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Classes of DM

From US cosmic vision : new idea for Dark Matter 2017, Arxiv:1707:04951

ULDM mass interval
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Ultra Light Dark Matter (ULDM) models
𝑛
𝑛!
~

𝜌"#
(𝑚𝑐$)%𝑣&'() > 𝟏

àULDM with 𝑚𝑐- < 10 𝑒𝑉 must be bosonic (Pauli exclusion principle)
àVarious bosonic ULDM candidates

• When 𝒎𝒄𝟐 ≪ 𝒆𝑽 → 𝑛/𝑛/ ≫ 1 → a generic scalar field 𝜑 can be treated classically, i.e as 
oscillating solution of the Klein Gordon equation in FRLW expanding universe, 
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𝝋 = 𝝋𝟎 𝐜𝐨𝐬 𝝎1𝒕
ℏ𝜔# = 𝑚#𝑐$ in DM rest frame∝ 𝜌%&, the local DM energy density
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Phenomenology of ULDM (pseudo) scalar fields
ℒ! ⊃ 𝜙

𝑑"
𝑒#
𝐹$%𝐹$% −

𝑑&𝛽'
2𝑔(

𝐺$%𝐺$% − ,
)*",,,-

𝑑.! + 𝛾.!𝑑& 𝑚) 0𝜓)𝜓)

yields
𝑖 1 + 𝑑)𝜙 , 𝑖 = 𝛼,𝑚", =𝑚, 𝛿𝑚, ⋀'

Rest mass and transition frequency of an atom depend on 𝑖

𝑚/, 𝜔/ = 𝑓 𝛼,."
.#
, 0.
⋀$
, 2.
⋀$

→ 𝑓 𝜙, 𝑑", 𝑑3 − 𝑑&  ,   j = 𝑚", =𝑚, 𝛿𝑚

such that they oscillate as

𝑚/ = 𝑚/
4 1 + 𝜙4 𝑄5A !

cos 𝜔!𝑡 + Φ

𝜔/ = 𝜔/4 1 + 𝜙4 𝑄6A !
cos 𝜔!𝑡 + Φ

T. Damour and T. Donoghue, PRD 82, 084033 (2010)
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ℒ7 ⊃
𝑎
𝑓7

ℏ𝑐𝑔(#

32𝜋#
O𝐺$%𝐺$%

yields
𝑚8
# 1 −

ℏ𝑐𝑚,𝑚-
2(𝑚,+𝑚-)#

𝑎
𝑓7

#

Rest mass and transition frequency of an atom depend on𝑚8
#

𝑚/, 𝜔/ = 𝑔 𝑚8
# → 𝑔 𝑎#, 𝑓79#

such that they oscillate as

𝑚/ = 𝑚/
4 1 + 𝑎4# 𝑄5A 7

cos 2𝜔7𝑡 + Φ

𝜔/ = 𝜔/4 1 + 𝑎4# 𝑄6A 7
cos 2𝜔7𝑡 + Φ

T. Damour and T. Donoghue, PRD 82, 084033 (2010) Kim and Perez, Arxiv:2205.12988 (2022)
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These oscilla@ons induce an accelera@on on the atom A

  �⃗�' ()) ∝ 𝜔*+,�⃗�' 𝑄&A +
ℏ.!

"

/!
",#

𝑄.A sin 𝜔*+,𝑡 + Φ , (𝜔*+,= 𝜔0 or 2𝜔1)

which violates the UFF since the various 𝑸  are atom dependent

à Non-zero differential acceleration measurable in classical test of the UFF (MICROSCOPE) and in atom interferometry

T. Damour and T. Donoghue, PRD 82, 084033 (2010) Kim and Perez, Arxiv:2205.12988 (2022)

4P. Touboul et al. PRL 129 121102 (2022)
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$

 pulse separates atoms in 2 wavepackets

Bragg Raman

5

Beam splitters and mirrors replaced by light pulses. 

These 2
$
− 𝜋 − 2

$
 setup are vastly used, e.g in the Stanford tower experiment or in Wuhan gravimeter experiment 

P. Asenbaum et al. PRL 125 191101 (2020) Z. Hu et al. PRA 88 043610 (2020)
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Single photon transition gradiometers : AION-10

Same atom species undergoes the same AI sequence at different elevation.
Same laser beams interact with both AI à NO laser phase noise

 
AION-10’s signal limited by the time the atom lasts in the excited state (~𝚫𝒓/𝒄 ≪ 𝟏) 

L. Badurina et al. PRD 105 023006 (2022)

P. Graham et al. PRL 110 171102 (2013)
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Δ𝜙'3415 ∝ 𝜌%& 𝑄.A
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Can we do better ? Modified setup : “SPID"
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same elevation à Single Photon transition Isotope Differential “SPID” AI
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Can we do better ? Modified setup : “SPID"
Use of two isotope species with sequence based on previous AI setup but at 
same elevation à Single Photon transition Isotope Differential “SPID” AI
Addition of EOM to account for isotope shift Δ𝜔 ~ 10!" 𝜔#

7

à signal ∝ 𝒗𝑫𝑴/(𝝎𝑫𝑴𝒄) ≫ 𝚫𝒓/𝒄
However, EOM comes with an additional noise…

In principle, this setup can be realized using any isotope pair of neutral atoms with stable optical transition, e.g
𝟑𝟖
𝟖𝟖𝑺𝒓, 𝟑𝟖𝟖𝟔𝑺𝒓 ; 𝟐𝟎

𝟒𝟎𝑪𝒂, 𝟐𝟎𝟒𝟒𝑪𝒂 ; 𝟕𝟎
𝟏𝟕𝟏𝒀𝒃, 𝟕𝟎

𝟏𝟕𝟔𝒀𝒃 ; 𝟖𝟎
𝟏𝟗𝟔𝑯𝒈, 𝟖𝟎

𝟐𝟎𝟐𝑯𝒈  

à With the same experimental parameters as AION-10, is SPID more sensitive to axion and dilaton couplings ?
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Results on axion-gluon coupling

(From cajohare.github.io/AxionLimits/)
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Results on axion-gluon coupling

à MICROSCOPE and SPID experiment would provide the best laboratory constraints on the axion-gluon coupling over 
multiple orders of magnitude of mass

(From cajohare.github.io/AxionLimits/)
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𝜙(𝑟, 𝑡) = 𝜙: cos 𝜔0𝑡 + 𝑸𝑴C 𝝓

𝑮𝑴𝑪

𝒓𝒄𝟐
𝒆"𝒓/𝝀𝝓
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Results on dilaton couplings

Low sensitivity of MICROSCOPE (from oscillatory behavior of the field), Stanford and Wuhan

Compared to AION-10, the proposed experiment SPID would be overall more sensitive to dilaton couplings.
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Conclusion
• Some of most promising ULDM candidates, dilaton and axion fields, produce oscillating rest 

mass and transition frequency of atoms.

• Those oscillations produce violation of UFF and could be detected in various types of atom 
interferometers

• Based on futuristic proposal of AION-10 gradiometer, proposition of variation AI setup, which 
is overall more sensitive to those couplings than AION-10.

In addition, this new setup would test the UFF with a very interesting constraint on Eötvös 
parameter, i.e. 

𝜂 ~ 10YZ[
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Back-up : Rabi oscillations (Raman AI)
The light field couples the states |𝑔, ⟩�⃗�:  and |𝑒, `�⃗�: + ℏ𝑘eff à Rabi oscillations between the two states.

Due to interaction with light, the atom undergoes rabi oscillation 
between ground (g) and excited (e) states.

For a given coupling between atom and light (i.e electric field strength 𝐸:) 
and Rabi frequency Ω (which depends on 𝐸:), the final state of the atom 
depends on the time of interaction 𝜏
à Ω𝜏 = 𝜋/2 : half of the atoms are transferred into the excited state 
à Ω𝜏 = 𝜋 : the full ensemble change state

à 𝜋 pulse inverts state :  |𝑔, ⟩�⃗�: → |𝑒, `�⃗�: + ℏ𝑘eff  and |𝑒, `�⃗�: + ℏ𝑘eff → |𝑔, ⟩�⃗�:   

à
2
$

 pulse separates the states : |𝑔, ⟩�⃗�: → B
√$

|𝑔, ⟩�⃗�: + |𝑒, `�⃗�: + ℏ𝑘eff   



Atom interferometry (AI) : principle
• Historically, use of optical interferometer (e.g Michelson for GW detection) 

• From De Broglie, any quantum object can be described as a wave, in particular atoms à atom interferometry is possible

• Beam splitters and mirrors replaced by light pulses. 

M. Cadoret et al. EPJST, 172 121-136 (2009)

≡ Beam splitter ≡	Mirror
à 𝜋 pulse inverts stateà

2
$

 pulse separates atoms in 2 wavepackets

Bragg Raman

17

• At the detection step, check for state population 
∫𝑑𝑆5DE Ψ9(𝑇5 , �⃗�5) + Ψ99(𝑇5 , �⃗�5) $

∝ 1 + cos Φ9 −Φ99
= 1 + cos ΔΦ



Back-up : phase contributions
Feynman path integral method to compute phase shift between the 2 wavepackets. 
This method works only for lagrangian at most quadratic in the position and in the velocity 
à we must make the calculations in the galactic frame (no 𝐜𝐨𝐬 𝝎𝒕 − 𝒌. 𝒙  term)

• Propagation phase Φ/ : phase accumulated by wavepackets along the trajectory

• Laser phase Φℓ : phase factors of laser, to be calculated on light-matter interaction vertices
• Separation phase Φ1 : spatial incoincidence between the two output wavepackets

P. Storey and C. Cohen-Tannoudji, JP2 4 11 (1994)



Multi-photon Raman/Bragg AI 

The oscillating acceleration implies a modification of the atom’s equations of motion 
à the atom’s trajectory oscillates in the interferometer. 19



• Multi-photon transition AI

• Single-photon transition gradiometer

• “SPID” proposal 

Back-up : Phase shifts for different AI config.
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Bragg AI
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• MICROSCOPE : (Existing) classical test of UFF to 𝜂 = ∆1
1
~10"BK using $$LM𝑇𝑖 and NM

BOK𝑃𝑡 

• Stanford tower : (Existing) differential Raman Multi-Photon AI test of UFF to 𝜂 ~10"B$ using !NMN𝑅𝑏 and !NMK𝑅𝑏 
(𝑆0~10"$ rad$/s), 

• Wuhan gravimeter : (Existing) single Raman Multi-Photon AI using !NMN𝑅𝑏 
(𝑆0~10"! rad$/s)

• AION-10 : (Future) Gradiometer using !MMN𝑆𝑟 
(𝑆0 = 10"M rad$/s)

• New setup : SPID using !M
MM𝑆𝑟, !MMP𝑆𝑟 ; $:

L:𝐶𝑎, $:LL𝐶𝑎 ; N:
BNB𝑌𝑏, N:

BNP𝑌𝑏 ; M:
BOP𝐻𝑔, M:

$:$𝐻𝑔  
(𝑆0 = 𝑆0'9QR + 𝑆0SQ&)
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Set of experiments 

P. Touboul et al. PRL 129 121102 (2022)

P. Asenbaum et al. PRL 125 191101 (2020)

Z. Hu et al. PRA 88 043610 (2020)

L. Badurina et al. PRD 105 023006 (2022)



Back-up : Dilatonic/axionic charges 
for various atoms/transitions



Back-up : AION sensitivity to 1/𝑓+ 
At leading order, optical transition frequency does not depend on 𝑚2

3  à AION-10 independent of 𝑎3, 𝑓4!3

But recent paper showed that the axion-gluon coupling leads to axion-photon coupling 
at loop level

àAny experiment sensitive to variation of fine structure constant 𝛼 would be 
sensitive to 1/𝑓4 coupling

àThis correction is negligible for experiments sensitive to 
variation of rest mass and hyperfine transition frequency
(~10!" and ~10!5 smaller respectively)

à AION-10 becomes sensitive to 1/𝑓4 
(but sensitivity suppressed by 𝛼3)

C. Beadle et al. Arxiv:2307.10362 



Back-up : Phase noise from EOM 
S. Barke, Ph.D Thesis, Inter-Spacecraft frequency distribution for 

future GW observatories (2015)

à Noise contribution of Jeoptik EOM 

+            Noise from the 1 GHz modulation source 

à𝑺𝝓𝑬𝑶𝑴 𝒇 ~ 𝟏𝟎!𝟏𝟑 𝒇
𝑯𝒛

!𝟐
𝐫𝐚𝐝𝟐/𝐇𝐳

which dominates at very low frequency, compared to gradiometer noise in AION-10 (𝑆< = 10!= rad3/s)

X. Xie et al, Nature Photonics 11 44 (2017)

J. Hartnett et al, Applied Physics Letters 100 183501 (2012)


