
Modelling ULDM
Ultra-light dark matter can be 
modelled as a classical oscillating 
field2,5,6. We model the scalar and 
tensor modes separately:

The frequency of each field is set by 
the ULDM mass with a small velocity 
correction. The tensor modes sum 
over the polarisation tensor3        .     

Projected experimental timeline10

Projected detection limits

Atom gradiometer in a spin-2 ULDM field

What about spin-2 dark matter?
Due to a high occupation number ULDM is wavy and acts like a coherent field. 
Pauli exclusion restricts candidates to be bosons. So far, we have studied:
§ Spin-0: Scalars e.g. dilatons, coupling to electron mass and fine-structure
§ Spin-1: Vectors e.g. dark photons, B-L coupling

But a previously unexplored candidate in atom interferometers is spin-2 ULDM
§ Spin-2: Tensors e.g. dark gravitons2,3
Given the sensitivity of atom interferometers to other dark matter candidates 
and gravitational waves we expect them to be sensitive to spin-2 ULDM as well.

Massive gravitons
There is no UV complete theory of quantum 
gravity. Instead, we describe gravity using effective 
field theories. Massive gravitons couple to matter 
through the stress-energy tensor          just as 
massless gravity does, but there is an additional 
scalar coupling4 at the linear level to the trace     :

Here          are the tensor modes while     are the 
scalar modes. In Lorentz invariant massive gravity, 
the couplings are universal,               but this is not 
necessarily true for Lorentz violating theories. 
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Massive graviton dark matter searches with 
long-baseline atom interferometers

Atom interferometry
Atom interferometry is an experiment that compares the phase differences 
between quantum superpositions of a two-level system (excited/ground state) 
of spatially separated clouds of atoms. Laser pulses act as beam-splitters and 
mirrors to direct the clouds1. 

Two channels for detection!
Now we consider spin-2 dark matter 
in an atom gradiometer. Two 
sequences are operated in a vertical 
fountain configuration, coupled by the 
same lasers1,5. 

Two distinct effects occur from the 
scalar and tensor modes. This 
enhances the sensitivity compared to 
scalar ULDM searches without altering 
the experimental setup at all!
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Phase shifts
At the end of the sequence 
the arms interfere, and a 
phase is measured. 

The leading order phase is:

where:
§   : atom-light interactions
§   : gravitational field
§   : time

<latexit sha1_base64="3G3Z6bRDIbYKDeIK8Myurh1orRY=">AAAB9XicbVBNSwMxEJ34WetX1aOXYBE8ld0i1YtQ9OKxQr+g3ZZsmm1Ds9klySpl6f/w4kERr/4Xb/4b03YP2vpg4PHeDDPz/FhwbRznG62tb2xubed28rt7+weHhaPjpo4SRVmDRiJSbZ9oJrhkDcONYO1YMRL6grX88d3Mbz0ypXkk62YSMy8kQ8kDTomxUq8bjzi+wWM8xPVeuV8oOiVnDrxK3IwUIUOtX/jqDiKahEwaKojWHdeJjZcSZTgVbJrvJprFhI7JkHUslSRk2kvnV0/xuVUGOIiULWnwXP09kZJQ60no286QmJFe9mbif14nMcG1l3IZJ4ZJulgUJAKbCM8iwAOuGDViYgmhittbMR0RRaixQeVtCO7yy6ukWS65lVLl4bJYvc3iyMEpnMEFuHAFVbiHGjSAgoJneIU39IRe0Dv6WLSuoWzmBP4Aff4AWV2RIQ==</latexit>

� = kgT 2

<latexit sha1_base64="i/3p9lrMmncO6mSX9Osluxz0D3A=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilhzHplytu1Z2DrBIvJxXI0eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a6miETd+Nr90Ss6sMiBhrG0pJHP190RGI2MmUWA7I4ojs+zNxP+8borhtZ8JlaTIFVssClNJMCazt8lAaM5QTiyhTAt7K2EjqilDG07JhuAtv7xKWhdVr1at3V9W6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5Ayv1jSQ=</latexit>

k
<latexit sha1_base64="3G3Z6bRDIbYKDeIK8Myurh1orRY=">AAAB9XicbVBNSwMxEJ34WetX1aOXYBE8ld0i1YtQ9OKxQr+g3ZZsmm1Ds9klySpl6f/w4kERr/4Xb/4b03YP2vpg4PHeDDPz/FhwbRznG62tb2xubed28rt7+weHhaPjpo4SRVmDRiJSbZ9oJrhkDcONYO1YMRL6grX88d3Mbz0ypXkk62YSMy8kQ8kDTomxUq8bjzi+wWM8xPVeuV8oOiVnDrxK3IwUIUOtX/jqDiKahEwaKojWHdeJjZcSZTgVbJrvJprFhI7JkHUslSRk2kvnV0/xuVUGOIiULWnwXP09kZJQ60no286QmJFe9mbif14nMcG1l3IZJ4ZJulgUJAKbCM8iwAOuGDViYgmhittbMR0RRaixQeVtCO7yy6ukWS65lVLl4bJYvc3iyMEpnMEFuHAFVbiHGjSAgoJneIU39IRe0Dv6WLSuoWzmBP4Aff4AWV2RIQ==</latexit>

� = kgT 2
<latexit sha1_base64="3G3Z6bRDIbYKDeIK8Myurh1orRY=">AAAB9XicbVBNSwMxEJ34WetX1aOXYBE8ld0i1YtQ9OKxQr+g3ZZsmm1Ds9klySpl6f/w4kERr/4Xb/4b03YP2vpg4PHeDDPz/FhwbRznG62tb2xubed28rt7+weHhaPjpo4SRVmDRiJSbZ9oJrhkDcONYO1YMRL6grX88d3Mbz0ypXkk62YSMy8kQ8kDTomxUq8bjzi+wWM8xPVeuV8oOiVnDrxK3IwUIUOtX/jqDiKahEwaKojWHdeJjZcSZTgVbJrvJprFhI7JkHUslSRk2kvnV0/xuVUGOIiULWnwXP09kZJQ60no286QmJFe9mbif14nMcG1l3IZJ4ZJulgUJAKbCM8iwAOuGDViYgmhittbMR0RRaixQeVtCO7yy6ukWS65lVLl4bJYvc3iyMEpnMEFuHAFVbiHGjSAgoJneIU39IRe0Dv6WLSuoWzmBP4Aff4AWV2RIQ==</latexit>

� = kgT 2

The peak sensitivity of atom interferometers is                 or                . This 
makes them excellent detectors of ultra-light dark matter (ULDM) (from atom-
light interactions) and mid-band gravitational waves (time measurements)1. 
Previous work explores scalar and vector ULDM couplings to atomic energy 
levels in atom interferometers, but so far tensor ULDM is unexplored…
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Scalar mode affects the electron!
The coupling to the trace of the stress-energy 
tensor gives these interactions:

Here the scalar mode couples to a fermion    , 
oscillating its kinetic energy and mass. In an 
atom this oscillates the electronic energy level 
resulting in a phase shift in an interferometer. 
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Tensor mode just like GWs?
The tensor mode will act as an oscillating 
gravitational wave background in our 
detector. Treating it as a perturbation on a flat 
background3:

it’s clear we’re looking for a strain. This strain 
changes the time the laser pulses interact with 
the atoms, imprinting a measurable phase.
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Constraints?
The leading constraints on spin-2 ULDM 
come from fifth-force experiments. The 
presence of a massive spin-2 field would 
cause small oscillating deviations from 
general relativity2, altering the Newtonian 
gravitational potential separated by a 
distance    by                                   . The 
strongest constraints in the atom 
interferometer sensitivity band come from 
planetary and lunar laser ranging7. Lorentz violating theories?!

In the projected detection limits we assume 
Lorentz invariance such that masses and 
couplings for the scalar and tensor mode 
are identical:                                  . But in 
Lorentz violating theories this isn’t 
necessarily true4 and only one of the modes 
may be the dark matter. The scalar mode 
dominates the sensitivity in atom 
interferometers while LIGO and LISA are 
only sensitive to the tensor mode3. 
  

The phase shifts induced by each 
mode depend on the couplings, local 
dark matter density, and the mass:

The scalar mode dominates!

A global network of experiments!
Several terrestrial long-baseline atom 
interferometer experiments are currently in 
development. AION1 in the UK, MAGIS-1009 
in the US, MIGA in France, VLBAI in 
Germany, and ZAIGA in China. Several 10m 
and 100m towers are to be built in the next 
decade followed by a km scale instrument 
and space-based projects like AEDGE10.

Detection limits for Lorentz invariant massive graviton dark matter for 
three example atom interferometer experiments compared to LIGO and 
LISA in a 2-year measurements campaign. The leading constraints from 
fifth-force experiments and the Higuchi bound are also shown.
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Stability bounds
In addition to experimental constrains, in a 
De-Sitter universe, the mass of spin-2 must 
satisfy the Higuchi bound:

The least conservative bound on     from Big 
Bang Nucleosynthesis sets a minimum mass
                          ,  just below 
the atom interferometer sensitivity band8.
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