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Axion dark matter coupled via QCD induces a nonzero differential acceleration between test masses of
different composition. Tests of the equivalence principle, like the recent MICROSCOPE space mission, are
sensitive to such a signal. We use the final released data of the MICROSCOPE experiment to search for this
effect. We find no positive signal consistent with the dark matter model, and set upper limits on the axion-
gluon coupling that improve existing laboratory bounds by up to 2 orders of magnitude for axion masses in
the 10−17 to 10−13 eV range.
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Introduction—Almost 100 years after its first observa-
tional evidence [1], the fundamental nature of dark matter
(DM) is still to this day one of the biggest mysteries in
fundamental physics [2]. Out of all the possible DM
candidates, ultralight fields (whose mass is below the
eV) are a compelling alternative to historically dominant
models, such as weakly interacting massive particles
(WIMPs). In these models, DM is described by a non-
relativistic classical wave oscillating at its Compton fre-
quency [3,4]. One of the most prominent ultralight dark
matter (ULDM) candidates is the QCD axion [5–7],
originally postulated 50 years ago to solve the so-called
strong CP problem [8]. More general pseudoscalars, more
commonly referred to as axionlike particles (ALPs),
which do not solve the strong CP problem, can still account
for the galactic DM and, therefore, are actively searched
for [9–11].
In the simplest scenario, the mixing between the (QCD)

axion a and neutral pions (with strength 1=fa) naturally
solves the strongCP problem, leading to the so-called linear
relationship between the axion mass and 1=fa [12,13].
However, some models allow for such mixing without the
need of this relation, i.e., at fixed coupling value, lowermass
axions are feasible [14,15].
As a consequence of the QCD-axion coupling, the axion

potential becomes dependent on the light quarks and pion

masses after the QCD phase transition [12,16]. In particu-
lar, to preserve the shift symmetry of the axion field, this
potential is periodic and is quadratic in a at the leading
order in a=fa ≪ 1. Because of their mixing with axions,
pions share the same potential, and as a consequence, their
mass depends quadratically on the axion field, see, e.g.,
Refs. [12,17]. Among other observables, this can lead to
very strong forces mediated by the axion between very
dense astrophysical objects, such as neutron stars [18],
a change of the composition of white dwarfs [19] and
neutron stars [20], or a model-independent axion produc-
tion channel in supernovae [21].
The mass of the nucleons depends on the pion mass, and

this dependence has been computed at the one-loop level,
see, e.g., Refs. [17,22–24]. Similarly, the nucleon g factor
at the chiral order also depends on the pion mass [17,24]
such that atomic transition frequencies are dependent on the
axion field [17]. Finally, the atomic nuclear binding energy
at chiral order is also dependent on the pion mass; see
Ref. [25] for a detailed derivation. As a consequence, the
atomic rest mass becomes quadratically dependent on the
axion field [26,27]. This relationship is nonuniversal in the
sense that it depends on the atomic number and on the
atomic mass, which leads to a breaking of the universality
of free fall (UFF) and a violation of the equivalence
principle [26].
At cosmological scales, the axion oscillates in its self-

potential at its Compton frequency [9], and these oscillations
may comprise DM. In this scenario, the oscillation’s
amplitude is stochastically related to the DMenergy density,
and the pion masses, atomic frequencies, and atomic rest
masses all become time dependent [12,17,26]. These oscil-
lations have been searched for in several atomic oscillators
[28,29], but recently it was suggested that they can also be
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searched for in classical UFF tests or using atom interfer-
ometers [26].
In addition, quadratic axion-pion coupling induces more

complex signatures similarly to the ones arising for
quadratically coupled pure scalar fields [30]. In particular,
in the vicinity of massive bodies, the backaction of matter
on the axion field can strongly impact its oscillation
amplitude, a property that was originally derived under
the spherical symmetry assumption in [30] where the small
field gradient was neglected. Recently, those solutions have
been extended to account for the field propagation [31,32].
The matter-axion coupling being quadratic implies that

in the presence of a massive body the breaking of the UFF
induced by an ALP has two distinct signatures [30]:
(i) oscillations at twice the axion Compton frequency
and (ii) a static differential acceleration directed toward
the center of the massive body, which corresponds to the
one searched for in standard UFF tests. Currently, the best
UFF test is provided by the MICROSCOPE experiment
[33,34], a space-based experiment which monitored the
differential acceleration between two test masses made of
platinum and titanium and which provided a constraint on
the Eötvos parameter at the level of 10−15 [33].
In this Letter, we reanalyze the publicly available

MICROSCOPE data [33,34] to search for axion DM
through its coupling to gluons. To do so, we recombine
the individual measurement session results given in [34] in
a way that is optimized for our DM search. We find no
evidence of axion DM coupled to gluons, and this allows us
to set a new upper bound on the coupling strength
1=fa. Our constraint covers 7 orders of magnitude in mass
from 10−20 to ∼10−13 eV and improves current laboratory
bounds by up to 2 orders of magnitude for axion
masses between 10−17 and ∼10−13 eV, reaching 1=fa ∼
10−16 GeV−1 at 10−20 eV.
Breaking of the universality of free fall by an axion

field—As mentioned above, the axion-gluon coupling leads
to a quadratic dependence of the pion mass on the axion
field and subsequently to a violation of the universality of
free fall. We will present the theoretical modeling of the
axion induced UFF breaking. A detailed derivation and
discussion are presented in Sec. A of Supplemental
Material [35].
We start from the Lagrangian [43],

L¼−
1

2κ
gμν∂μa∂νa−

m2
ac2

2ℏ2κ
a2þEP

g23
32π2

a
fa

Ga
μνG̃

a;μν; ð1Þ

where κ ¼ 8πG=c4 is the Einstein gravitational constant,
gμν is the spacetime metric, a is the dimensionless ALP of

mass ma, EP ¼ ffiffiffiffiffiffiffiffiffiffi
ℏc=κ

p
is the reduced Planck energy, fa is

the ALP-gluon coupling (which corresponds to the Peccei-
Quinn spontaneous symmetry breaking scale [8]), Gμν is
the QCD strength tensor, and g3 is the strong coupling.

This Lagrangian leads to a mixing between the ALP and
the neutral pion, as both are pseudo-Goldstone bosons,
such that the pion mass mπ becomes quadratically depen-
dent on θ≡ EP a=fa [12,17],

δm2
π

m2
π
¼ −

mumd

2ðmu þmdÞ2
θ2; ð2Þ

where mu=d are the up/down quark masses. In the chiral
perturbation theory, the mass of the nucleons [17,22–24]
and the nuclear binding energy [25] are both dependent on
the pion mass. When combined together, this implies that
the rest mass of an atom A depends quadratically on the
ALP field, with an atom-dependent coefficient, the axionic
charge QA

M, i.e.,

mA ¼ m0
A

�
1þQA

M
E2
P

f2a
a2
�
; ð3Þ

where m0
A is the unperturbed mass. These charges depend

on the atomic mass number A and charge number Z, and
they are derived explicitly in [26,44]. The nonuniversality
of QA

M induces a violation of the UFF [26], which, in the
case of quadratic couplings, leads to a differential accel-
eration between two colocated test masses A and B [30],

Δ ⃗ẍ ¼ −2ðQA
M −QB

MÞ
�
EP

fa

�
2

a

�
c2∇!aþ v⃗ ȧ

�
: ð4Þ

At cosmological scales, the axion oscillates around
the minimum of its potential at its Compton frequency
ωa ¼ mac2=ℏ [9]. If the axion constitutes DM, its oscil-
lation amplitude a0 depends on the DM energy density
through a0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16πGρDM

p
=ωac with ρDM ¼ 0.4 GeV=cm3

[45]. Locally, close to massive bodies, the backaction of
matter on the axion field can strongly impact its oscillation
amplitude, which becomes location dependent, i.e.,

aðt; r⃗Þ ¼ a0Aðr⃗Þ cos½ωatþΦðrÞ�; ð5aÞ

where ΦðrÞ is a phase, which can be position dependent as
well (see below and in Supplemental Material [35]).
The solution Aðr⃗Þ shows a scalarization mechanism [i.e.,

AðrÞ can become large close to massive bodies] [30].
Neglecting (i) the backreaction from the metric and (ii) the
small contribution from the axion asymptotic gradient k ∼
ωavDM=c2 ∼ 10−3ωa=c (with vDM the DM velocity in the
Solar System frame) can lead to divergences of the
amplitude for certain values of the coupling parameter [30].
Recently, these solutions have been extended to account

for k under the form of a multipole extension [31,32].
As pointed out in [31,32], one important contribution
of the gradient is to regularize the divergences of the
original solution which become resonances. Note that the
monopole contribution is the dominant one by a factor
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1=kRE⪆103 ≫ 1 (see Supplemental Material [35]) such
that we consider only this one in our data analysis, i.e., the
AðrÞ function writes

AðrÞ ¼ jλ cos λ sinðkr − βÞ þ β cosðkr − βÞ sin λj
kr

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ2cos2λþ β2sin2λ

p ; ð5bÞ

where

β ¼ kRE; λ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β2 þ 12

�
EP

fa

�
2

jQE
Mj

GME

REc2

s
; ð5cÞ

where RE is the Earth radius modeled as a spherically
homogeneous body of mass ME and of charge QE

M;
see Ref. [44].
In standard models of galaxy formation, galactic DM

must be virialized [46,47] such that its velocity distribution
acquires a characteristic width σv ∼ 10−3c [4,36], and the
DM oscillations have a characteristic coherence time τ ∼
c2=σ2v × 2πℏ=ðmac2Þ [37]. This implies that, for observa-
tion times longer than τ, the DM spectral signature is
broadened [38,39]. For observation times shorter than τ, the
signal is effectively monochromatic, but its amplitude
receives a stochastic correction [38,39]. With the virialized
DM particles being uncorrelated, all have a different
(uniformly distributed) phase. This is mathematically
equivalent to introducing a global stochastic amplitude
α, following a Rayleigh distribution, and assigning the
same phase (uniformly distributed) to all the DM particles,
such that the amplitude of the axion wave becomes
proportional to α [38–40,48].
The axion field of Eq. (5a) induces two types of

signatures on the UFF signal of Eq. (4): (i) a fast oscillating
signal (at frequency 2ωa) and (ii) a static position depen-
dent signal. In this Letter, we focus on the static signal,
which gives a relative differential acceleration between two
test masses of

η ¼ jΔ ⃗ẍj
j ⃗ẍj ¼ α2ΔQM

c2a20
2 GME

r2

�
EP

fa

�
2 ∂A2ðrÞ

∂r
≡ γα2; ð6Þ

where η is the Eötvos parameter, ΔQM ¼ ðQB
M −QA

MÞ, and
α2, which follows an exponential distribution, is due to the
DM velocity distribution. The γ function, which character-
izes the strength of the signal searched for in the data, is
depicted for one axion mass on Fig. 1 (see Supplemental
material [35] for more details). The above signal depends
on k⃗; see Eqs. (5b) and (5c), which is a stochastic variable
depending on the DM velocity distribution such that one
should marginalize over this parameter. However, in
practice, the impact of k⃗ on the signal is negligible
(k appears in highly suppressed factors), except on
extremely narrow 1=fa coupling bands at resonances (in

practice, never exactly sampled and not visible on the
constraint). This has been checked analytically and numeri-
cally (see Supplemental Material [35]).
MICROSCOPE data—MICROSCOPE is a space mis-

sion designed to probe the UFF in space at the level of
10−15 [41] by measuring the differential acceleration
between a test mass made of titanium and another one
made of platinum. The two free falling bodies are concentric
cylindrical test masses controlled in a differential acceler-
ometer. In total, 18 measurement sessions taken between
2016 and 2018 have been used to constrain the Eötvos
parameter [34]. The duration of a session lasts between
13 hours and 8 days. Each session has been analyzed
independently providing an estimate of the Eötvos param-
eter ηi, a statistical error σstat;i, and a systematic error σsyst;i
[34], which are provided in Supplemental Material [35].
Note that, in our analysis, we quadratically combine the
statistical and systematic uncertainties.
Bayesian parameter inference—The methodology used

in this analysis is thoroughly detailed in Sec. B of
Supplemental Material [35]. We present here the important
steps. We use a Bayesian approach and assume the
measurement noise to follow a Gaussian distribution.
For a given axion mass ma, we compute the axion field

coherence time, and we group the MICROSCOPE sessions
into subsets where the total duration spanned by a subset of
sessions is smaller than the coherence time. Within each
subset of sessions, we can, therefore, use the monochro-
matic modeling of the axion field discussed above. Note
that the α stochastic parameter is different and independent
for all the subsets. Within each subset of sessions, we
combine the individual likelihoods and subsequently mar-
ginalize over their α parameter. The combined likelihood of
all the measurements is simply provided by the product of
the marginalized likelihood from all the subsets.
Following [39], we use a noninformative Berger-

Bernardo reference prior, which in our case is equivalent

FIG. 1. In blue the evolution of the signal strength γ [cf. Eq. (6)]
as a function of the coupling 1=fa for one value of the axion mass
(ma ¼ 10−16 eV). The red dashed lines correspond to the lower
and upper limits from the MICROSCOPE data analysis, and the
red filled surface corresponds to the exclusion area.
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to Jeffrey’s prior. This noninformative prior is motivated
because (i) it ensures invariance of the inference results
under a change of variables, (ii) it ensures that the integral
of the posterior converges (which is not the case if one
chooses naively a uniform prior on γ), (iii) it maximizes the
Kullback-Leibler of the posterior with respect to the prior,
and (iv) it produces results consistent with the frequentist
approach [39]. This prior is estimated numerically (see
Supplemental material [35] for more details).
The product of the marginalized likelihood with the prior

allows us to estimate the posterior distribution of the γ
parameter, which characterizes our signal; see Eq. (6). The
ratio of the Bayesian evidence between this model which
contains an axion signal and a model which includes only
noise is then computed and used to assess if an axion signal
is significantly detected within the MICROSCOPE data.
In the case of no positive detection, we use the posterior

probability distribution to infer a 95% credible interval on
γ. This interval depends on the mass of the axion field ma
and is illustrated by the red dashed curves on the bottom
panel from Fig. 1 in the case of ma ¼ 10−16 eV. The
nonlinear expression of γ as a function of 1=fa allows us to
translate the constraint on γ into a constraint on 1=fa.
This methodology is applied for different axion masses.
Results and discussion—We first assess if there is a

positive DM signal in the data by computing the Bayes
factor B as the ratio of evidences of the ALP-gluon coupled
model and a model assuming no signal. Over the full mass
range of interest, B is < 1 (see Supplemental Material
[35]), which indicates no significant detection of DM in
the data.
Since no positive signal is detected in the data, we

compute an exclusion area on the value of the coupling
1=fa. In Fig. 2, we present in red the constraint on 1=fa
from our analysis, while existing laboratory constraints
from [28,49,50] are shown by the gray-filled area. We find
that MICROSCOPE’s data constrains new regions of the
parameter space, with its most stringent limit being 1=fa ∼
1.7 × 10−16 GeV−1 atma ¼ 10−20 eV and reaching 1=fa ∼
1.3 × 10−10 GeV−1 at ma ∼ 7.7 × 10−14 eV, improving by
roughly 2 orders of magnitude the existing laboratory
bounds over 4 orders of magnitude of mass. The lower
mass part of the constraint of MICROSCOPE depicted in
Fig. 2 is a factor 3 less stringent than results obtained
previously for different theoretical models (such as [30,51])
because previous studies neglected the stochastic behavior
of the field. At larger masses, the stochastic behavior of the
signal impacts more significantly the resulting constraints.
In particular, the constraint presents several bands. As
shown in Fig. 1, the detector is blind to very narrow
intervals of values of couplings, around when γ crosses
zero. As discussed in Supplemental Material [35], this
happens when the axion field reaches an extremum, i.e.,
when its derivative changes sign [52]. In addition, one can
notice a significant difference in smoothness of the

constraint between low and large masses. As described
more thoroughly in Supplemental Material [35], this arises
because the various MICROSCOPE sessions need to be
grouped in subsets that last one coherence time. Small
discontinuities in the constraint plot arises when the session
grouping changes. At low masses, the coherence time is
larger than the total time spanned by the MICROSCOPE
mission, such that a single group including all sessions is
possible. At larger masses, the axion coherence time
decreases, and above ma ∼ 10−16 eV one must necessarily
cut the sessions at least in two or more, resulting in the
small discontinuities visible in the constraint figure. The
small decrease of the constraint visible at ma ∼ 10−16 eV
can be explained because, on each group of data, the signal
to be fitted is proportional to the exponentially distributed
parameter α2 [see Eq. (6)], whose preferred value is 0. For
this reason, the probability of one single random draw
being close to 0 is larger than when drawing twice or more.
Put in other words, the signal is more likely to have a small
value when only one group of data is considered and the
constraint is larger than when several groups of data are
considered. In addition, as the axion mass increases, its
coherence time decreases, such that fewer and fewer
MICROSCOPE subsets of data can be constructed with
the requirements Tsubset

obs < τ. As a consequence, the con-
straint derived from our data analysis decreases.
In conclusion, the ALP-gluon coupling 1=fa leads to a

static violation of the UFF, and classical tests like
MICROSCOPE can be used to constrain such coupling.
In this Letter, we performed a reanalysis of MICROSCOPE

FIG. 2. 95% confidence area in the ALP-gluon coupling 1=fa
using final results from MICROSCOPE (in red). In gray are
shown the existing constraints from laboratory experiments from
[28,49,50] (adapted from [11]).
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final data, and we have seen no evidence for existence of an
axion-gluon coupling for ALP masses between 10−20 and
10−13 eV, which allows us to derive an exclusion area on its
value in this corresponding mass range. Our results
improve existing laboratory bounds by up to 2 orders of
magnitude and over 4 orders of magnitude of mass, and can
be complementary to astrophysical and cosmological
bounds [18,53,54]. In the future, these constraints could
be improved by new tests of the UFF. In particular, several
projects such as MICROSCOPE 2 [55] or STE-QUEST
[56] aim at testing the UFF at the 10−17 level, improving by
more than 2 orders of magnitude the MICROSCOPE
results. Considering that η ∼ ð1=faÞ1=4, such missions
would improve the current constraints by up to a factor
5. In addition, other lab experiments such as atomic
comparisons would also be able to probe such regions
of the parameter space [17].
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