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Abstract: We outline the experimental concept and key scientific capabilities of AION (Atom Inter-

ferometer Observatory and Network), a proposed UK-based experimental programme using cold stron-

tium atoms to search for ultra-light dark matter, to explore gravitational waves in the mid-frequency

range between the peak sensitivities of the LISA and LIGO/Virgo/ KAGRA/INDIGO/Einstein Tele-

scope/Cosmic Explorer experiments, and to probe other frontiers in fundamental physics. AION would

complement other planned searches for dark matter, as well as probe mergers involving intermediate-

mass black holes and explore early-universe cosmology. AION would share many technical features

with the MAGIS experimental programme in the US, and synergies would flow from operating AION

in a network with this experiment, as well as with other atom interferometer experiments such as

MIGA, ZAIGA and ELGAR. Operating AION in a network with other gravitational wave detectors

such as LIGO, Virgo and LISA would also offer many synergies.
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1 Introduction

This article describes a proposal to construct and operate a next-generation Atomic Interferometric

Observatory and Network (AION) in the UK that will enable the exploration of properties of dark

matter (DM) and searches for new fundamental interactions. In addition, it will provide a pathway

towards detecting gravitational waves (GWs) from the very early Universe and astrophysical sources

in the mid-frequency band ranging from ∼ 0.01 Hz to a few Hz, where currently operating and planned

detectors are relatively insensitive.

We outline a staged plan to build a set of atom interferometers with baselines increasing from an

initial vertical length of 10m, which will pave the way for 100m and eventually km-scale terrestrial

detectors, and ultimately a satellite-based detector in the future. AION will use quantum sensors

that are based on the superposition of atomic states, like the MAGIS programme in the US [1, 2].

These devices combine established techniques from inertial sensing with new features used by the

world’s best atomic clocks [1, 3–6]. The AION programme will enable cutting-edge exploitation of the

enormous physics potential of the mid-frequency band, with several opportunities for ground-breaking

discoveries. It will also develop the foundation for future science with ultra-sensitive quantum sensors

and for a new and potentially highly-disruptive class of applications of precision measurement in

surveying and prospecting.

The full AION programme consists of 4 stages. Stage 1 will build and commission the 10m detector,

produce detailed plans and predictions for the performance of a 100m device, and develop technologies

to meet the requirements of the 100m device. Stage 2, which is not part of the initial proposal, will

build, commission and exploit the 100m detector and prepare a design study for the kilometre-scale

terrestrial detector. Stages 3 and 4, a km-scale and satellite-based (thousands of kilometres scale)

detectors, respectively [7], are the long-term objectives of the continuing programme.

Through its unparalleled sensitivity to the physics of space-time and its distortion between the

sensors, AION’s science case has broad applications to fundamental physics and aligns well with the

highest priorities of several international science communities.

First, the detector is highly sensitive to time-varying signals that could be caused by ultra-light

bosons. The discovery of such particles and their associated fields could reveal the nature of DM

and blueprint a novel method to probe the associated theoretical frameworks. There are several such

candidate ultra-light bosons - including dilatons, relaxions, moduli, axions and vector bosons - that are

able to produce a signal in the frequency range 100 nHz to 10 Hz. Such hidden-sector particles could

play a crucial role in particle physics beyond the Standard Model (SM), astrophysics, and cosmology.

The early stages of AION already have the potential to search for ultra-light dark matter candidates

in a large mass range from ∼ 10−12 to ∼ 10−17 eV with unprecedented sensitivity, and networking

with MAGIS offers interesting ways to characterize a signal.

Secondly, Secondly, AION is sensitive to GWs within a frequency range that lies between the

bands where the LIGO[8], Virgo [9] and LISA [10] experiments are sensitive, thus opening a new

window on the cosmos [11, 12]. It is expected that the GW spectrum from ∼ 0.01 Hz to ∼ 10 Hz

will be mostly free of continuum foreground noise from astrophysical sources such as white dwarves.

Possible sources in this frequency range include mergers of intermediate-mass black holes, first-order

phase transitions in the early Universe and cosmic strings. Moreover, there are interesting prospects

for synergies via networking with measurements by MAGIS [1, 2] in a similar wavelength band, and

with LISA and LIGO measurements in complementary wavelength bands.

Thirdly, AION may also be able to explore other aspects of fundamental physics such as fifth

forces, the equivalence principle, variations in fundamental constants, dark energy and other basic
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physical principles.

The AION programme may be summarized as follows:

• To build a series of instruments exploiting recent advances in cold atoms to explore fundamental

issues in physics, astrophysics and cosmology, including;

• A new generation of generic precision searches for new ultra-light particles and their fields

complementing those performed at collider facilities; and

• To explore mid-frequency band GWs from astrophysical sources and the very early Universe,

such as space-time ‘tremors’ produced by astrophysical sources, phase transitions in the early universe

and cosmic strings.

This last theme offers long-term outputs of high scientific value, is a cross-over between traditional

particle physics, astrophysics and the physics of the early Universe, and opens new prospects for

multi-messenger observations. In particular, with the 100m stage and the eventual construction of the

km-scale atom interferometer detector, new GW sources will become observable. AION will establish

large-scale interferometric infrastructure and techniques in the UK and complement the observational

breadth of LISA, LIGO and other operating and approved detectors, crucially allowing complete

coverage of the frequency spectrum and offering interesting networking opportunities. The 100m

baseline atom interferometer would, on its own, be sensitive to mergers of O(104) solar-mass black

holes. At the 1 km scale, sources such as neutron star binaries or black hole mergers will be observed

in the mid-frequency band, prior to later observations by LIGO, Virgo, KAGRA [13] and INDIGO [14]

after the merger has passed to higher frequencies. AION observations will be a powerful new source

of information, giving a prediction of the time and location of a merger event in those detectors

potentially months before it occurs. Likewise, early inspiral stages of mergers may be observed at

lower frequencies by LISA, leading later to mergers measured by AION.

From the outset, AION will benefit strongly from close collaboration on an international level

with the US initiative, MAGIS-100 [1], which pursues a similar goal of an eventual km-scale atom in-

terferometer. The AION programme would reach its ultimate sensitivity by networking two detectors

simultaneously, one in the UK and one in the US, enabling unique physics opportunities not accessible

to either detector alone. Collaboration with AION has already been endorsed by the MAGIS Col-

laboration. In addition to being a vital ingredient of our short- and mid-term objectives, the UK-US

collaboration will serve as the test bed for full-scale terrestrial (kilometre-scale) and satellite-based

(thousands of kilometres scale) atom interferometers and build the framework for global scientific col-

laboration in this area, which could include groups in other European countries (e.g., MIGA [15] and

ELGAR [16]) and in China (e.g., ZAIGA [17]).

The layout of this article is as follows. In Section 2 we describe the experimental concept of

AION, which is based on an interferometer using strontium atoms, and outline the basic parameters

and performance and goals of successive stages of the AION programme. In Section 3 we discuss

the prospective sensitivities of the successive AION stages for detecting ultra-light scalar and vector

dark bosons. The latter offers interesting discovery possibilities for AION-10, and AION-100 also has

interesting capabilities for detecting ultra-light scalar bosons. We discuss in Section 4 the prospects for

detecting and measuring GWs from astrophysical sources, particularly mergers of intermediate-mass

black holes, and particle processes in the early universe such as first-order phase transitions and cosmic

strings, casting light on the early evolution of the universe. The opportunities offered by networking

with MAGIS, LIGO and Virgo are stressed in Subsection 4.2. Opportunities to explore aspects of

fundamental physics such as the equivalence principle are discussed in Section 5, and Section 6 contains

some final remarks.

– 3 –



Figure 1. Space-time diagram of the operation of a pair of cold-atom interferometers based on single-photon

transitions between the ground state (blue) and the excited state (red dashed). The laser pulses (wavy lines)

travelling across the baseline from opposite sides are used to divide, redirect, and recombine the atomic de

Broglie waves, yielding interference patterns that are sensitive to the modulation of the atomic transition

frequency caused by coupling to DM, or the modulation of the light travel time caused by GWs. For clarity, the

sizes of the atom interferometers are shown on an exaggerated scale. Figure taken from [5].

2 Experimental Concept

The experimental concept for the AION project is similar to that proposed in [1, 4–6] and is based on

a differential phase measurement between several atom interferometers (AIs) using atoms in free-fall

that are operated simultaneously using a common laser source [3]. The interferometry is performed in

a vertical vacuum system of length L, which is shielded from residual magnetic fields. Atom sources

that prepare and launch the cold atomic clouds used in the AI sequence are positioned along the

length of the vacuum system. As discussed in more detail below, ultralight dark matter (ULDM) is

detected via its differential effects on the atomic transition frequencies, while 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 the difference in the laser phase measured by the

spatially-separated AIs.

The principle of operation is illustrated in Fig. 1 for the case of two spatially-separated AIs. The

interferometers are located at z1, z2, separated by a large distance L ≈ z2 − z1, and are represented

by the two diamond-shaped loops on an enlarged scale. The laser pulses (wavy lines) drive transitions

between the ground and excited states of the atoms and in the process transfer momenta ~k to the

atoms. Here, k = 2π/λ denotes the wavevector of the photons. By engineering an appropriate sequence

of pulses from alternating directions, the laser pulses act as beam splitters and mirrors for the atomic

de Broglie waves, generating a quantum superposition of two paths and then recombining them. The

phase imprinted on each arm of the AI depends both on the phase of the laser pulses that excite and

de-excite the atoms, and on the phase accumulated by the atoms themselves due to energy shifts.
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The final pulse sequence acts as the last beam splitter and superimposes the matter-waves from the

two interferometer arms, generating interference. The fraction of atoms leaving in each exit port,

i.e. in the ground or excited state, is readily detected and provides a direct measure of the relative

phases accumulated along each interferometer arm. While the resulting phase depends critically on

the overall laser phase, there is a crucial advantage to using several interferometers within the same

vacuum tube: the same laser beam can be used in several interferometers and the effect of laser phase

noise can therefore be suppressed efficiently by making differential phase measurements φdiff between

e.g. the two interferometers at z1 and z2.

The presence of a gravitational wave of strain amplitude h and frequency ω modulates the AI

separation distance L, giving rise to time variations in φdiff . A similar signal might also be produced

by ULDM, which could induce a small time-dependent perturbation to the atomic transition frequency

ωA as the dark matter field evolves [18]. Since the laser interacts with the separate AIs at different

times due to the light propagation delay, a DM-induced time-dependent perturbation will be observable

as fluctuations in the differential phases accumulated by the separate AIs.

Using AIs to detect GWs was initially proposed for Raman-based AIs, which use two-photon

transitions to perform the required atom-optic pulses [19]. However, the phase fluctuations of the

laser fields used to drive the two-photon transitions introduce additional noise, because wave packets

interact with light fields emitted from the lasers at different times. This noise grows with L, making

long-baseline interferometry based on two-photon transitions unfeasible. Instead, this measurement

scheme leverages recent advances in optical frequency control to realise AIs operating on a single-

photon optical transition between a ground state and long-lived clock state, separated in energy by

~ωa [20]. Using single-photon transitions allows all AIs to be addressed with a pulse of light emitted

from the laser source at the same instant, thereby suppressing the effect of phase fluctuations of the

driving laser field.

In the limit of ωL/c� 1, the resulting differential phase signal is given by:

∆φ = 2khL sin2

(
ωT

2

)
sin(φ0) , (2.1)

where φ0 is the phase of the gravitational wave at the start of the AI pulse sequence [5] and 2T is

the interrogation time. For the AION project, we intend to operate the AI using strontium, as it has

both convenient transitions for laser cooling and a long-lived metastable state which can be addressed

using an ultrastable (clock) laser at 698 nm.

In order to amplify the GW signal, we intend to employ large momentum transfer (LMT) tech-

niques to amplify the phase shift imparted by the laser field to the atoms. For instance, after the

initial beam splitter pulse, n cycles of π-pulses can be applied from opposite directions, exciting and

de-exciting the atoms. Each cycle imparts the phase of the laser onto the atomic wave function, along

with an increase in momentum of 2~keff ≡ 2n~k. This enhances the differential gravitational wave

signal by a factor of 2n. A strontium-based single-photon AI has recently demonstrated 141 ~k LMT

[21]. Furthermore, Pulse-shaping techniques will also be used to improve fidelity of LMT sequences.

For higher-frequency GWs that oscillate several times during the AI interrogation time 2T , the

effect of the GW would largely cancel in the above configuration. This reduction in signal can however

be mitigated by operating the AI in a resonant mode. As outlined in [6], this can be accomplished by

using the pulse sequence π/2− π− · · · − π− π/2 with Q π pulses instead of the standard, broadband

π/2− π − π/2 pulse sequence.

Fig. 2 illustrates the conceptual scheme of AION, for two AIs addressed by a single laser source

and arranged vertically. Each AI contains a source of ultracold atoms (1), which are transported to
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the centre of the vacuum system and launched vertically (2) (launch optics not shown). The clouds are

in free fall for a time Tfall =
√

8`/g (3), during which the atom interferometer sequence is performed

using light from the clock laser that simultaneously addresses all the atom interferometers. Finally, the

phase accumulated by each atom interferometer is read out individually by imaging the atom clouds

(4). Grey boxes indicate the subsystems responsible for producing laser light at the clock transition,

the sources of ultracold atoms, and the detection optics and readout. The path taken by the atomic

clouds is indicated by the dark red dashed line, and an offset has been added between the upward and

downward travelling directions for clarity. The extent of the vacuum system is shown by the thick

black line, and the surrounding magnetic shield is shown in grey. Vacuum pumps etc. are omitted for

clarity.

For two atom interferometers operating in resonant mode, the phase response of the detector can

be written as ∆Φgrad(t0) = ∆φ cos (ωt0 + φ0), where ωt0 +φ0 is the phase of the GW at time t0, which

denotes the start of the pulse sequence. The amplitude of the detector response is then given by [6]:

∆φ = keffhL
sin(ωQT )

cos(ωT/2)
sinc

(
ωnL

2c

)
sin

(
ωT

2
−ω(n− 1)L

2c

)
, (2.2)

which is peaked at the resonance frequency ωr ≡ π/T and has a bandwidth ∼ωr/Q. On resonance

the amplitude of the peak phase shift is:

∆φres = 2QkeffhL sinc

(
ωrnL

2c

)
cos

(
ωr(n− 1)L

2c

)
, (2.3)
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Figure 2. Conceptual scheme of AION, illus-

trated for two atom interferometers that are ar-

ranged vertically and addressed by a single laser

source.

which reduces to ∆φres ≈ 2QkeffhL in the low-frequency

limit ωr � c
nL . Large momentum transfer operation en-

hances n-fold the sensitivity of the phase response. By

changing the pulse sequence used to operate the device

(changingQ) [6] the interferometer can be switched from

broadband to resonant mode, resulting in a Q-fold en-

hancement.

We assume in making the AION sensitivity pro-

jections for GW signals that the detector is operated

mainly in the resonant mode, while for DM signals we

provide projections for both resonant and broadband

modes. In order to generate the sensitivity curve for,

e.g., a GW signal, from the phase response, we calcu-

late the minimum strain h that is detectable given a

phase noise spectral density δφnoise. We optimize the

LMT enhancement n for each frequency and resonant

enhancement Q, taking into account the detector design

constraints, which include the limits on the total number

of pulses, nmax
p = 2Q(2n− 1) + 1, and on the maximum

interferometer duration, 2TQ < Tint, where Tint is the

time over which the atom interferometer is interrogated.

This resonant mode strategy provides significant

sensitivity to a stochastic background of GWs, e.g.,

of cosmological origin. To indicate the sensitivity esti-

mates for the density of GW energy, ΩGW, we use power-

law integration [22] to display an envelope of power-law signals for each given frequency detectable
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with an assumed signal-to-noise ratio SNR = 10 . In the calculations for the different stages of AION

we assume goals of five years of observation time divided between 10 logarithmically-distributed reso-

nance frequencies and sum the signal from the total running time of the experiment. We have verified

that changing this scanning strategy by using a different number of resonant frequencies does not have

a strong impact on the resulting sensitivity. These curves thus have the property that any power-law

signal touching them would give the required SNR in the indicated experiment. For ease of comparison,

we also assumed five years of operation for each of the other experiments shown.

We adopt the following projection scenarios for the various stages of AION:

• AION-10-initial: This scenario represents the sensitivity estimate of a 10 m detector using basic

parameter estimates that are achievable today. This will be the reference to benchmark future

improvements.

• AION-10-goal: This scenario represents the sensitivity estimate of a 10 m detector using parame-

ters that we plan to achieve as goals for the 10m stage. This sets the benchmark for the ultimate

sensitivity of the 10m detector and is also the starting point for AION-100.

• AION-100-initial: This scenario represents the sensitivity estimate of a 100 m detector using

basic parameter estimates that are achievable at the time AION-100 will start operation. This

will be the reference to benchmark future improvements for AION-100.

• AION-100-goal: This scenario represents the sensitivity estimate of a 100 m detector using pa-

rameters that we plan to achieve as goals for the 100 m stage. This sets the benchmark for the

ultimate sensitivity of the 100 m detector.

• AION-km: This scenario represents the sensitivity estimate of a km-scale detector using param-

eters that we plan to achieve as goals for this stage of the project. This sets the benchmark for

the sensitivity of the km-scale detector.

The values of the basic parameters assumed for the different sensitivity scenarios are listed in Table 1.

These basic parameters mainly determine the sensitivities of the projections. To benchmark the

sensitivity of a space-based detector, we use the results from the proposed AEDGE [7] two-satellite

mission, which is based on the same concept as the AION programme.

Table 1. List of basic parameters: length of the detector L; interrogation time of the atom interferometer

Tint; phase noise δφnoise; and number of momentum transfers LMT. The choices of these parameters largely

determine the sensitivities of the projection scenarios. It should be noted that at a 100m detector it will be

conceptually possible to increase the interrogation time of the atom interferometer beyond 1.4 sec.

Sensitivity L Tint δφnoise LMT

Scenario [m] [sec] [1/
√

Hz] [number n]

AION-10 (initial) 10 1.4 10−3 100

AION-10 (goal) 10 1.4 10−4 1000

AION-100 (initial) 100 1.4 10−4 1000

AION-100 (goal) 100 1.4 10−5 40000

AION-km 2000 5 0.3× 10−5 40000
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3 Ultra-Light Dark Matter

The cosmological standard model successfully describes physics over a large range of scales. It requires

the existence of DM, an invisible form of matter that provides around 84% of the matter density in the

Universe [23]. All the available evidence for DM is due to its gravitational interaction, but it is widely

expected that DM interacts with conventional matter also through interactions other than gravity,

though any such interactions of DM particles must be very weak. Direct searches for DM particles via
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Figure 3. Sensitivities of different AION scenarios

to scalar DM interactions with electrons (top), photons

(middle) and the Higgs portal (bottom). The grey re-

gions show parameter space that has already been ex-

cluded through searches for violations of the equivalence

principle [24], atomic spectroscopy [25] and by the MI-

CROSCOPE experiment [26].

their non-gravitational interactions with terres-

trial matter are among the highest priorities

in particle physics, astrophysics and cosmology.

There have been many direct searches for weakly-

interacting massive particles (WIMPs), whose

mass lies in the GeV to multi-TeV window,

and current experiments probe interaction cross-

sections well below the weak scale. As yet, there

are no positive results from such experiments

(see, e.g., the constraints from the XENON1T

experiment [27]), nor from searches for WIMP

production at the LHC or indirect searches for

annihilations of astrophysical WIMPs.

Although theoretical extensions of the SM

of particle physics provide many WIMP DM

candidates, they also offer elementary parti-

cle DM candidates over a much broader mass

range, from 10−22 eV to the Planck scale (∼
1018 GeV) [28]. Among the most interesting al-

ternatives to WIMPs are ultra-light bosons with

a sub-eV mass, which owing to their large oc-

cupation number, are expected to be behave as

coherent waves. Prominent among these ultra-

light scalar bosons are many well-motivated DM

candidates (for reviews, see [28, 29] such as dila-

tons, moduli and the relaxion [30], as well as the

pseudoscalar QCD axion and axion-like-particles

(ALPs) [31], and (dark) vector bosons [32].

These ultra-light bosons are also viable DM can-

didates, as they may well have acquired the ob-

served abundance, e.g., through the misalign-

ment mechanism [33–35] or quantum fluctuations

during inflation [36–38], and such DM bosons are

naturally cold, as required by the standard cos-

mological paradigm for astrophysical structure

formation.

Direct searches for ultra-light bosonic DM

particles are challenging, but are now assuming enhanced importance.
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3.1 Scalar dark matter

Atom interferometers can detect a distinctive prediction of ultra-light scalar DM [18, 39]. Interactions

of ultra-light bosons with electrons and photons cause oscillations in the electron mass and electromag-

netic fine-structure constant, with an amplitude set by the local DM density and a frequency given by

the mass of the scalar DM particle. These oscillations cause, in turn, oscillations in atomic transition

frequencies, which depend on the electron mass and fine-structure constant.

A differential atom interferometer will measure a non-trivial signal phase when the period of the

DM wave oscillation matches the total duration of the interferometric sequence. Since all phases in the

interferometric sequence cancel in the absence of matter-DM interactions, only the DM-induced phase

Φt1t0 accumulated in the excited state between times t0 and t1, relative to the phase of the ground state,

contributes to the dark matter signal [18]. In AION, the signal channel corresponds to the difference

between the total accumulated phase in each interferometer and takes the form

Φ ' ΦT+L
T−(n−1)L − ΦnL0 −

[
Φ2T+L

2T−(n−1)L − ΦT+nL
T

]
, (3.1)

where L is the distance between the two atom interferometers and n is the number of large-momentum

transfer kicks.

The simplest possibility is that the ultra-light scalar DM couples linearly to Standard Model

fields [40, 41] through some interaction of the form

Llin
int ⊃ −φ(x, t) ·

√
4πGN ·

[
dme

meēe− 1
4deFµνF

µν
]

+ b φ(x, t)|H|2 , (3.2)

where GN is Newton’s constant, me is the electron mass, dme , de and b are the couplings of scalar DM

to normal matter and we have used units where ~ = c = 1. The large DM occupation number means

that the scalar DM field behaves as a non-relativistic oscillating field approximated by

φ(x, t) =

√
2ρDM

mφ
cos[mφ(t− v · x) + · · · ] , (3.3)

where mφ is the scalar DM mass, ρDM is the time-and-space-dependendent local DM density whose

average value ∼ 0.3 GeV/cm3 [42], |v| ∼ 10−3 is the DM speed, and the ellipses in the argument of the

cosine include an effectively time-and-space-varying random phase θ(x, t) that encodes the coherence

properties of the ULDM field: its coherence length is

λ ∼ 103h

mφc2
≈ 1.2× 104

(
10−10eV

mφ

)
km (3.4)

and its coherence time is

τ ∼ 106h

mφc3
≈ 41

(
10−10eV

mφ

)
s . (3.5)

This lack of perfect coherence is one of the major limitations on the possible sensitivity of an experi-

ment. Owing to the small DM speed, we can safely neglect terms O(|v|2).

For linear couplings,

the signal amplitude is [18]

Φ̄s = 8
∆ωA
mφ

∣∣∣∣sin [mφnL

2

]
sin

[
mφ(T − (n− 1)L)

2

]
sin

[
mφT

2

]∣∣∣∣ , (3.6)
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where T is the interrogation time and ∆ωA is the amplitude of the electronic transition oscillation

induced by the scalar DM wave. The latter can be expressed as

∆ωA =

√
8πGNρDM

mφ
· ωA · (dme

+ ξde) , (3.7)

where ωA is the transition frequency and ξ is a calculable parameter that depends on the chosen

electronic transition [18].

Fig. 3 shows the calculated sensitivities of AION for three such scalar DM scenarios, namely light

scalar DM that couples linearly to electrons (top), to photons (middle), and through the Higgs portal

(bottom), corresponding to the first, second and third terms in (3.2), respectively. The coloured

contours show the couplings that may be detected at SNR equal to one after an integration time of

108 s. In each case, the solid line shows the sensitivity above 0.3 Hz, while the dotted line shows the

sensitivity that could be gained by extending the frequency range down to 0.1 Hz. For the AEDGE

space experiment, the sensitive range extends down to 10−4 Hz, where gravity gradients become more

important than shot noise [18]. The grey regions of parameter space have already been excluded by

the indicated experiments.
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Figure 4. Sensitivities of different AION scenarios to

quadratic scalar DM interactions with electrons (upper)

and photons (lower). The grey regions show parameter

space that has already been excluded through searches for

violations of the equivalence principle [24], atomic spec-

troscopy [25] or by the MICROSCOPE experiment [26].

We see in Fig. 3 that for a scalar mass

∼ 10−15 eV the sensitivity goal for AION-10

would already improve on the limits on a scalar

DM-electron coupling set by the MICROSCOPE

satellite [43] by about an order of magnitude.

We also see that the initial sensitivity of AION-

100 would probe an additional new range of the

linear electron coupling for a scalar DM mass

& 10−15 eV, and begin to explore a new cou-

pling range for the scalar-photon coupling. The

sensitivity goal for AION-100 reaches deep into

unexplored ranges of the linear photon and Higgs

portal couplings, as does AION-km, for ultra-

light scalar DM masses in the range 10−15 eV to

10−12 eV. The sensitivities of these AION vari-

ants extend far beyond the ranges currently ex-

plored by experiments with atomic clocks (see

e.g. [44]). Finally, we note also that the space

experiment AEDGE [7] would further extend the

sensitivity to significantly lower values of the

scalar DM mass and much smaller values of the

linear electron, photon and Higgs portal cou-

plings.

As seen in Fig. 4, AION can also explore

new ranges of parameter space in models with

quadratic couplings of the ultra-light scalar DM

to Standard Model fields [45]:

Lquad
int = −[φ(x, t)]2 · 4πGN (3.8)

×
[
d(2)
me
meee −

1

4
d(2)

e FµνF
µν

]
.
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Existing limits and AION sensitivities to the quadratic coupling d
(2)
me of ultra-light scalar DM to

electrons are shown in the upper panel of Fig. 4, and those for a quadratic coupling d
(2)
e to photons

are shown in the lower panel. 1 We see that AION-100 will probe extensive new regions of parameter

space for these quadratic couplings to electrons and photons. One feature visible in Fig. 4 is that, if

the quadratic couplings are positive, they may be screened in terrestrial experiments [43], reducing

the experimental sensitivity. This effect causes the steep rises in the atomic clock constraints and the

AION sensitivity at larger masses in Fig. 4. On the other hand, a space-based experiment such as

AEDGE is less affected by this screening, so that it maintains sensitivity at larger masses, as also seen

in Fig. 4.

The possible effect of gravitational gradient noise, which is particularly relevant for AION-km, is

not included in Fig. 4, as it may be fully measured and thus subtracted.

We note that, in addition to the above, AION could be sensitive to ultra-light scalar DM via the

indirect effects of the inertial and gravitational implications of the variations of the atomic masses and

the mass of the Earth, as discussed in [39]. These new effects may increase the sensitivity of AION by

several additional orders of magnitude of the DM couplings in the mass range of 10−23 eV to 10−16 eV,

but this is still to be investigated.

3.2 Vector dark matter and axion-like particles

Operating in different modes, atom interferometers such as AION can also be used to search for other

ultra-light DM candidates.

Using two different atomic species simultaneously, interferometers can act as an accelerometer. In

addition to allowing for a precise test of the weak equivalence principle (as discussed in section 5),

this also gives sensitivity to, for example, a dark B − L vector boson with mass mφ . 10−15 eV. The

AION sensitivity to this DM candidate is shown in Fig. 5, where we assume that 88Sr and 87Sr are

used and we follow the analysis in [32].

AIONs sensitivity to this DM candidate will ultimately be determined by the extent to which

the effect of static gravity gradients can be mitigated. Indeed, static gravity gradients pose a major

challenge for this kind of measurements because they give rise to spurious phase-shift contributions

that couple to the initial position and velocity of the atomic wave packet and mimic WEP violations.

This implies rather stringent requirements on how well the initial position and velocity of the two

atomic clouds need to be controlled and can also lead to a significant loss of contrast [46]. Fortunately,

a valuable technique for compensating the effect of gravity gradients and substantially relaxing such

demanding requirements has recently been proposed [46]. The technique has been experimentally

demonstrated for both gradiometry measurements [47] and WEP tests [48] and shown to be very

effective. To gauge the sensitivity of AION, in Fig. 5, we show projections in terms of AION’s sensitivity

to the B−L coupling gB−L and the dimensionless Eötvös-parameter η = 2(gA−gB)/(gA+gB), where

gA,B are accelerations induced by gravity for the two atomic species A and B [47]. The lines show the

sensitivities to gB−L if η = 10−14, 10−15 or 10−16 is reached [21, 48], which should be achievable with

AION-10 within an integration time of 108 s. The shaded region in Fig. 5 shows the parameter space

already excluded by torsion balances and MICROSCOPE [26].

Axion-like DM particles [31] with pseudoscalar couplings can cause nuclear spins to precess. Using

atoms with different nuclear spins, atom interferometers are sensitive to such pseudoscalar nucleon

couplings for axion-like particles with masses < 10−14 eV [50–52].

1In addition to the constraints displayed in Fig. 4, Big Bang Nucleosynthesis has the potential to impose important

constraints on quadratically-coupled DM [45], which warrant detailed evaluation.
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Figure 5. Sensitivities of different AION scenarios to the mass and coupling of a light vector boson coupling

to B − L, assuming that 88Sr and 87Sr are used, following the analysis in [32]. The yellow shaded region

is excluded by static equivalence principle tests, and the green line indicates the pulsar timing array (PTA)

sensitivity [49].

3.3 Identifying a DM signal

Confirming that the origin of a positive detection is due to DM may be challenging. Nevertheless, a

number of characteristic features of DM may allow its signal to be distinguishable from that of other

sources. For example, the frequency of the DM signal is largely set by the rest-mass mφ of the DM

and will remain constant up to small kinetic corrections in the angular frequency of O(mφv
2), where

v ∼ 10−3c.

This is to be contrasted with the time dependence of GW signals from infalling binary systems,

where the frequency changes as the binary system evolves.

The velocity distribution of DM will also be imprinted in the power spectral density (PSD) of

the detector response [42, 53]. Assuming the Maxwellian DM velocity distribution of the Standard

Halo Model, the resulting PSD for frequencies fφ & mφ is expected to be strongly asymmetric,

due to the parabolic dispersion relation for massive non-relativistic bosons. Unlike WIMP detectors,

AION is expected to be particularly sensitive to DM substructures in the solar neighbourhood of

the Milky Way’s stellar halo, such as cold dark matter streams (see e.g. [54–56]). There are also

annual modulations in the DM signal (such as an O(7)% change in signal bandwidth), and in the

vector case the direction of polarisation of the DM field should be constant during the coherence time

∼ (v2mφ)−1 ∼ 106/mφ [57].

Synergies between AION and other atom interferometers (e.g. AION-100 and MAGIS-100) are also

expected to enable better probes of ULDM by exploiting the spatial phase information carried by the

DM. The spatial dependence of the two-point scalar DM field correlation function varies as a function

of the distance between two precision experiments and the angle between this spatial separation and

the galactic velocity vector [42]. Thus, the Earth’s rotation imprints a characteristic daily modulation

on the combined DM signal. Additionally, a network of N interferometers within the coherence length

of the DM wave is expected to improve the sensitivity of a single device by a factor of
√
N [42].
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Figure 6. Possible pathways for the formation of Supermassive Black Holes (SMBHs), several of which pass

through the formation and mergers of Intermediate-Mass Black Holes (IMBHs), with some IMBHs left over at

low redshifts. Figure taken from [63].

4 Gravitational Waves

The LIGO/Virgo detectors found the first direct evidence for GWs via emissions from the mergers of

black holes (BHs) and of neutron stars [58]. New vistas in the exploration of astrophysics, cosmology

and fundamental physics have been opened up by these discoveries, and additional GW experiments

are now in preparation and being proposed, including upgrades of LIGO [8] and Virgo [9], the planned

KAGRA [13] and INDIGO [14] experiments, and the proposed Einstein Telescope (ET) [59, 60] and

Cosmic Explorer (CE) [61] experiments. Operating in a similar frequency range & few Hz, these

experiments will improve on the current sensitivities of LIGO and Virgo. On a longer time-scale

(planned for ≥ 2034) LISA [10] will be sensitive at lower frequencies . 10−2 Hz. In addition, pulsar

timing arrays (PTAs) provide sensitivity to GWs in much lower band of frequencies . 10−7 Hz [49].

In addition to MAGIS [1], several terrestrial cold atom interferometer experiments, such as

MIGA [15], ZAIGA [17], and ELGAR [16], are currently in preparation or being proposed. They

will make measurements in the mid-frequency range between 10−2 Hz and a few Hz, and hence com-

plement the LIGO/Virgo/KAGRA/ INDIGO/ET/CE and LISA detectors.

In this Section we discuss the capabilities of AION for exploring GWs in this frequency range,

using for illustration several examples of astrophysical and cosmological sources of GWs.

4.1 Astrophysical Sources

Many galaxies are known to contain super-massive black holes (SMBHs) with masses between 106 and

billions of solar masses. The Event Horizon Telescope (EHT) has recently released a first radio image

of the SMBH in M87 [62], and is expected to release shortly observations of the Sgr A* SMBH at the

centre of our galaxy. The LISA frequency range is ideal for observations of mergers involving SMBHs.

However, it is not known how these SMBHs formed, and a few possibilities are illustrated in Fig. 6.

Some SMBHs are known to have formed at redshifts z & 7, though most SMBH growth is thought

to have occurred when z ∼ 1 − 3. It is expected that intermediate-mass black holes (IMBHs) with
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Figure 7. Comparison of the strain measurements possible with AION and other experiments, showing their

sensitivities to mergers at various redshifts of BHs of identical masses adding up to the indicated total masses

(solid lines), and of an unequal-mass binary (dashed line), with the indicated remaining lifetimes before merger.

Also shown are the possible gravitational gradient noise (GGN) levels in ground-based detectors.

masses in the range 100 to 105 solar masses must exist [64], and there is some observational evidence

for this. As shown in Fig. 6, they may well have played key roles in the assembly of SMBHs. For

example, they may have formed the seeds for the accretion of material forming high-z SMBHs, and/or

they might have been important building-blocks in subsequent mergers forming SMBHs. Detecting

mergers involving IMBHs over a range of redshifts may reveal how SMBHs evolved [63].

As seen in Fig. 7, the AION frequency range is ideal for observations of mergers involving

IMBHs [65], which would be complementary to measurements with LISA and the LIGO/Virgo/KAGRA/

INDIGO/ET/CE experiments. The solid lines are for the mergers of BHs with identical masses adding

up to the indicated total masses, and the dashed lines are for the mergers of a stellar-class 30M� BH

with a 5000M� IMBH, all at the indicated redshifts z. This figure also shows the possible gravita-

tional gradient noise (GGN) level for 100m and 1km detectors, which may be significantly mitigated,

possibly even fully measured and thus subtracted. Similar GGN levels apply to the other GW topics

discussed below.

For the SNRs shown in Figs. 8 and 9 we use the optimistic noise curves with fully subtracted

GGN. The left panel of Fig. 8 shows the sensitivity of AION-100 for detecting GWs from the mergers

of IMBHs at SNR levels ≥ 5, which extends to redshifts z . 1.5 for BHs with masses ∼ 104 solar

masses, where there may be O(1) merger per year of BHs with such masses [66]. The right panel of

Fig. 8 shows the corresponding SNR≥ 5 sensitivity of AION-1km. In addition to the enormous SNRs

attainable for the mergers of 104 solar-mass black holes for z . 1, we see that AION-1km would be

sensitive at the SNR = 5 level to mergers of ∼ 300 solar-mass black holes out to z ∼ 100. AION-1km

would therefore be able to map out the entire assembly history of SMBHs.

AION-1km would also be able to look for evidence of BHs with masses around 200M�. We
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recall that low-metallicity stars with masses around this value [67] are expected to be blown apart

by electron-positron pair-instability. The AION-1km frequency range is suitable for measuring the

inspirals of BHs with masses ∼ 200M� prior to their mergers out to redshifts O(1). If such BHs are

observed, they might be primordial, or have originated from higher-metallicity progenitors that are

not of Population III, or have been formed by prior mergers.

Figure 8. Left panel: Sensitivity of AION-100 to the mergers of IMBHs with the contours showing the

signal-to-noise ratio (SNR). Right panel: Similar plot for AION-1km.

Fig. 9 compares the sensitivities of various stages of the AION programme at the SNR = 8 level

with those of LIGO and projections for LIGO and ET. AION-100 could complement usefully the

sensitivity of LIGO in the short term, and AION-1km could complement ET in the medium term and

LISA in the longer term. Also, AEDGE [7] would further complement ET and LISA on a later time

scale. As dicussed in more detail below, simultaneous networking measurements by AION and MAGIS

would refine the GW interpretations of events and refine estimates of their directions, as done currently

by LIGO and Virgo, and networking AION with LIGO, ET and LISA would also offer synergies.

Finally, we note that there also is a potential “monochromatic” astrophysical GW signal from

quantum transitions in superradiantly-produced scalar or vector clouds around BHs [68–72]. For

IMBHs in the Milky Way with masses in the range of a few ×103 to ∼ 106 solar masses these

transitions would give frequencies inside the AION sensitivity region.

4.2 Operating in a Network

The first networking opportunity for AION will come from operation of AION-10 in parallel with

the corresponding MAGIS-10 detector at Stanford in the US. It is planned to continue operation of

AION-10 after AION-100 is commissioned, which will provide an additional networking opportunity,

as well as network AION-100 with MAGIS-100. As discussed in Section 3.2, these combined operations

will help in the verification of any signal for ultra-light DM.

In addition to the stand-alone capabilities of AION for GW detection illustrated in Figs. 7 and

8, interesting synergies would be provided by operating AION as a two-site network together with

MAGIS in the United States. For example, the pointing accuracy for two similar detectors separated

by a distance D observing the same signal with timing accuracies σ1,2, expressed as an angular area
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Figure 9. Comparison of the sensitivities of AION and other experiments with threshold SNR = 8.

in the sky would be
Area (90% CL)

4π
' 3.3×

√
σ2

1 + σ2
2

D
, (4.1)

where σ1,2 = 1/(2πρ1,2σ
f
1,2) with ρ1,2 the SNRs and σf1,2 the frequency bandwidths of the two detec-

tors [73]. Assuming identical performances for MAGIS-100 and AION-100 located at Fermilab and

in the UK, respectively, we find the pointing accuracies shown in the left panel of Fig. 10, where the

shadings correspond to areas with solid-angle accuracies < (1, 10−2, 10−4, 10−6)×4π, respectively. The

right panel of Fig. 10 shows the corresponding pointing accuracies for AION-1km and MAGIS-1km,

assuming for illustration that the latter is located at the Sanford Underground Research Facility. In

both cases SNR & 50 is needed in order for the source to be localized significantly. 2

There would also be significant synergies between AION measurements and observations in other

frequency ranges. As seen in Fig. 7, AION could observe early inspiral stages of mergers, providing

good angular localization precisions [74] and predictions for the time of the merger that could subse-

quently be measured by LIGO/Virgo/KAGRA/INDIGO/ET/CE. The inspiral phases of these sources

can be observed for several months by AION, as the detector orbits the Sun. Fig. 11 shows some ex-

amples of these possible synergies for AION-km measurements of the inspiral phases of binaries that

merge in the LIGO/Virgo sensitivity window. The upper left plot shows the SNRs as functions of

redshift, and the other plots show how precisely various observables can be measured by observing

for 180 days before the frequency of the signal becomes higher than 3 Hz, corresponding to the upper

limit of the AION-km sensitivity window. As examples, we see in the upper middle panel that for

events typical of those observed by LIGO/Virgo at z ' 0.1 the AION-km sky localization uncertainty

is O(1) deg2, and in the lower middle panel that the times of the mergers could be predicted with

uncertainties measured in minutes, permitting advance preparation of comprehensive multimessenger

follow-up campaigns. We also see in the lower panels that for binaries at high redshifts z & 1 the

2We also envisage networking with atom interferometer experiments in Europe, including MIGA [15] and ELGAR [16],

and in China, including ZAIGA [17].
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Figure 10. Left panel: Angular pointing accuracy of AION-100 networked with MAGIS-100 with the shadings

corresponding to solid angles < (1, 10−2, 10−4, 10−6) × 4π. The dashed red contour corresponds to SNR = 50.

Right panel: Similar for AION-1km networked with MAGIS-1km.

uncertainties in the luminosity distance, the time before merger and the chirp mass become significant

for z = O(1), though in these cases the measurements could be improved by starting to observe the

binary more than 180 days before it exits the sensitivity window.
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Figure 11. The SNR (upper left panel), the sky localization uncertainty ∆Ω (upper middle panel), the po-

larization uncertainty ∆ψ (upper right panel), and the uncertainties in the luminosity distance DL (lower left

panel), the time remaining before merger tc (lower middle panel) and the chirp mass Mchirp (lower right panel),

as calculated assuming AION-km measurements for three merging binaries of different BH mass combinations

as functions of their redshifts.

Conversely, LISA observations could be used to make predictions for subsequent AION 104 solar-

mass mergers. The combined measurements would also provide unparalleled lever arms for testing
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general relativity, measuring post-Newtonian parameters and probing Lorentz invariance in GW prop-

agation. For example, we recall that the remnant BH mass and spin can be inferred from each of

these parts separately using predictions of general relativity, and any inconsistencies between these

could indicate some violation of general relativity [75, 76]. In addition, the observations of overtones

in the ringdown spectrum can be used to test the no-hair hypothesis of general relativity according

to which mass and spin are the only properties of BHs, as has been done recently with data from

GW150914 [77]. AION measurements would enable similar tests to be extended to much heavier BHs,

as seen in Fig. 7.

Another issue that operating in a network would simplify significantly is distinguishing a stochastic

background from the noise. Indeed the simplest method of overcoming this problem is running two

detectors probing the same signal but with uncorrelated noise allowing for lower SNR signals to be

detected [78]. In the following section we take advantage of the network assuming the noise will be

measured exactly in real time as in two uncorrelated experiments while neglecting a small modification

of the sensitivity coming from the geometric configuration of the network [22].

4.3 Cosmological Sources

First-order phase transitions in the early Universe are predicted by many extensions of the Standard

Model (SM) of particle physics, such as extended electroweak sectors, effective field theories with

higher-dimensional operators and hidden sector interactions. We note in particular that extended

electroweak models provide particularly interesting options for electroweak baryogenesis and magne-

togenesis [79]. 3

An example of the GW spectrum calculated in a classically scale-invariant extension of the SM

with a U(1)B−L Z
′ boson in the left panel of Fig. 12. In the example shown, mZ′ = 100 TeV and its

coupling gB−L = 0.3, which corresponds to the maximum SNR of 3.3 for AION-100 seen in the left

panel of Fig. 13. Our calculation includes GWs sourced by both sound waves (dash-dotted line) and

turbulence in the the primordial plasma (dotted line) [81]. These contributions yield a broad spectrum

whose shape can be probed only by a combination of LISA and a mid-frequency experiment such as

AION. In any scenario for a first-order phase transition, there is a characteristic temperature, T∗, at

which bubbles of the new vacuum percolate to complete the transition, which depends on the model

parameters and is T∗ = 220 GeV in the particular example displayed. Another key temperature in

such a first-order transition is the temperature, Treh, to which the universe reheats once the transitions

is completed. The model illustrated in the left panel of Fig. 12 has Treh = 9.1 TeV, and the right

panel shows the total GW spectra for a characteristic range of models with different values of Treh.

We see that AION can play a key role in distinguishing such a signal over a wide range of percolation

temperatures.

The discovery sensitivity of AION in the parameter space of this scale-invariant extension of the

SM is indicated in Fig. 13. Possible values of the SNR in the two-dimensional parameter space of the

Z ′ boson and coupling are colour coded. We see that, while claiming some hint of detection with the

100m version might be possible (left panel), far stronger evidence would be provided by AION-1km

over a much wider range of parameter space (right panel).

Cosmic strings are another possible cosmological source of GW signals. These yield a very broad

frequency spectrum stretching across the ranges to which the LIGO/ET, AION/MAGIS, LISA and

SKA [82] experiments are sensitive, as seen in the left panel of Fig. 14. Pulsar timing array (PTA)

measurements at low frequencies set the current upper limit on the string tension of Gµ ' 10−11 [49].

3GWs may also be produced in the very early universe by collisions of ultra-relativistic bubble walls in string

scenarios [80].
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Figure 12. Left panel: Example of the GW spectrum in a classically scale-invariant extension of the SM

with a massive Z′ boson compared with various experimental sensitivities, including the contribution from

sound waves due to bubble collisions (dash-dotted line) and turbulence in the the primordial plasma (dotted

line). Right panel: Examples of GW spectra in models of first-order phase transitions with different reheating

temperatures Treh.
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Figure 13. SNR in the (mZ′ , gB−L) -plane of the scale-invariant extension of the SM for the AION-100 stage

(left panel) and the AION-1km stage (right panel). The long and short dashed lines highlight the contours

SNR = 10 and SNR = 1, respectively.

In the absence of other new physics, this limit would put the signal beyond reach of the initial

AION-100 configuration, while the right panel of Fig. 14 shows that the km version would be able

to discover cosmic strings with Gµ ∼ 10−14 at the 5-σ level. This panel also shows the prospective

sensitivities of SKA [82] observations of 1000 pulsars and LISA. The sensitivities of these approved

projects are indicated as functions of time, according to their announced schedules. We note that SKA

should be able to surpass the sensitivity of AION-1km for Gµ = 10−11, but would not be competitive

for Gµ = 10−14 or 10−16, while in the longer term LISA would be the most sensitive for all the values

of Gµ studied. We also indicate by arrows the prospective sensitivities of ET after 5 years of operation.

Fig. 15 shows the possible effects of modifications of the conventional cosmic expansion history

on the GW spectrum generated by cosmic strings. The left panel illustrates the impacts of changes in
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Figure 14. Left panel: Examples of GW spectra from cosmic strings with differing tensions Gµ. Right panel:

The SNRs for detection by AION-1km of cosmic strings with different values of Gµ compared with those of

the approved experiments SKA and LISA, as functions of time. Also indicated by arrows are the prospective

sensitivities of ET after 5 years of operation.

the number of relativistic degrees of freedom by ∆g∗ = 100 at various temperatures between 100 MeV

and 100 GeV, as might occur in some scenarios with dark sectors. This example demonstrates that

probing the expected plateau in the cosmic string GW signal over a wide range of frequencies with

different detectors can provide significant information on the evolution of the universe as well as on

cosmic strings themselves [83, 84]. For example, if there is a mismatch between the levels of cosmic

string signals at LISA and higher-frequency experiments such as LIGO, AION measurements could

be crucial for pinpoint the energy scale and nature of the mechanism responsible. This point is

also illustrated in the right panel of Fig. 15, where we see that a period of matter domination at

temperatures T > 5 MeV could suppress the GW signal below the reach of ET while remaining within

the reach of AION-1km. On the other hand a period of kination would enhance the GW spectrum,

eg., kination at temperatures T ∈ [5, 70] MeV could bring GWs from cosmic strings within the reach

of AION-100.

5 Other Fundamental Physics

There are prospects for studying other aspects of fundamental physics beyond dark matter and GWs

using ultra-high-precision atom interferometry that are still to be investigated in detail. The design

of AION has not been optimised for such studies, but it may have interesting capabilities for such

studies, such as:

• Other DM-SM interactions. We explored in Section 3 atomic interferometry signatures of ULDM

due to linear interactions with the SM (see (3.2)) and quadratic interactions (see (3.6)). Atom interfer-

ometers such as AION may also be sensitive to other couplings. For example, explorations of effective

couplings along the lines of other DM experiments, see, e.g., Ref. [85], may provide interesting new

opportunities.

• Probes of long-range fifth forces: As an example, since atom interferometry is capable of detecting

the gravitational field of Earth [86], a combination of interferometers at different heights would make it

possible to explore the existence of any other long-range fifth force coupling to matter differently from

gravity. Searches for such long-range forces have connections to models of dark matter and modified

gravity and form a very active area of research on physics beyond the SM, see, e.g., [87]. Classical
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Figure 15. Left panel: Effect on the GW spectrum for the case Gµ = 10−11 of a new particle threshold at

various energies T∆ ≥ 100 MeV with an increase ∆g∗ = 100 in the number of relativistic degrees of freedom.

Right panel: The effect on the GW spectrum for the case Gµ = 10−11 of modified cosmological scenarios with

episodes of of matter domination at temperatures > 5 and > 50 MeV and of kination at temperatures between

5 and 70 MeV and between 50 and 200 MeV.

searches for fifth forces with universal Yukawa-type couplings on terrestrial scales are significantly

constrained by [87, 88].

• Tests of general relativity: Arrangements of atom interferometers at different heights also enable

measurements of higher-order general-relativistic corrections to the Earth’s gravitational potential.

The leading higher-order effects include those due to the potential gradient, corrections due to the

finite speed of light, and Döppler effects on the photon frequency [19]. The current direct sensitivity

to the graviton mass using the speed of GW propagation could be improved by using AION mea-

surements, because their frequencies are lower than those measured by LIGO and Virgo [89]. Also,

using different atomic species, AION could probe the equivalence principle to the level of 10−16, as

illustrated in Fig. 5.

• Test of atom neutrality: Atom interferometers can be used to test atom neutrality [90]. AION-10

should be able to probe this to 30 decimal places, far beyond the present experimental sensitivity to

22 decimal places.

• Constraining possible variations in fundamental constants: Measurements using atom interferome-

ters at different time and space positions may be combined to probe possible variations in fundamental

constants. Some motivations for such studies can be found in [91].

• Probing dark energy: This is currently causing the expansion of the universe to accelerate. It is

expected to be present everywhere, and precise experiments can in principle be used to probe its local

effects. Some models of dark energy involve ultra-light dynamical fields that would induce space- and

time-dependent modifications of fundamental physical properties, similarly to the ULDM discussed

in Section 3. In other models dark energy is associated with a modification of the laws of gravity, to

which atom interferometry experiments are particularly sensitive, providing important constraints on

popular models [92, 93];

• Probes of basic physical principles. Atom interferometers may be used to probe the foundations

of quantum mechanics and Lorentz invariance. For example, some ideas that modify the standard

postulates of quantum mechanics concerning linearity and wave-function collapse may be probed via

precise interferometry of quantum states, see, e.g., [94–97]. We note also that it was proposed in

Ref. [98] to use atom interferometers to test the principle of Lorentz invariance in gravitation.
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6 Final Remarks

AION is a proposed programme to use quantum technologies to address fundamental physics prob-

lems. Specifically, it will use cold atom interferometers to address fundamental questions such as

the nature of dark matter, and will measure gravitational waves in the mid-frequency band where

astrophysical processes involving intermediate-mass black holes and cosmological phenomena such as

first-order phase transitions and cosmic strings can be probed.

As we have discussed, AION is a four-stage programme:

• Stage 1 is to build and commission a 10m-scale atom inteferometer to be operated as part of a

network, and in parallel to develop existing technology, plans and infrastructure for a 100m detector.

This is currently the subject of a proposal to the UK STFC and EPSRC;

• Stage 2 would build, commission and exploit the 100m detector and prepare a design study for the

km-scale detector;

• Stage 3 would build, commission and exploit a kilometre-scale terrestrial detector, and;

• Stage 4 would build, commission and exploit a satellite-based interferometer.

The following are the primary objectives of the AION science programme:

• To explore well-motivated ultra-light dark matter candidates with sensitivities orders of magnitude

beyond current bounds, an objective to which AION-10 can make significant contributions;

• To explore mid-frequency band gravitational waves from astrophysical sources and from the very

early universe, an objective to which AION-100 can make significant contributions;

• To operate the successive stages of AION in a network with the MAGIS detector in the US and po-

tentially other atom interferometers in Europe and in China, as well as approved laser interferometers

such as LIGO, Virgo, KAGRA, INDIGO and LISA, and other proposed detectors.

The AION project offers valuable synergies between traditional particle physics, astrophysics and

the physics of the early universe, notably in probing the nature of dark matter and using gravitational

waves to probe the formation of massive black holes and phenomena in the early universe. This

programme will nurture a community built upon continous dialogue between atomic physicists, particle

physicists, astrophysicsts and cosmologists, whose combined expertise will be essential to resolve these

fundamental scientific issues in the long run.
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