
Probing Gravitational Waves 
and Dark Matter with
Atom Interferometry

The GW story so far
The gap in the spectrum

The AION project
AION science: GWs from mergers, phase transitions, strings

AEDGE: proposal for atom interferometer in space
Searches for ultralight dark matter, etc. John Ellis



Gravitational Waves
• General relativity proposed by Einstein 1915
• He predicted gravitational waves in 1916

• Tried to retract prediction in 1936!



Gravitational Wave Spectrum

A new type of astronomy

Lasers + Atoms



Indirect Detection

• Binary pulsar discovered 1974 (Hulse & Taylor)
• Emits gravitational waves
• Change in orbit measured
• for  years
• Perfect agreement with Einstein
• Nobel Prize 1993



Direct Discovery of Gravitational Waves

• Measured by the LIGO experiment in 2 locations
State of Washington State of Louisiana



Mergers Measured in 
First LIGO/Virgo Observation Period 

Binary neutron star merger: electromagnetic counterpart



Fusion of two massive black holes
• Einstein was right the first time!

• A new way to study the Universe



Masses of Black Holes Deduced 
from Measured Mergers



Ground-Based GW Detectors



Future Step: Interferometer in Space

LISA (+ Taiji, Taiqin?)



Gravitational Wave Landscape



Supermassive Black Holes in Active 
Galactic Nuclei: Image of M87

Mass ~ 6.5 × 109 solar masses



Gravitational Wave Spectrum

• Gap between ground-based optical interferometers & LISA
– Formation of supermassive black holes (SMBHs)?
– Electroweak phase transition? Cosmic strings?

• Gap between LISA & pulsar timing arrays (PTAs)



MAGIS Collaboration (Coleman et al): arXiv:1812.00482 



Principle of Atom Interferometry

Interference patterns sensitive to modulation of
light travel time caused by GWs 

Space-time diagram of operation of
pair of cold-atom interferometers 

Use single-photon transitions
between ground state (blue)

and excited state (red dashed)

Laser pulses (wavy lines) 
divide, redirect, and recombine 

atomic de Broglie waves



AION Collaboration



AION

Network with sibling MAGIS project in US
MAGIS Collaboration (Coleman et al): arXiv:1812.00482 

AION Collaboration (Badurina, …, JE et al): arXiv:1911.11755



AION – Staged Programme

• AION-10:  Stage 1 [year 1 to 3]
§ 1 & 10 m Interferometers & Site Development for 

100m Baseline
• AION-100: Stage 2 [year 3 to 6] 
§ 100m Construction & Commissioning
• AION-KM: Stage 3 [ > year 6 ] 
§ Operating AION-100 and planning for 1 km & Beyond
• AION-SPACE (AEDGE): Stage 4 [ after AION-KM ] 
§ Space-based version 

AION Collaboration (Badurina, …, JE et al): arXiv:1911.11755



AION Design Parameters

Initial targets and final goals

AION Collaboration (Badurina, …, JE et al): arXiv:1911.11755



Planned Site for AION 10m

• Oxford Physics Department
• New purpose-built building
– Low vibration
– Temperature control
– Laser laboratory
– Engineering support

Feed through to 
laser lab

AION
10

Ground level

AION Collaboration 
(Badurina, …, JE et al): 

arXiv:1911.11755



LHC access shaft?

PX46?

Radiation OK?

No showstopper yet

Physics beyond colliders?

Possible Sites for AION 100m: 

Daresbury, Boulby … or CERN?
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How to Make a Supermassive BH?
SMBHs from mergers of intermediate-mass BHs (IMBHs)?



How to Make a Supermassive BH?
• SMBHs from mergers of intermediate-mass BHs (IMBHs)?
• Estimated merger rates:

Erickcek, Kamionkowski & Benson, astro- ph/0604281 

most at z < 10



Gravitational Waves from IMBH Mergers

Probe formation of SMBHs

Synergies with other GW experiments (LIGO, LISA), test GR

AION Collaboration (Badurina, …, JE et al): arXiv:1911.11755



AION GW SNR from IMBH Mergers

SNR > 5 out to z > 1 
for masses ~ 104 solar

SNR > 10 out to z ~ 10 
for masses ~ 103 solar

Map assembly of SMBHs
AION 1kmAION 100m

AION Collaboration (Badurina, …, JE et al): arXiv:1911.11755



GWs from IMBH Mergers: SNR = 8

AION complementary to LIGO, Einstein Telescope (ET)

Operation before LISA
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Lighter shading:

Measure inspiral

Darker shading:
Measure merger

AION Collaboration (Badurina, …, JE et al): arXiv:1911.11755



Possible AION-km Measurements
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Signal-to-noise ratio Direction Polarization

Distance Time to merger Chirp mass

AION Collaboration (Badurina, …, JE et al): arXiv:1911.11755



Constraints 
on Graviton 

Mass

• Current LIGO/Virgo limit: 4.7 × 10-23 eV
• Sensitivity with

LIGO/Virgo-like
event?
Longer observations

• With merger of
heavier BHs?
Lower frequencies

SNR

Waveforms

JE & Vaskonen: arXiv:2003.13480 



Constraints 

on Graviton 

Mass

• AION 1-km:

• 10-24 eV with

LIGO/Virgo-like

event

• 2 × 10-25 eV with

heavier BHs

• AEDGE:

• Order of magnitude

more sensitive

Distance

Mass

JE & Vaskonen: arXiv:2003.13480 



GWs from a First-Order Phase Transition
• Transition by percolation of bubbles of new 

vacuum
• Bubbles grow and collide
• Possible sources of GWs:
– Bubble collisions
– Turbulence and sound waves in plasma

• Models studied:
– Standard Model + H6/Λ2 interaction
– Standard Model + U(1)B-L Z’

• These also have prospective collider signatures



• Current LHC data insensitive to H6/Λ2 coupling

• Sensitivity at HL-LHC though modification of 

triple-Higgs coupling λ3

Modification of Triple-H Coupling

+ 3

+ 2

+ 1

0    σ

-1

-2

-3

JE, Lewicki & No, arXiv:1809.08242



• Examples with different percolation temperatures

• Low percolation temperature ~ strong transition ~ 

small Λ ~ detectable at HL-LHC

GW Signal in H6 Model

JE, Lewicki, No & Vaskonen, arXiv:1903.09642 

Strongest signal not excluded

by lack of percolation

Strongest signal for which 

percolation is assured



Gravitational Waves vs HL-LHC

Could see both GWs and collider signature
Latter has greater sensitivity in this case

HL-LHC sensitivity:
2 σ 3 σ

JE, Lewicki & No, arXiv:1809.08242



GW Signal 

in U(1)B-L 

Model

JE, Lewicki, No & Vaskonen: 

arXiv:1903.09642 

____ Total

- - - - Bubble collisions

_ - _  Sound waves

…….   Turbulence



AION GW SNR in U(1)B-L Model

AION 1kmAION 100m

Discovery of GW possible with AION 1km

JE, Lewicki, No & Vaskonen, arXiv:1903.09642 Above red line: transition before vacuum energy dominates
Right of orange line: period of matter domination



Gravitational Waves from Cosmic Strings

Sensitive to changes in # of degrees of freedom
1% measurement of spectrum = Δ# d.o.f. = 2

Probe expansion history of early universe

AEDGE: Abou El-Neaj, …, JE et al: arXiv:1908.00802 
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Abou El-Neaj, …, JE 
et al:

arXiv:1908.00802 

Beyond LISA

White paper 
submitted to 
ESA Voyage

2050 Call



Conceptual Design of Experiment
AEDGE: Abou El-Neaj, …, JE et al: arXiv:1908.00802 

Two satellites in Medium Earth Orbit



Gravitational Waves from IMBHs

Lighter shades: inspiral

Darker shades: merger + ringdown

Complementarity + synergy

AEDGE: Abou El-Neaj, …, JE et al: arXiv:1908.00802 

Detect mergers of ∼ 10

4

solar-mass BHs 

with SNR � 1000 out to z ~ 10, 

Mergers of ∼ 10

3

solar-mass BHs 

with SNR � 100 out to z �~ 100 
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Possible AEDGE Measurements

Signal-to-noise ratio Direction Polarization

Distance Time to merger Chirp mass

AEDGE: Abou El-Neaj, …, JE et al: arXiv:1908.00802 



Sensitivity to U(1)B-L Z’

GW discovery sensitivity beyond mZ’ = 100 TeV

AEDGE: Abou El-Neaj, …, JE et al: arXiv:1908.00802 



Gravitational Waves from Cosmic Strings

Different experiments sensitive to different
temperatures when # d.o.f. changes

AEDGE: Bertoldi, …, JE et al: arXiv:1908.00802 



Searches for Light Dark Matter



Searches for Light Dark Matter
Linear couplings to gauge fields and matter fermions

AION Collaboration (Badurina, …, JE et al): arXiv:1911.11755



Sensitivities to Quadratic DM Interactions
AEDGE: Bertoldi, …, JE et al: arXiv:1908.00802 



Explore Beyond Dark Matter & GWs

• High-precision measurement of the gravitational 
redshift, probes of Bell inequalities and the 
equivalence principle

• Probing fundamental “constants”, chameleons, dark 
energy

• Detecting astrophysical neutrinos?

• Long-range fifth forces?

• Lorentz violation?

• Fundamental (≠ environmental) decoherence?

• …..



• Modified dispersion relation:

• AION 1-km: sensitivity 10 × LIGO for α = ½
• AEDGE: sensitivity 1000 × LIGO for α = ½

Lorentz Violation

JE & Vaskonen: arXiv:2003.13480 



Summary
• Experience with electromagnetic waves shows the advantages 

of making astronomical observations in a range of different 
frequencies, and the same is expected to hold in the era of 
gravitational astronomy

• MAGIS/AION offer programme for exploring deci-Hz GW based 
on atom interferometry (IMBHs, 1st-order phase transitions, …) 

• AEDGE is a concept for a space mission that would complement, 
and have synergies with, other future GW experiments

• Atom interferometry could also explore the nature of DM
• Other possible opportunities for MAGIS/AION/AEDGE in 

fundamental physics, astrophysics and cosmology have been 
identified, but not yet explored in detail

• Unique interdisciplinary science!


