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DM needed to explain astro/cosmo 
observations but not direct detection so far

2Fig. from US cosmic vision: new idea for Dark Matter, 2017

• DM needed at: galactic scales (rotation curves, …), galaxy cluster (bullet 
cluster, …), cosmo (CMB, structure formation, …)



UltraLight Dark Matter needs to be a boson 
and it behaves classically

3

Calculation inspired from Tourrenc et al, arXiv:quantum-ph/0407187, 2004

• Occupation number (number of particles per volume of phase-space)
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n

nk
⇠ 6⇡2~3⇢DM

m4c2v3max

• Around the Sun

• This occupation number is larger than 1 if the DM mass is lower than 
~ 10 eV: Dark Matter lighter than 10 eV can only be made of boson
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⇢DM ⇡ 0.4GeV/cm3

- a bosonic scalar particle (i.e. a scalar field) 
      - a bosonic pseudo-scalar particle (i.e. an axion) 
     - a boson vector particle (i.e. a hidden photon)

• For m << eV: the occupation number is huge and such a bosonic field 
can be treated classically (no quantization)



A massive scalar field or a massive vector field 
oscillates at its Compton frequency

• Cosmological evolution
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', Xi ⇠ cosmt

• The averaged stress-energy tensor: 
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• Amplitude of oscillation
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ω0 → ↑
ε/m

see the talk from T. Ferreira Chase



Locally, the ULDM field is stochastic

• Within our Galaxy, DM has a velocity distribution

• The dispersion relation 
 

see A. Derevianko, PRA, 2018
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from Savalle et al, PRL, 2021

from Centers et al, Nat. Com, 2021

⇒ Non trivial frequency distribution!

• Coherence time ~ 106 oscillations

• Some consequences for « local » ULDM searches 
- for « short » dataset, the field amplitude is Rayleigh 
distributed 
- « complex » data analysis for long dataset 
- spectral shape used to distinguish ULDM signal 
from systematics 
- search for slow stochastic evolution => probe 
large ULD masses

see G. Centers et al, Nat. Comm., 2021 
  J. Foster, et al, PRD, 2018 
  V. Flambaum and Samsonov, PRD, 2023
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DM can be searched through:

• its gravitational interaction with standard matter 

• its direct interaction with standard matter  

- if we want to understand the microscopic nature of DM, a 
direct detection would be more satisfactory (my opinion) 

- if a new field exists, there is no reason (except if 
forbidden because of a symmetry) why it would not couple 
to all other known fields

Consider couplings between ULDM and Standard Model (SM)



Some ULDM couplings to Standard Model
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A scalar DM is expected to break the 
equivalence principle
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• An effective Lagrangian for the scalar-matter coupling  (i=1,2)

• This leads to a space-time dependance of some constants of Nature to 
the scalar field, for example

see Damour and Donoghue, PRD, 2010
• Couplings usually considered: 

  - linear in 𝜑: lowest order expansion 
  - quadratic in 𝜑: lowest order if there is a Z2 symmetry

Can be interpreted as a signature of a violation of the Einstein Equivalence 
Principle: oscillations of the constants of Nature!
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for j = e, u, d

see also Arvanitaki et al, PRD 2015, Hees et al, PRD, 2018



Axion and ALP are effectively leading to 
quadratic couplings
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• At tree level, the axion/ALP couples through terms like 

see H. Kim and G. Perez, PRD, 2024

<latexit sha1_base64="ae7lhrgeOoSCNoDz98IBsvZ5bqQ=">AAACGXicbVBNS8NAEN34bf2KevSyWARPJRFRj0UPeqxgP6CJYbLd6OLuJuxuhBLyN7z4V7x4UMSjnvw3btsc1Ppg4PHeDDPz4owzbTzvy5mZnZtfWFxarq2srq1vuJtbHZ3mitA2SXmqejFoypmkbcMMp71MURAxp9347mzkd++p0iyVV2aY0VDAjWQJI2CsFLleoJnAQaKAFFAWSQTl+TVERSDyQOZlYBgfUHx+XUClRG7da3hj4GniV6SOKrQi9yMYpCQXVBrCQeu+72UmLEAZRjgta0GuaQbkDm5o31IJguqwGH9W4j2rDHCSKlvS4LH6c6IAofVQxLZTgLnVf72R+J/Xz01yEhZMZrmhkkwWJTnHJsWjmPCAKUoMH1oCRDF7Kya3YFMyNsyaDcH/+/I06Rw0/KOGf3lYb55WcSyhHbSL9pGPjlETXaAWaiOCHtATekGvzqPz7Lw575PWGaea2Ua/4Hx+Ayp/oag=</latexit>

⇠ a

fa
Ga

µ⌫G̃
aµ⌫

<latexit sha1_base64="zkeyWqcqdTjbeNsAEvIb04enUV8=">AAACFnicbVBNS8NAEN3Ur1q/oh69LBbBiyURUY9FoXisYGuhiWGz3bRLdzdhdyOUkF/hxb/ixYMiXsWb/8ZtG0FbHww83pthZl6YMKq043xZpYXFpeWV8mplbX1jc8ve3mmrOJWYtHDMYtkJkSKMCtLSVDPSSSRBPGTkNhxejv3beyIVjcWNHiXE56gvaEQx0kYK7CNPUQ69SCKcoTyLApQ3gszjqSfS3NOU9Qhs3P0IgV11as4EcJ64BamCAs3A/vR6MU45ERozpFTXdRLtZ0hqihnJK16qSILwEPVJ11CBOFF+NnkrhwdG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T+vm+ro3M+oSFJNBJ4uilIGdQzHGcEelQRrNjIEYUnNrRAPkIlImyQrJgR39uV50j6uuac19/qkWr8o4iiDPbAPDoELzkAdXIEmaAEMHsATeAGv1qP1bL1Z79PWklXM7II/sD6+Ac1zoGg=</latexit>

⇠ a

fa
Fµ⌫ F̃

µ⌫

• the axion-gluon coupling induces a quadratic coupling to the pion mass

or
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• the axion-gluon coupling induces a quadratic coupling to EM at 1-loop
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see  C. Beadle et al, PRD, 2024 
       H. Kim et al, PRD, 2024

=> induces a dependency on atom rest-mass and atomic transitions
see  J. Gué, et al, PRD, 2024

→birefringence
see  A. Ejlli’s talk

Phenomenology from quad. coupled scalar field applies to axions



Some scalar field solutions
in the presence of standard matter
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Scalar field for a linear coupling

11

• “Easy” to solve (existence of a Green function)

4

way to parametrize a possible variation of any atomic
frequency X to variations of the constants of Nature is
to use the following parametrization (see e.g. [41, 42])

d lnX = [k↵]X d ln↵+ [kµ]X d lnµ+ [kq]X d lnmq/⇤3 ,
(12)

where µ = me/mp is the ration of the electron mass over
the proton mass, mq is the mass of the light quarks (as-
sumed to be equals), and ki are the sensitivity coe�cients
of the specific transition X. The atomic and nuclear cal-
culations to derive these sensitivity coe�cients have been
achieved in [40, 41, 43, 44] and the obtained numerical
values can be found in Table I from [42].

While the parametrization (12) is widely used, another
equivalent parametrization is useful since closer to the
form of the interaction Lagrangian from Eq. (2)

d lnX = [k↵]X d ln↵+ [kµ]X d lnme/⇤3

+
⇥
k0q
⇤
X
d lnmq/⇤3 , (13)

with k0q = kq � 0.049(8)(3) [45]. These sensitivity coe�-
cients play a role equivalent to the ones of the dilatonic
charges introduced in the previous section.

The coupling of the scalar field to a clock working on
the transition X is then encoded in the coupling function
X which is defined by

d lnX = (i)
X d

�
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�
, (14)

and can be expressed as
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IV. SOLUTIONS FOR THE SCALAR FIELD

The space-time evolution of the scalar field depends
on the distribution of matter. In this manuscript, we
will consider spherically symmetric extended bodies that
will be characterized by a radius RA and by a constant
matter density ⇢A. The reason for this simplification be-
comes obvious when considering the case of the quadratic
coupling: the non-linearity of this case complexifies the
derivations and the solutions (see Appendix B). Never-
theless, the case of a two-layers spherical body is also
considered in Appendix B.

At first order, we model usual matter as a pressureless
perfect fluid whose stress-energy tensor is given by Tµ⌫ =
c2⇢uµu⌫ , where ⇢ is the matter density and u⌫ the 4-
velocity of the fluid 4. For this matter modeling, the

4 Corrections due to the pressure will arise at the post-Newtonian
order and can safely be neglected here.

source term in the Klein-Gordon equation (5b)) writes
as

� = �↵(')⇢c2 , (16)

where ↵ is given by Eq. (7).
Having in mind that the scalar field’s perturbation

must be small if it depicts dark matter (see SEC. IVC),
equation (5b) can be written at leading order as

1

c2
'̈(t,x)��'(t,x) = �

4⇡G

c2
↵A(')⇢A(x)�

c2m2
'

~2 '(t,x) ,

(17)
where the dot denotes a derivative with respect to the
coordinate time t and � is the 3-dimensional flat Lapla-
cian. In this equation, we have neglected terms that are
of the order of O(|hµ⌫ |) (with hµ⌫ = gµ⌫ � ⌘µ⌫). Indeed,
a linearized version of the Einstein equation (5a) shows
that the metric will be generated by sources that will
contribute as ⇠ GMA

c2r ⌧ 1 and by terms that are propor-
tional to '2

0 ('0 being the typical amplitude of the scalar
field). If the scalar field is associated to DM, one can
show that '0 ⇠ 6 ⇥ 10�31 eV/m' [37, 38] which shows
that '2

0 ⌧ 1 for scalar field masses above 10�30 eV. Un-
der this assumption, the space-time behavior of the scalar
field will be governed by Eq. (17) whose solution will be
given in this section. Nevertheless, the explicit limit at
which this assumption breaks down has been carefully
taken into account when deriving the constraints on the
parameters di in Section VI.

A. Linear coupling

In the case of a linear coupling, the function ↵A(') =

↵̃(1)
A appearing in Eq. (17) is independent of the scalar

field and the general solution is a sum of free waves and a
Yukawa-type scalar field generated by the central body.
Details about the derivation of the results are given in
Appendix B. The general expression of the scalar field is
given by

'(1)(t,x) = '0 cos (k.x� !t+ �)� s(1)A

GMA

c2r
e�r/�' ,

(18)

where |k|2 + c2m2
'/~2 = !2/c2 and

�' =
~

cm'
. (19)

The constant s(1)A is the e↵ective scalar charge of the ex-
tended body and is given by

s(1)A = ↵̃(1)
A I

✓
RA

�'

◆
, (20)

with the function I(x) given by

I(x) = 3
x coshx� sinhx

x3
.

Interpreted as DM

Oscillations of fundamental 
constants Modification of 2 body 

interactions (fifth force)

Independent of the DM 
interpretation

Source term

<latexit sha1_base64="XdSx+fBF3WjH1NSbO2Wux6zQvjs="></latexit>

⇤'+m2' = �4⇡G

c2
↵A⇢A

• 𝛼A depends on the scalar coupling di and on the composition 
of body A



Scalar field for a quadratic coupling

12

see A. Hees et al, PRD, 2018 
generalised recently in A. Barnerjee et al, arXiv:2502.04455, Y. Garcia del Castillo, et al arXiv:2502.04456
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Screening for positive couplings and scalarization for negative couplings!

𝛼A>0

𝛼A<0

No source term (no fifth force) 
but effective mass that depends 

on the local matter density

see C. Burrage’s talk 

Rich phenomenology



Some experiments:
A. Oscillations of fundamental constants
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Induce oscillations of:

- atomic rest masses 
- atomic transition frequencies 
- size of solid bodies (due to oscillation of Bohr radius) 
- refractive index 
- … 



A. Some experiments searching for oscillations 
of fundamental constants
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1. Comparison of colocated atomic clocks 
    Experiments run in every metrology institute: LTE (Fr), PTB (Ge), 
NIST (USA), NPL (UK), … 
 



Search for a periodic signal in clocks comparison
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• Cs/Rb FO2 atomic fountain data from LTE, Paris Observatory: high accuracy and high 
stability, data used from 2008

• Develop for metrology (TAI), systematics corrected during operation

A. Hees, J. Guéna, M. Abgrall, S. Bize, P. Wolf, PRL, 2016

see J. Guéna et al, Metrologia, 2012 and J. Guéna et al., IEEE UFFC, 2012

No positive detection

• Infer upper limits on the ULDM coupling constants di (here de, dg, dmu, dmd)

• Atomic clocks working with different atomic transitions sensitive to different di

• Current best clocks @10-18: optical clocks, sensitive only to de (electromagnetism)



A. Some experiments searching for oscillations 
of fundamental constants
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1. Comparison of colocated atomic clocks 
    Experiments run in every metrology institute: LTE (Fr), PTB (Ge), 
NIST (USA), NPL (UK), … 
 
2. Cavity, fibre links, …  
    Example: the DAMNED experiment



The DAMNED experiment (DArk Matter 
from Non Equal Delays)
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• Main idea:

see Savalle et al, PRL, 2021
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Oscillations of the 
scalar field

• Interpretation: comparison of an atomic frequency with itself in the past
• Main advantage: explored frequency range ~ kHz-MHz while standard 

clocks are limited to 0.1 Hz



AOM

Bobine de fibre 54 km

3937

Signal

Référence

. µ

kHz

The DAMNED experiment (DArk Matter 
from Non Equal Delays)
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• In practice:

- the “clock” is a laser cavity (both length and laser frequency oscillate)
- the length of the fiber oscillates
- the refractive index of the fiber oscillates

C

Fiber - 54km

Cavity

• First experiment built @LTE (E. Savalle’s PhD) and data analyzed taken 
into account the stochasticity of the signal



The DAMNED experiment (DArk Matter 
from Non Equal Delays)

19

• Results

see Savalle et al, PRL, 2021

Threshold
Peaks in signal
Peaks in ref

• limited by the cavity noise

• Peaks: excluded thanks to reference arms, correlation with temperature 
or by changing the cavity

• Infer upper limits on the ULDM coupling constants di (here de, dme, dg, 
dmu, dmd)



A. Some experiments searching for oscillations 
of fundamental constants
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1. Comparison of colocated atomic clocks 
    Experiments run in every metrology institute: LTE (Fr), PTB (Ge), 
NIST (USA), NPL (UK), … 
 
2. Cavity, fibre links, …  
    Example: the DAMNED experiment

 
3. Oscillations of properties/size of optical elements used in laser 
interferometers:  Example GEO 600, LVK, QUEST experiment, … 

see L. Aiello’s talk
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1. Comparison of colocated atomic clocks 
    Experiments run in every metrology institute: LTE (Fr), PTB (Ge), 
NIST (USA), NPL (UK), … 
 
2. Cavity, fibre links, …  
    Example: the DAMNED experiment

 
3. Oscillations of properties/size of optical elements used in laser 
interferometers:  Example GEO 600, LVK, QUEST experiment, … 
 
4. Atom interferometry and atom gradiometry 
   Example: AION, MAGIS, … 

see L. Aiello’s talk

see C. McCabe’s talk



A. Some experiments searching for oscillations 
of fundamental constants

22

1. Comparison of colocated atomic clocks 
    Experiments run in every metrology institute: LTE (Fr), PTB (Ge), 
NIST (USA), NPL (UK), … 
 
2. Cavity, fibre links, …  
    Example: the DAMNED experiment

 
3. Oscillations of properties/size of optical elements used in laser 
interferometers:  Example GEO 600, LVK, QUEST experiment, … 
 
4. Atom interferometry and atom gradiometry 
   Example: AION, MAGIS, … 
 
5. Space-based GW detectors: LISA

see L. Aiello’s talk

see C. McCabe’s talk



Space-based GW detectors (LISA) will also be very competitive to 
search for ULMD
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• Oscillating rest masses ⇒ oscillating acceleration ⇒ oscillating trajectory for free 

falling bodies. 

• LISA: measures precisely the distance between freely falling test masses (2.5E6 km 
apart) in the mHz regime

<latexit sha1_base64="squl6wmGESOBik4gR3vFN8x/gVE="></latexit>

ωa → ωvDMεϑ0 sin
(
εt↑ ωk · ωx

)

<latexit sha1_base64="VCm5/kCCp+6D4pXQig1g0aL/XNE=">AAACF3icbZC7TsMwFIadcivlFmBkwKJCYqFKKlQYK1gYOhSJXqQmVI7jtFbtJLIdpCrKyEPwDKwwsyFWRkbeBKftQFt+ydKv/5yjc/x5MaNSWda3UVhZXVvfKG6WtrZ3dvfM/YO2jBKBSQtHLBJdD0nCaEhaiipGurEgiHuMdLzRTV7vPBIhaRTeq3FMXI4GIQ0oRkpHffPYCQTCqeMTphBsZGkjcyTl0LYe0vOqnfXNslWxJoLLxp6ZMpip2Td/HD/CCSehwgxJ2bOtWLkpEopiRrKSk0gSIzxCA9LTNkScSDedfCSDpzrxYRAJ/UIFJ+nfiRRxKcfc050cqaFcrOXhf7VeooIrN6VhnCgS4umiIGFQRTCnAn0qCFZsrA3CgupbIR4iTUZpdnNbPJ4zsRcJLJt2tWLXKrW7i3L9ekanCI7ACTgDNrgEdXALmqAFMHgCL+AVvBnPxrvxYXxOWwvGbOYQzMn4+gXEw5+U</latexit>

ωL

L
→ 10→21

⇒ expected signature in LISA data. 

• Will LISA be able to discriminate ULDM from GW signal? Yes

    - analytical arg.: polarisation of spin 0 and spin 2 produces different modulations

    - numerical arg.: simulation of realistic LISA data with ULDM or GW signal and 
data analysis recovers the correct model.

see e.g. Yu, et al, PRD, 2023

see e.g. J. Gué, et al, arXiv, 2025 (submitted to PRD)



A. Some experiments searching for oscillations 
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1. Comparison of colocated atomic clocks 
    Experiments run in every metrology institute 
 
2. Cavity, fibre links, …  
    Example: the DAMNED experiment 
 
3. Oscillations of properties/size of optical elements used in laser 
interferometers:  Example GEO 600, LIGO, QUEST experiment, … 
 
4. Atom interferometry and atom gradiometry 
   Example: AION, MAGIS, … 
 
5. Space-based GW detectors: LISA 
 
6. Spectroscopic observations of stars around our Galactic Center

see L. Aiello’s talk

see C. McCabe’s talk



Spectroscopic observations of stars around our GC: a way to 
measure variations of fundamental constants 

25

• Using 2 different lines: direct measurements of 𝛥𝛂

• Using high cadence observations during one night: search for oscillations of 𝛂:

• oscillations of fund. constants in a region where DM density is higher

• oscillations of fundamental constants « closer » to a BH (superradiance)

• Current observations: proof of principle and mild constraints. 

• Future instrument/Extremely Large Telescope: very promising

see A. Hees et al, PRL 2020

�

3

TABLE I. Atomic properties of the absorption lines used
in this analysis. The first block corresponds to lines observed
with the NIFS instrument while the second block corresponds
to lines observed with NIRSPEC. The frequencies ! are ex-
perimental values reported in [33]. The sensitivity to the fine
structure constant k↵ is computed from ab initio calculation
using the AMBIT software [43], see the discussion in the Ap-
pendix A.

Element Lower Upper ! (cm�1) k↵

14Si 3s23p4p 1
D2 3s23p5s 1

P
o
1 4681.6 0.012(9)

11Na 4s 2
S1/2 4p 2

P
o
1/2 4527.0 0.004(2)

22Ti 3d34s 5
P2 3d24s4p 5

D
o
2 4496.6 �0.34(10)

12Mg 3s4d 3
D3 3s6f 3

F 4 4383.3 �0.001(2)
12Mg 3s4d 3

D3 3s6f 1
F 3 4383.2 �0.001(2)

22Ti 3d34s 5
P2 3d24s4p 5

D
o
1 4454.3 �0.37(10)

39Y 4d25s 4
F7/2 4d5s5p 4

F
o
7/2 4434.6 �0.88(6)

20Ca 4s4d 3
D1 4s4f 3

F
o
2 4498.5 �0.03(1)

21Sc 3d24s 4
F3/2 3d4s4p 2

D
o
3/2 4576.9 �0.23(3)

39Fe 3d64s2 3
D3 3d64s4p 3

P
o
2 4575.1 0.56(28)

22Ti 3d34s 5
P2 3d24s4p 5

D
o
3 4565.5 �0.30(10)

22Ti 3d34s 5
P1 3d24s4p 5

D
o
2 4543.3 �0.31(9)

21Sc 3d24s 4
F5/2 3d4s4p 2

D
o
3/2 4539.2 �0.25(4)

21Sc 3d24s 4
F9/2 3d4s4p 4

D
o
7/2 4533.5 �0.29(4)

11Na 4s 2
S1/2 4p 2

P
o
3/2 4532.6 0.007(2)

priors are used for the sensitivity coe�cients k↵,j with
a mean value and an uncertainty quoted in Tab. I. We
use the MULTINEST sampler [? ? ] to sample the pos-
terior probability distribution function. For S0-6, S0-12,
S0-13 and S1-5, the two epochs are fitted simultaneously
and the velocity of the star is assumed to be the same
for both epochs. For S1-23, the two parts of the spectra
corresponding to the di↵erent filters are fitted simultane-
ously but the velocities are not assumed to be the same,
an o↵set is present due to a di↵erent wavelength solution
for both filters.

A figure of the posteriors for each individual star can
be found in Appendix D and the 68% confidence intervals
are reported in Tab. II. No significant deviation from 0
is reported for any of the stars considered in this anal-
ysis. The constraints derived from the NIRSPEC mea-
surements are one order of magnitude better than the
one from the NISF instrument, which is due to the bet-
ter spectral resolution of the instrument.

A fit combining all the the stars provides a constraint
of

�↵

↵
= (1.3± 5.7)⇥ 10�6

, (4)

between the GC and Earth. This constraint is at the
same level of magnitude as the ones obtained from quasar
observations and is the first constraint on a possible vari-
ation of ↵ around a BH.

In several alternative theories of gravitation, the fine
structure constant becomes dependent on the gravita-
tional potential (see e.g. [? ? ? ]) and it is useful to

TABLE II. 68% confidence interval for �↵/↵ and for z esti-
mated from di↵erent stars. An estimation of the gravitational
potential U at the location of the star is also provided (see
Appendix C). For S0-6, S0-12, S0-13 and S1-5, two measure-
ment epochs are combined with 5 absorption lines per epoch.
S1-23 has been observed with two di↵erent filters (each filter
has a di↵erent wavelength solution which reflects in an o↵set
in their estimated z value) providing 11 absorption lines.

Star �↵
↵ z.c [km/s] U/c

2

S0-6 (�0.6± 2.7)⇥ 10�4 72.6 ±10.0 2.4⇥ 10�6

S0-12 ( 0.3± 1.4)⇥ 10�4 �63.8 ±1.8 1.6⇥ 10�6

S0-13 ( 1.0± 3.1)⇥ 10�4 �72.1 ±3.3 9.4⇥ 10�7

S1-5 ( 5.2± 7.9)⇥ 10�5 �14.5 ±3.0 6.5⇥ 10�7

S1-23 ( 0.9± 5.8)⇥ 10�6 �311.4 ±1.1 4.6⇥ 10�7

288.1 ±0.7

consider the following parametrization

�↵

↵
= �↵

�U

c2
, (5)

where U is the Newtonian potential, c the speed of light
in a vacuum and where �↵ depends on the fundamental
parameters of the theory. An estimate of the gravita-
tional potential probed by the 5 stars considered in this
analysis is requirred in order to constrain the �↵ param-
eter. We infer the radial acceleration experienced by the
stars using 25 years of astrometric measurements of the
GC. Between 1995 and 2005, speckle imaging data pro-
vides astrometric di↵raction-limited measurements (�0 =
2.21µm, �� = 0.43µm) of the central 5” ⇥ 5” of the GC.
This dataset is presented in details in [26? ? ]. Between
2005 and 2018, adaptive optics (AO) imaging provides
high-resolution images (�0 = 2.12µm, �� = 0.35µm) of
the central 10”⇥ 10” of the GC. AO allows for more ef-
ficient observations at the di↵raction limit, resulting in
measurements typically one order of magnitude better
than speckle observations. This dataset is presented in
details in [26? ]. These astrometric measurements are
aligned in a common refrence frame defined by tiying in-
frared observations of seven SiO masers [? ? ? ] to their
radio counterpart [? ]. The procedure to construct the
reference frame is thoroughly detailed in [? ] and the
alignment procedure is detailed in [? ]. The resulting
2-D position measurements of the 5 stars considered in
our analysis are given in the Appendix C. A polynomial
fit of these measurements give an estimate of the 3D ra-
dial acceleration of these stars which is transformed into
an estimate of the gravitational potential using the the
SMBH mass M = 3.975 ⇥ 106M� reported in [? ] (see
Appendix C for more details). The estimate of the grav-
itational potential experienced by each star is reported
in Tab. II. A fit combining the measurements from the 5
stars and using the estimate from the gravitational po-
tential from Tab. II leads to

�↵ = 3.3± 12.4 , (6)

at 68% confidence level. No deviation from GR is re-
ported. This result is 8 orders of magnitude less con-
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structure constant k↵ is computed from ab initio calculation
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a mean value and an uncertainty quoted in Tab. I. We
use the MULTINEST sampler [? ? ] to sample the pos-
terior probability distribution function. For S0-6, S0-12,
S0-13 and S1-5, the two epochs are fitted simultaneously
and the velocity of the star is assumed to be the same
for both epochs. For S1-23, the two parts of the spectra
corresponding to the di↵erent filters are fitted simultane-
ously but the velocities are not assumed to be the same,
an o↵set is present due to a di↵erent wavelength solution
for both filters.

A figure of the posteriors for each individual star can
be found in Appendix D and the 68% confidence intervals
are reported in Tab. II. No significant deviation from 0
is reported for any of the stars considered in this anal-
ysis. The constraints derived from the NIRSPEC mea-
surements are one order of magnitude better than the
one from the NISF instrument, which is due to the bet-
ter spectral resolution of the instrument.

A fit combining all the the stars provides a constraint
of
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between the GC and Earth. This constraint is at the
same level of magnitude as the ones obtained from quasar
observations and is the first constraint on a possible vari-
ation of ↵ around a BH.

In several alternative theories of gravitation, the fine
structure constant becomes dependent on the gravita-
tional potential (see e.g. [? ? ? ]) and it is useful to

TABLE II. 68% confidence interval for �↵/↵ and for z esti-
mated from di↵erent stars. An estimation of the gravitational
potential U at the location of the star is also provided (see
Appendix C). For S0-6, S0-12, S0-13 and S1-5, two measure-
ment epochs are combined with 5 absorption lines per epoch.
S1-23 has been observed with two di↵erent filters (each filter
has a di↵erent wavelength solution which reflects in an o↵set
in their estimated z value) providing 11 absorption lines.
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288.1 ±0.7

consider the following parametrization
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where U is the Newtonian potential, c the speed of light
in a vacuum and where �↵ depends on the fundamental
parameters of the theory. An estimate of the gravita-
tional potential probed by the 5 stars considered in this
analysis is requirred in order to constrain the �↵ param-
eter. We infer the radial acceleration experienced by the
stars using 25 years of astrometric measurements of the
GC. Between 1995 and 2005, speckle imaging data pro-
vides astrometric di↵raction-limited measurements (�0 =
2.21µm, �� = 0.43µm) of the central 5” ⇥ 5” of the GC.
This dataset is presented in details in [26? ? ]. Between
2005 and 2018, adaptive optics (AO) imaging provides
high-resolution images (�0 = 2.12µm, �� = 0.35µm) of
the central 10”⇥ 10” of the GC. AO allows for more ef-
ficient observations at the di↵raction limit, resulting in
measurements typically one order of magnitude better
than speckle observations. This dataset is presented in
details in [26? ]. These astrometric measurements are
aligned in a common refrence frame defined by tiying in-
frared observations of seven SiO masers [? ? ? ] to their
radio counterpart [? ]. The procedure to construct the
reference frame is thoroughly detailed in [? ] and the
alignment procedure is detailed in [? ]. The resulting
2-D position measurements of the 5 stars considered in
our analysis are given in the Appendix C. A polynomial
fit of these measurements give an estimate of the 3D ra-
dial acceleration of these stars which is transformed into
an estimate of the gravitational potential using the the
SMBH mass M = 3.975 ⇥ 106M� reported in [? ] (see
Appendix C for more details). The estimate of the grav-
itational potential experienced by each star is reported
in Tab. II. A fit combining the measurements from the 5
stars and using the estimate from the gravitational po-
tential from Tab. II leads to

�↵ = 3.3± 12.4 , (6)

at 68% confidence level. No deviation from GR is re-
ported. This result is 8 orders of magnitude less con-

Each measured line acts as a « clock » - atomic frequency

see Z. Bai, V. Cardoso, et al, arXiv:2507.07482



Some experiments:
B. Modification of the 2-body interaction

26

- Linearly coupled scalar field: Yukawa interaction

 
- Quadratically coupled scalar field: static (position dependent) 
contribution + oscillating terms 



MICROSCOPE
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MICROSCOPE
MICRO-Satellite pour l’Observation du Principe d’Equivalence

An Equivalence Principle test in space on the way to launch 

Manuel Rodrigues, ONERA project manager
On behalf of the Microscope team

manuel.rodrigues@onera.fr

• Launched on April 25th, 2016 ; life-time: ~ 2 yr 

(12% of the time used for UFF tests)

• Drag-free satellite,  cold gas motion and attitude controlled

• Two cylindrical test masses:  Pt/Ti. Measurement of the diff. acceleration 

along the symmetry axis

• Final results published in September 2022

collaboration between CNES, 
ONERA, CNRS, ESA, ZARM, PTB

Touboul et al, PRL, 2022

<latexit sha1_base64="yi1JAa7p6y/jynjKOASS9SRiYYw="></latexit>

ω =
!a

a
= (→1.5± 2.3(stat)± 1.5(syst))↑ 10→15



MICROSCOPE results can be used to probe 
ULDM

28

• The final results can be transposed into a Yukawa constraint and 

therefore into a constraint on the linear scalar couplings

• For quadratic scalar couplings, 2 contributions

• DC contribution can directly be constrained using existing results 

• Oscillations: needs a proper re-analysis of the raw data. Promising 

sensitivity analysis

see e.g. Brax et al, PRL 2018 
              Hees et al, PRD 2018

see e.g. Hees et al, PRD 2018 
              J. Gué, et al, PRL to appear

see e.g. J. Gué, et al, PRD, 2024



Some constraints
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Figure from C. O’Hare, Zenodo 3932430

Atomic clocks

DAMNED

GW detectors
MICROSCOPE

Similar exclusion plots exist for the other couplings



Constraints on the quadratic couplings

31
see A. Hees et al, PRD, 2018
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Re-interpretation of MICROSCOPE data to 
search for axion

32
see J. Gué et al, to appear PRL, 2025

• the axion-gluon coupling induces a quadratic coupling to the pion mass

=> induces a dependency on atom rest-mass and atomic transitions

• Stochasticity of the axion properly 
accounted for

• Recently derived axion field solution 
accounting for correction due to 
axion propagation: presence of 
resonances for certain coupling

 
see A. Barnerjee et al, arXiv:2502.04455,  
      Y. Garcia del Castillo, et al arXiv:2502.04456
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Figure from C. O’Hare, Zenodo 3932430

UFF
GW detectors

MICROSCOPE



Sensitivity analysis of LISA space mission
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• Example of sensitivity analysis done for LISA (linearly coupled scalar 
field)

see J. Gué et al, arXiv:2508.13847



Conclusion
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• Nature of Dark Matter remains one major challenge of modern physics

• In recent years (2015+): precision metrology has pushed the search for Dark 
Matter of mass < 1 eV (bosonic) 

• Several models exist: scalar field, axion, dark photon, … with different 
phenomenology: oscillations (possible screening), fifth force, … 

• I focus on spin-0 ULDM but similar results exist for spin 1 (B-L boson)

• This is a rich playground for experimental searches and a lot of clever ideas 
have come up in the last decades (usually at a relatively modest cost)

• Hunt for new ideas inspired by experimental progress and possibilities, led by 
theoretical models and plausibility

• Interactions between both communities (astro and precision metrology) 
important to avoid flogging a dead horse ! (example: still worth searching at 
very low masses?) see J. Niemeyer’s talk


