow-on strontium experiment could be located in a 2-km

vertical shaft at the Sanford Underground Research Facility (SURF) in South Dakota [54]. In addition

to extending the search for ULDM interactions, it would pioneer the search for GWs in the range of

frequencies intermediate between LIGO/Virgo and LISA.

In Germany, the Very Long Baseline Atom Interferometry (VLBAI) test stand experiment is under

construction in Hannover [50], see the upper left panel of Fig. 7. It will consist of a 10-m vertical atom

interferometer operated as a gravimeter using mixtures of ultracold ytterbium and rubidium atoms.

In addition to high-precision matter-wave gravimetry and gradiometry, it will make a quantum test

of the EEP, investigate decoherence and dephasing in atom interferometers and perform research on

quantum clocks.

In the UK, the Atom Interferometry Observatory and Network (AION) project [48] envisages a

staged series of atom interferometers using fountains of strontium clouds in vertical vacuum chambers,

as illustrated schematically in the left panel of Fig. 8. The first stage is to build a 10-m device 1 in

the basement of the Oxford University Physics Department, also illustrated in Fig. 8, which would

make initial probes of possible ULDM couplings to Standard Model particles. This would be followed

by a 100-m detector that could be located either in the UKRI Boulby Underground Laboratory or at

CERN - see the upper right panel of Fig. 7. AION-100 would probe further such ULDM couplings

and make initial searches for GWs. These AION detectors would be operated in partnership with the

MAGIS-100 detector, with which they shares many common technologies. The final terrestrial step

1See [56] for a summary of the current technical status of the AION project.
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Figure 7. Upper left: Design of the 10-m VLBAI experiment that is currently under construction in Han-

nover [50]. Upper right: Possible location of a vertical 100-m atom interferometer in an LHC access shaft at

CERN [55]. Lower left: Layout of the MIGA experiment in the Laboratoire souterrain à bas bruit (LSBB)

in Rustrel, France [49]. Lower right: Layout of the ZAIGA laboratory near Wuhan, China for a range of

experiments using atom interferometry [51].
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Figure 8. Left panel: Schematic drawing of an atom gradiometer using two atom sources (1) that launch clouds

of strontium atoms in a common vertical tube (2) and addresses them with a common interferometer laser (3),

before detecting their interference patterns (4). Right panels: Layout of the AION-10 atom interferometer in

the basement of the Oxford Physics Department.

for AION would be a km-scale detector, which could be installed near the 100-m detector in the UKRI

Boulby Underground Laboratory. The fourth step in the AION programme would be the AEDGE

space-borne detector discussed in Section 3.2.

In France, the Matter-wave laser Interferometric Gravitation Antenna (MIGA) is to be installed

in the Laboratoire souterrain à bas bruit (LSBB) in Rustrel at a depth of 300 m [49], see the lower left

panel of Fig. 7. It will have two orthogonal horizontal 150-m arms, each containing a pair of parallel

laser beams that drive three rubidium interferometers, to measure the components of the gravitational

field. The differential measurements of the gravitational field will enable the local gravity gradient to

be extracted. MIGA is intended to pave the way towards ELGAR [57], a proposed European research

infrastructure with two horizontal 16-km arms that could study gravity with unprecedented precision.

In China, the Zhaoshan long-baseline Atom Interferometer Gravitation Antenna (ZAIGA) is a

large-scale interferometer facility that is currently under construction at an average depth of 200 m

under a mountain near Wuhan [51]. ZAIGA will combine long-baseline atom interferometers, high-

precision atom clocks, and large-scale gyros, as seen in the lower right panel of Fig. 7. It will combine

a horizontal equilateral triangle of tunnels with two rubidium interferometers separated by 1 km in

each arm with a 300-m vertical shaft and another horizontal 1-km tunnel housing optical clocks linked

by locked lasers. The ZAIGA facility will be used for gravitational wave detection, a test of the EEP,

and measurements of the gravitational red-shift, rotation and the gravito-magnetic effect.

The goal of the international community interested in long-baseline terrestrial atom interferometer

experiments is to have at least one km-scale detector in operation by 2035, which would maximise

the possible terrestrial exploration of the mid-frequency band of gravitational waves as well as probe

possible ultralight dark matter. It would also demonstrate the readiness of key technologies ahead

of a space-based atom interferometry mission such as AEDGE (see Section 3.2). With this goal in

mind, a workshop was organized at CERN to develop a roadmap for the design and technology choices

for one or several km-scale detectors to be ready for operation in the mid-2030s [58]. This workshop

– 11 –



brought together the cold atom, astrophysics, cosmology, and fundamental physics communities and

built upon the previous Community Workshop on Cold Atoms in Space held in September 2021, which

established a corresponding roadmap for cold atoms in space [59]. The workshop laid the basis for

a roadmap for terrestrial experiments outlining technological milestones and refining the interim and

long-term scientific goals that would guide the development of km-scale atom interferometers.

Participants in the workshop agreed that the global community interested in such experiments

would work together towards the establishment of an informal proto-collaboration that could develop

the science case for such facilities and provide a forum for exchanging ides how to develop the necessary

technological advances, as well as coordinate implementation of the roadmap for their realisation.

3.2 Space

Atomic Experiment for Dark Matter and Gravity Exploration (AEDGE) is a concept for a space

mission deploying two strontium atom interferometers in a pair of satellites in medium earth orbit

with a nominal separation of 4× 104 km [52]. It was proposed to the European Space Agency (ESA)

in response to its Voyage 2050 call for scientific mission concepts to follow the launch of the LISA

GW experiment. AEDGE would measure GWs in the mid-frequency band intermediate between

LISA and terrestrial laser interferometers such as LIGO, Virgo, KAGRA, ET and CE. This range of

frequencies could be expanded if it is found to be feasible to use atom clouds outside the spacecraft, a

configuration called AEDGE+ [17]. The AEDGE concept was received favourably by an ESA senior

advisory committee, but the need for a preparatory programme of technology development and space

qualification was emphasised.

Figure 9. A community roadmap for cold atoms in space, taken from [59]. The main milestones of the roadmap

are colour coded according to relevance for the three main areas of Earth Observation (purple), Atomic Clocks

(black) and Fundamental Physics (red). The main cold atom species targeted by the milestones are indicated

with circles coloured blue for strontium and green for rubidium. The year indicated for each milestone represents

its starting date or the launch date of a mission. Further details about each of the milestones and their

interdependences are given in [59].
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The Community Workshop on Cold Atoms in Space in 2021 was organised in response to provide

an opportunity for experts from various communities to discuss together the development of a cold

atom quantum technology programme coordinated at the European level. The workshop outlined a

roadmap for future developments in this field with the aims of enhancing the strength and coherence of

a community embracing cold atom technology experts as well as prospective users. This was presented

in a community report on the prospects for cold atoms in space [59], see Fig. 9, which highlighted

the synergies and technological commonalities between space projects for fundamental science and

next-generation missions for earth observation, geodesy and time-keeping.

Current space-borne R&D work towards large-scale mission concepts includes pathfinder missions

deploying cold atom experiments, such as CACES [60], MAIUS [61] and CAL [62]. Prototypes for

the key underlying optical technologies such as FOKUS [63], KALEXUS [64] and JOKARUS [65]

have already demonstrated reliable operation, and much more space experience will be gained in the

coming years. In parallel, several other cold atom projects are aiming to demonstrate the general space-

readiness of cold-atom technology including the scaling of the basic parameters that are required for

large-scale space-borne mission concepts, e.g., the medium-scale STE-QUEST mission concept [66, 67].

These and other technology demonstrators and pathfinder missions will serve as milestones that

help to test and validate cold-atom technology, as well as identify any potential issues that need to be

addressed before full-scale missions such as AEDGE can be launched. The roadmap document [59] pro-

vides detailed requirements for technology development and space qualification, and reviews pathfinder

missions in detail. This information provided serves to guide researchers and developers who are work-

ing on cold atom technologies and will help to ensure that they meet the necessary standards for use

in space. The proposed roadmap is in synergy with European Union (EU) programmes and recom-

mendations from the ESA Voyage 2050 Senior Science Committee. This alignment will help to ensure

that efforts are coordinated across different organizations and that resources are used efficiently.

4 Fundamental Physics with Large-Scale Atom Interferometers

4.1 Dark Matter

Despite the overwhelming astrophysical and cosmological evidence for the gravitational effects of cold

(non-relativistic) dark matter, its composition is mysterious. Searches for WIMPs continue at the

LHC and via direct and indirect astrophysical signals, but without success so far, see, e.g., [6–8].

This has led to increasing interest in ultra-light dark matter (ULDM) in the form of coherent waves

of scalar bosons such as dilatons, moduli or the relaxion, pseudoscalar axion-like particles, vector or

tensor bosons. Atom interferometers have unique capabilities to detect ULDM candidates that couple

to SM particles, and proposals have been made for probing scalar, pseudoscalar and vector fields of

dark matter [9, 68].

A coupling between scalar ultra-light dark matter (ULDM) and electrons, photons, or quarks

can produce a time-varying modification of the effective mass of electrons, fine-structure constant of

electromagnetism, or mass of quarks, respectively [69]. The time variations in these parameters would

lead to small modulations in the energy levels of atoms, including the “clock” transition in strontium,

see Fig. 4, which is utilised in experiments such as AION, MAGIS, and AEDGE.

The simplest possibility is that the scalar ULDM field φ(x, t) couples to SM fields [45, 46] through

linear interactions of the form

Llin
int ⊃ −φ(x, t) ·

√
4πGN ·

[
dmemeēe−

1

4
deFµνF

µν + dmqmq q̄q

]
+ b φ(x, t)|H|2 , (4.1)
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where GN is Newton’s constant, me,q are the electron and quark masses, dme,q
, de and b are the

couplings of the scalar ULDM to normal matter, and we have used units where ~ = c = 1. The large

ULDM occupation number implies that the scalar ULDM field behaves as a non-relativistic oscillating

field approximated by

φ(x, t) =

√
2ρDM

mφ
cos[mφ(t− vφ · x) + · · · ] , (4.2)

where mφ is the scalar DM mass, ρDM is the local cold DM density, whose average value we take to

be ∼ 0.3 GeV/cm3, and vφ is the DM velocity whose magnitude |vφ| and dispersion vvir have values

that are characteristically ∼ 10−3c [4]. The ellipses in the argument of the cosine include an unknown

random phase θ that encodes the coherence properties of the ULDM field. Its coherence length is [70]

λc =
~

mφvvir
≈ 2.0× 103

(
10−10 eV

mφ

)
km , (4.3)

and its coherence time is

τc =
~

mφv2
vir

≈ 6.6

(
10−10 eV

mφ

)
s . (4.4)

The magnitude of the oscillation in transition energy induced by ULDM depends on several factors,

including the ULDM mass, the energy density of ULDM at the detector’s location, and the strength of

the linear couplings between ULDM and SM fields. The frequency of the transition-energy oscillation

is determined by the ULDM mass, and the highest signal from ULDM-induced oscillation is observed

when this frequency falls within the mid-frequency range commonly used by atom interferometer

experiments.

The panels in Fig. 10 display sensitivity projections for scalar ULDM that is linearly coupled

to electrons (photons) with SNR = 1. These projections were computed assuming the experimental

parameters given in Ref.[48]. The AION and AEDGE sensitivity curves are overlaid on existing

constraints, which are indicated by orange shading. The atom interferometer sensitivity typically

demonstrates oscillations with respect to the ULDM mass. For clarity, only the envelope of the

oscillations is plotted in the AION-100, AION-km, and AEDGE projections. Additionally, the AEDGE

sensitivity curve is shown only until the point at which it approaches the AION-km line, although its

sensitivity also extends to higher frequencies, where it would overlap with the AION-km line.

Figure 10 demonstrates the potential of atom interferometers for exploring uncharted regions of

parameter space in the ULDM couplings to SM fields for scalar ULDM masses ranging from 10−18 eV

to 10−12 eV. AION-10 aims to achieve, or even exceed, existing constraints, while AION-100 and

AION-km are expected to expand significantly the range of detectable couplings to lower values. It

should be noted that these projections assume atom shot-noise as the limiting factor for phase-noise.

However, it is expected that below approximately 0.1 Hz Gravity Gradient Noise (GGN) will become

the dominant noise source. The magnitude of the GGN is site-dependent and may be mitigated to some

extent by the experimental design: see the discussion in [41]. In contrast, space-borne experiments

are not subject to GGN, and the AEDGE projections are not subject to such uncertainties at lower

frequencies, corresponding to lower ULDM masses.

4.2 Gravitational Waves (GWs)

The discovery of GWs by the LIGO and Virgo experiments not only confirmed a century-old prediction

by Einstein, but also opened a new window on the Universe through which hitherto invisible objects

could be detected. A priori, the GW spectrum could be as rich as the electromagnetic spectrum, and
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Figure 10. Sensitivity projections for linear ULDM couplings to electrons (left panel) and photons (right

panel) with parameters given in [48]. The green (blue) (purple) and red lines are for AION-10 (-100) (-km)

and AEDGE, respectively. The shaded orange region is excluded by the existing constraints from searches for

violations of the equivalence principle by the MICROSCOPE experiment [71] and with torsion balances (labelled

EP) [72], atomic clocks [73], and the AURIGA experiment [74].

its exploration will require a combination of experimental techniques that are optimised for different

frequency ranges. The terrestrial LIGO, Virgo and KAGRA laser interferometers are optimised for

GWs with frequencies that are O(100) Hz, the planned space-borne LISA laser interferometer is

optimised for frequencies that are O(10−2−10−4) Hz, and Pulsar Timing Arrays (PTAs) and SKA [75]

are in principle sensitive to GWs with frequencies that are O(10−9) Hz: see [76] and references therein.

There are gaps in the spectrum between the ranges where these detectors are sensitive, and atom

interferometers target primarily the O(10−2 − 100) Hz frequency band that is intermediate between

those targeted by LIGO/Virgo/KAGRA and LISA.

LIGO and Virgo have discovered GWs emitted by the mergers of black holes (BHs) weighing

up to a few dozen solar masses, as well as mergers of such BHs with neutron stars (NSs), and have

also observed a couple of NS-NS mergers [77]. More recently, the NANOGrav Collaboration has

reported evidence for GWs in the nHz range [78] that may come from binary systems containing

supermassive BHs (SMBHs) [79] or from cosmic string networks [80]. So far, these observations are

consistent with predictions derived from General Relativity, and the measurements of NS-NS mergers

begin to constrain models of the NS equation of state. On the other hand, the observations of BH-BH

mergers pose a number of astrophysical issues. What are the origins of the detected BHs? Could

they be primordial? Are there BHs or other compact objects with masses between 2 and 5 solar

masses? Is there a BH mass gap around 100 solar masses, as predicted by models of stellar evolution?

Are there intermediate-mass BHs (IMBHs) [16] with masses intermediate between those detected by

LIGO/Virgo/KAGRA and the SMBHs in the cores of galaxies? How were the SMBHs assembled?

Answering the latter questions will require measurements in the O(10−2 − 100) Hz frequency band

targeted by large-scale atom interferometers.

The left panel of Fig. 11 shows as solid lines the possible GW sensitivities of proposed terrestrial

atom interferometers (AION-10, -100 and -km) [48] and the proposed space-borne atom interferometer

(AEDGE) [52], as well as the sensitivities of LIGO, LISA and the Einstein Telescope (ET), a next-

generation terrestrial laser interferometer [17]. Also shown are the calculated GW signals from the

mergers of BH pairs with total masses 60, 104 and 107 solar masses at redshifts from 0.1 to 10. As
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Figure 11. Left panel: Strain sensitivities of AION-10, -100 and -km, AEDGE and AEDGE+, compared with

those of LIGO, LISA and ET and the signals expected from mergers of equal-mass binaries whose masses are

60, 104 and 107 solar masses. The assumed redshifts are z = 0.1, 1 and 10, as indicated. Also indicated are

the remaining times during inspiral before the final mergers. Right panel: Signal-to-noise ratio (SNR) = 8

sensitivities of LIGO, ET, LISA, AION and AEDGE to equal-mass black hole binaries as functions of the total

binary mass and the redshift z. From [17].

can be seen in the right panel of Fig. 11, the atom interferometers would have unique potential for

measuring the mergers of IMBH pairs weighing beteen 102 and 105 solar masses if they occur with

redshifts . 10. The left panel shows that they could also observe the early infall stages of BH mergers

whose final stages could be detected by LIGO or ET, and their observations could be used to predict

the times and directions of these subsequent mergers, providing alerts that could trigger subsequent

multi-messenger observations. Conversely, inspiral measurements by LISA could be used to make

predictions for subsequent AION or AEDGE mergers.

The steep dashed lines in the left panel of Fig. 11 and in the central part of the right panel

are estimates of the possible GGN background, which is important at frequencies below O(1) Hz

in terrestrial atom interferometers and will require mitigation if their full GW potential is to be

realised. There is no GGN background for space-borne experiments, but there are backgrounds from

unresolved galactic and extragalactic binaries at frequencies . O(10−2) Hz that impact the prospective

sensitivities of LISA and AEDGE. The dashed lines at low frequencies . O(10−3) Hz in the left panel

of Fig. 11 and large masses and redshifts in the right panel indicate the possible gain in sensitivity

for AEDGE that could be obtained by operating with atom clouds outside the spacecraft at distances

O(102) m.

It is all very well to be sensitive in principle to IMBH mergers, but how many such events could

be expected? This question was addressed in a simple calculation using the extended Press-Schechter

model to calculate the galactic halo mass function and merger rate, combined with a simple relation

between the halo masses and those of their central black holes and a universal merger efficiency factor

pBH [76, 79]. The left panel of Fig. 12 shows the mean GW energy density predicted in this model

as a function of frequency, assuming a universal value of pBH = 0.17+0.18
−0.08 suggested by International

Pulsar Timing Array data [76] (recent NANOGrav data [78] suggest a larger value of pBH [79]).

Below a frequency f ∼ 10 nHz most of the GWs are due to unresolved sources, but these become

distinguishable at higher frequencies. The right panel of Fig. 12 compares the expected numbers of
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Figure 12. Left panel: The mean GW energy density spectrum from massive BH mergers compared with

the sensitivities of different experiments. The colored bands show the spectra from SMBHs and IMBHs in

the indicated mass ranges, assuming a universal merger efficiency factor pBH = 0.17+0.18
−0.08, whereas the black

dashed curve shows the case where pBH = 1. The shaded regions show the prospective sensitivities of SKA [75],

LISA [15], AEDGE [17, 52], AION-km [17, 48] and ET [81]. Right panel: The expected numbers of detectable

GW events generated during the last day before the merger in a year of observation by LISA and AEDGE as

functions of the chirp mass M and redshift z, assuming a universal merger efficiency factor of pBH = 0.17.

Figure adapted from [76].

detectable GW events generated during the last day before the merger in a year of observation by LISA

and AEDGE as functions of the chirp mass M and redshift z, assuming a universal merger efficiency

factor of pBH = 0.17. AEDGE could see an interesting number of IMBH mergers, and many of these

would have been detectable (and hence predictable) by LISA during the previous year, illustrating the

synergy between these two detectors.

Atom interferometers are also sensitive to possible GWs from fundamental physics sources in

the early Universe. The left panel of Fig. 13 compares the sensitivities of different detectors to GWs

from generic first-order phase transitions with the indicated transition temperature T∗, strength α and

transition rate β/H = 10. Other possible early Universe sources of GWs are networks of cosmic strings.

The right panel of Fig. 13 compares the sensitivities of different detectors to a 10% modification of the

strength of the GW signal generated by cosmic strings with tension Gµ due to a change in the cosmic

expansion rate at a temperature T∆. We see that AION and AEDGE complement well the sensitivities

of LISA and ET [17]: see also an analysis of cosmic strings [80] in light of recent NANOGrav data [78].

4.3 Other Probes of Fundamental Physics

In addition to the headline topics of the search for ULDM and measurements of mid-frequency GWs,

atom interferometers can probe fundamental physics in a number of other ways, of which we now

mention a few.

One may consider simple modifications of the dispersion relation for propagating modes of GWs

of the general form

E2 = p2 +Apα , (4.5)

where E is the energy and p the momentum of the mode. This causes frequency-dependent phase shifts

of the GWs from BH binary sources, which are constrained by experimental data. Fig. 14 compares

constraints from LIGO data and gravitational Cherenkov radiation with the potential sensitivities of

measurements of a ‘LIGO-like’ BH merger at a distance DL = 420 Mpc by AION 1km and AEDGE

to the possible value of the parameter A in (4.5) for different values of α. We see that AION 1km and

– 17 –



0.01 1 100 104 106 108 1010
10-3

0.01

0.1

1

10

100

T* [GeV]

α

AEDGE

AEDGE+

AION-km

GGN
LISA

ET
AION-100

β/H=10

0.01 0.1 1 10 100 103 104 105
10-18

10-16

10-14

10-12

10-10

TΔ

G
μ

LI
SA

ETAE
DG
EAI

ON
-k
m

AE
DG
E+

1σ@NANOGrav

2σ@NANOGrav

Figure 13. Left panel: Sensitivities of AION-100 and -km, AEDGE and AEDGE+ and LISA in the (T∗, α)

plane to GWs from generic first-order transitions with the transition rate β/H = 10. The thick solid lines are

for SNR = 10 and the dashed lines for SNR = 1. Right panel: Sensitivities of different detectors to a 10%

modification of the string GW signal due to a change in the cosmological expansion rate at a temperature T∆,

as a function of the string tension Gµ. From [17].

AEDGE provide the strongest constraints for α ≤ 1, and note that the case α = 0 corresponds to a

graviton mass m =
√
A. Data from LIGO have established [82] the upper limit

m < 1.27× 10−23 eV . (4.6)

The longer observing time with AION 1km of an event similar to the LIGO/Virgo discovery event

would improve the sensitivity to m < 1.1 × 10−24 eV at the 90% CL, observations with AEDGE

for 60 days before the binary merger would be sensitive to m < 1.3 × 10−25 eV at the 90% CL, and

AEDGE observations of the infall stages of a BH binary with total mass 104 solar masses at redshift

z = 1 would be sensitive to

m < 8.1× 10−27 eV (4.7)

at the 90% CL, an improvement on (4.6) by over three orders of magnitude. As concerns Lorentz

violation, AEDGE measurements could improve on the LIGO sensitivity by O(1000) for α = 1/2 and

by O(10) for α = 1 [83].

The Einstein Equivalence Principle (EEP) may be probed by measuring the relative accelerations

of two different species in an atom interferometer. A pioneering experiment of this type at Stanford

used wave packets of 85Rb and 87Rb falling freely in the Earth’s gravitational field for 2 seconds

and comparing their interference fringes. This experiment measured the Eötvös parameter η = [1.6±
1.8(stat.)±3.4(sys.)]×10−12, consistent with zero [18]. This is one of the most sensitive tests of the EEP

in a terrestrial experiment, and future large atom interferometers may have interesting capabilities to

test the EEP. For comparison, the space-borne MICROSCOPE experiment comparing titanium and

platinum alloys in free fall for five months used differential electrostatic accelerometers to measure

η(Ti,Pt) = [−1.5± 2.3(stat.)± 1.5(syst.)]× 10−15 [71] and the STE-QUEST proposal for a cold atom

experiment in space aims to measure η(Rb,K) with a precision ∼ 10−17 [67].

Another possibility for future large atom interferometers is to study the gravitational Aharonov-

Bohm effect, following the pioneering Stanford experiment mentioned earlier that made a first mea-
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Figure 14. 90% CL upper bounds for the magnitude of the modification (4.5) to the relativistic dispersion

relation for GWs for different values of α. The LIGO constraints are taken from Ref. [84], the gravitational

Cherenkov radiation (GCR) constraints are taken from Ref. [85], and the AION and AEDGE sensitivities are

from [83].

surement of this effect by splitting an atom cloud into two wave packets, one of which passed close to

a large source mass whereas the other was distant [20]. In addition to the classical effect of the gravi-

tational field on the trajectory of the first wave packet, the atom interferometer experiment was able

to measure a quantum-mechanical phase shift due to the gravitational potential difference between

the two trajectories. Considering this experiment in a quantum superposition of reference frames, it

has been suggested [86] that this result could be interpreted as providing evidence for the quantum

superposition of different gravitational field configurations.

These few examples illustrate the new possibilities for probing fundamental physics that are opened

up by atom interferometers.

5 Summary and Conclusion

Large-scale atom interferometry is an emerging field that has the potential to contribute greatly to our

understanding of the universe. In this article we have reviewed the basic principles of such devices,

which exploit the wave-like nature of atoms by splitting a beam of atoms into clouds following two

distinct trajectories before then recombining them to create an interference pattern that can be used

to extract even tiny phase shifts. Laboratory atom interferometry experiments have already provided

one of the most sensitive terrestrial tests of Einstein’s Equivalence Principle and demonstrated a

gravitational analogue of the Aharanov-Bohm effect.

This review has highlighted how current atom interferometer projects can be scaled up from

the baselines of O(10) m used in current experiments to baselines that are O(1) km on Earth, and

potentially thousands of km in space. These large-scale atom interferometers have the potential to

improve significantly our ability to detect and study ultralight dark matter and gravitational waves,

which are some of the most elusive phenomena in modern physics.

For example, they can be used to search for ultralight bosonic dark matter that interacts with

Standard Model particles by measuring its effects on the energy levels of the atoms. Also, they are

sensitive to the passage of gravitational waves through the phase shifts induced by the distortions
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of space-time that they generate. Besides these headline fundamental physics objectives, large-scale

atom interferometers may also provide additional tests of the Equivalence Principle and more sensitive

measurements of gravitational phase shifts. They could also be used to look for new fundamental

interactions and probe the validity of quantum mechanics.

A recent workshop hosted by CERN brought together members of the cold atom, particle physics,

astrophysics and cosmology communities to discuss the fundamental scientific objectives of terrestrial

long-baseline atom interferometers, review ongoing projects, and consider the possibilities for future

projects at the km scale [58]. Based on these discussions, work is underway to develop a roadmap for

international efforts to construct one or more km-scale atom interferometers in the 2030s.

In parallel to these exciting prospects in fundamental physics research, atom interferometry has

many potential practical applications. For example, it can be used in highly sensitive inertial sensors

suitable for precision measurements of use in navigation and geophysical exploration. It also enables

high-precision measurements of the local gravitational acceleration that are useful for detecting under-

ground structures and potentially Earth Observation from space that can contribute to understanding

the impact of climate change. Prospects for such measurements and their synergies with atom interfer-

ometer experiments in fundamental physics have been reviewed in a previous workshop that proposed

a roadmap for cold atoms in space, with milestones paving the way for a possible space-borne atom

interferometer experiment to undertake searches for ultralight dark matter and intermediate-frequency

gravitational waves in the 2040s [59].

In conclusion, large-scale atom interferometry is an exciting field with many potential applications

in fundamental physics, with the potential for important discoveries. As cold-atom technology con-

tinues to advance and new projects are developed, we can expect it to enable breakthroughs in our

understanding of fundamental physics and the Universe as a whole. Moreover, atom interferometry

has the potential to revolutionise many scientific fields beyond fundamental physics research.
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