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We devise and demonstrate a method to search for nongravitational couplings of ultralight dark matter to
standard model particles using space-time separated atomic clocks and cavity-stabilized lasers. By making
use of space-time separated sensors, which probe different values of an oscillating dark matter field, we can
search for couplings that cancel in typical local experiments. This provides sensitivity to both the temporal
and spatial fluctuations of the field. We demonstrate this method using existing data from a frequency
comparison of lasers stabilized to two optical cavities connected via a 2220 km fiber link [Schioppo et al.,
Nat. Commun. 13, 212 (2022)], and from the atomic clocks on board the global positioning system
satellites. Our analysis results in constraints on the coupling of scalar dark matter to electrons, dme

, for

masses between 10−19 and 2 × 10−15 eV=c2. These are the first constraints on dme
alone in this mass range.
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Dark matter provides the best explanation for a wide
range of astrophysical observations, however its nature
remains a complete mystery [1]. One intriguing and well-
motivated class of models are those of ultralight scalar
dark matter, with particle masses well below the eV=c2

level [2,3]. To account for the observed galactic dark matter
abundance, the particle number density in these models
must be very high, meaning they may be treated as classical
bosonic fields. In such regimes, it becomes possible and
necessary to utilize the coherent wavelike nature of the
fields in dark matter searches [4].
Interactions between dark scalar fields and standard

model particles may lead to effective variations in certain
fundamental constants [5–7], such as the fine-structure
constant or Fermion masses. Since atomic transition
frequencies depend on these constants, atomic clocks have
been used to search for their variation in the form of drifts
[8–16], transients [17–22], and oscillations [16,21,23–32].
At the same time, the lengths of solid bodies depend on the
fine-structure constant and electron mass via the Bohr
radius [33]. In stabilizing a laser to an optical cavity, length
changes of the cavity spacer are translated into frequency
changes of the laser, which can be measured with high
precision in optical frequency comparisons. Consequently,

ultrastable cavities may also act as probes for possible
variations of fundamental constants [33,34]. We use the
term oscillator to indicate both atomic clocks and cavities.
Searches for ultralight dark matter with such oscillators

consist of comparing their resonant frequencies over time,
and analyzing the resulting data for variations. Typically,
the measurements rely on comparing at least two co-
located oscillators that feature different sensitivities to the
investigated fundamental constants, since equal sensitiv-
ities would lead to signal cancellation in the measured
frequency ratios.
In this Letter, we devise and demonstrate a method for

using space-time separated sensors to search for ultralight
dark matter via sub-Hz oscillations of fundamental con-
stants. Because of their separation, the sensors probe
different local values of the same oscillating dark-matter
field. Therefore, the measured frequency ratio is sensitive
to dark-matter couplings even if both oscillators feature the
same sensitivity to the fundamental constants. This allows
us to place independent constraints on oscillations of the
electron mass, while other experiments probing this fre-
quency range, which used co-located frequency compar-
isons, constrained oscillations in the fine-structure constant
or the electron-to-proton mass ratio.
To demonstrate the method, we conduct two analyses

using existing data. First, we search for oscillations in the
frequency ratio between two spatially separated lasers that
are stabilized to optical cavities and connected by a
2220 km fiber link [35]. Then, we use timing data from
the microwave atomic clocks on board the global position-
ing system (GPS) satellites. The first dataset is sensitive to
the spatial fluctuations of the dark matter field due to its
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finite oscillation wavelength, while the second is sensitive
to the temporal fluctuations due to the oscillation
frequency. We place constraints on the coupling of scalar
dark matter to electrons, dme

, in the mass range
ð10−19 − 2 × 10−15Þ eV=c2. Our results are the only con-
straints on dme

alone in this mass window.
Ultralight bosonic dark matter can be described by a

scalar field of mass mϕ with classically oscillating non-
relativistic solutions [36,37]

ϕðt; xÞ ¼ ϕ0 cos ðωt − k · xÞ; ð1Þ

where ω ≈mϕ is determined by the Compton frequency,
and k ≈mϕv, with v ∼ 10−3 the dark matter velocity
(except where stated, we use units ℏ ¼ c ¼ 1). Under
the assumption that the field saturates the dark matter, its
amplitude is ϕ0 ¼

ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
=mϕ, where ρDM is the local dark

matter density, typically taken to be ≈0.4 GeV=cm3 [38].
The oscillations have a finite coherence time τc ¼
ð2π=ωÞðc=ΔvÞ2 [39], due to the assumed dark matter
velocity spread Δv ≈ 10−3c.
If the field has nongravitational interactions with the

standard model, signatures may become apparent in experi-
ments. We consider the linear couplings [37,40]:

Lint ¼ κϕ

�
de
4
FμνFμν −

dg
2g̃3

GaμνGa
μν

−
X

f¼e;u;d

�
dmf

þ γqdg
�
mfψ̄fψf

�
; ð2Þ

where F is the electromagnetic tensor, ψf are the Fermion
(electron e and light quark u, d) fields, Ga is the gluon
tensor, g̃3 is the effective QCD coupling (including
running), γq is the anomalous dimension giving the mass
running of QCD-coupled Fermions, and the d factors are
dimensionless coupling constants. The factor κ¼ ffiffiffiffiffiffi

4π
p

=MPl
is introduced to make the d couplings dimensionless
(Mpl ≈ 1.2 × 1019 GeV is the Planck mass).
The above interactions can be parametrized as effective

variations in the fundamental constants [40],

XðϕÞ ¼ Xð1þ dXκϕÞ; ð3Þ

where X may be α, the fine structure constant (with de), Λg

the QCD mass scale (with dg), or mf the Fermion masses.
These lead to variations in oscillator frequencies,

δν

ν
¼

X
X

dXKXκϕ≡ deffκϕ; ð4Þ

where KX is the sensitivity of the particular frequency
to variation in the fundamental constant, and we defined
the effective coupling deff for convenience. The same

phenomenology can arise for scalar and pseudoscalar
particles (e.g., axions) with quadratic interactions [41–44].
For optical atomic transitions, the coupling is [45]

dOpteff ¼ ð2þ KrelÞde þ dme
; ð5Þ

where Krel is a relativistic correction that depends on the
specific transition [46]. For the hyperfine transitions
employed in microwave clocks, it is [37,47]

dmw
eff ¼ ð4þ KrelÞde þ 2dme

− dg þ κqðdmq
− dgÞ; ð6Þ

where the dependence on mq ¼ ðmu þmdÞ=2 stems from
the dependence on the nuclear magnetic moment [47]. For
both cases, there can be small additional contributions from
the quark-gluon sectors, which enter via the nuclear radius
or mass [48,49]; these are not important for the current
search. The frequency of a laser stabilized to an optical
cavity features the effective coupling

dCaveff ¼ de þ dme
; ð7Þ

due to field-induced changes in the cavity length. Here,
relativistic corrections depend on the cavity material, and
are typically very small [33].
In typical local experiments, the frequency ratio of a pair

of co-located oscillators A and B is observed. Only if the
oscillators have different effective field couplings, the ratio
will contain a field-induced contribution

δðνA=νBÞ
νA=νB

¼ κϕ0Δd cosðωtÞ; ð8Þ

where Δd ¼ dAeff − dBeff .
Indeed, for co-located comparisons at low frequency,

terms containing dme
never appear alone, but rather in

some relative combination [26,50] (see Refs. [34,51] for
discussions on high-frequency comparisons). Hyperfine
transitions depend on the electron-to-proton mass ratio
me=mp, and consequently comparing an optical to a
microwave transition leads to effective couplings including
jdme

−dgj [47]. This is important since in the simplest
models dme

and dg may be similar or equal [40].
A pair of space-time separated oscillators, on the other

hand, will experience a different local value of the scalar
field due to its oscillations. In this case, the frequency ratio
for a pair of oscillators with identical effective couplings
will gain the field-induced shift

δðνA=νBÞ
νA=νB

¼ κϕ0deff ½cosðωtÞ − cosðωt − δÞ�

≈ κϕ0deff sinðωtÞδ; ð9Þ
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where jδj ≪ 1 is the scalar field phase difference between
the two oscillators.
Two terms contribute to the phase difference δ: the time

delay Δt due to the signal propagation between the two
oscillators, and a term due to the spatial separation

δ ¼ ωΔt − k · Δx; ð10Þ

where Δx ¼ Dn, with D the linear distance between the
oscillators, and n the separation unit vector. In the con-
sidered mass range mϕ ≲ 10−14 eV, we have λϕ2π=k≳
108 km ≫ D, so the field can be considered coherent
across all oscillators. Notice that kD=ðωΔtÞ≈v=c≈10−3.
Therefore, the contribution of the spatial phase difference
can be neglected, unless the contribution of the temporal
term is experimentally suppressed.
For a dark matter interpretation, ϕ0∝m−1

ϕ , whileω¼mϕ.
At the same time, both terms in the phase shift (10) are
linear in mϕ. Therefore, the signal amplitude (9) would be
independent of the dark matter mass. This is in contrast to
most dark matter searches, where the signal amplitude
would scale inversely with the mass.
The signal (9) has a linear scaling with the effective

distance (D orΔt=c) between the oscillators, which offers a
method to enhance the sensitivity with spatially separated
sensors. Crucially, the dependence on distance may also act
as a key dark matter signature: A network of comparisons
with multiple distances could be used to exclude spurious
terrestrial sources for the oscillations.
The network of optical fiber-linked atomic clocks

and cavities located at PTB in Germany, LNE-SYRTE
in France, INRIM in Italy, and NPL in the United Kingdom
[52–57] is particularly suitable for precision frequency
comparisons over large distances. The fiber links allow
state-of-the-art comparisons of optical frequencies over
∼103 km distances with ≲10−17 precision [35,55]. The
network has been employed previously for tests of funda-
mental physics [58], and to search for transient variations in
fundamental constants and dark matter [22].
As an initial search demonstrating our method, we

analyze publicly available data from a pair of ultrastable
lasers located at NPL and PTB [35,59]. The frequencies of
the cavity-stabilized lasers are compared via the optical
fiber links, and have been measured to achieve a fractional
frequency instability as low as 7 × 10−17 [35].
The fiber-link distance L between the cavities is 2220 km

[35], corresponding to a delay time of ≈10 ms. However,
due to the active noise cancellation employed, the time
delay contribution leads to no observable effects in the
frequency comparisons. The noise cancellation works by
sending a frequency signal from one oscillator to the other,
reflecting it, and comparing to its source [55]. Any phase
shift between the sent and received signals is assumed to be
noise introduced on the fiber link and actively suppressed.
Since the test signal traverses the fiber length twice, half the

observed phase shift is subtracted from the signal. In the
presence of the dark matter field, the test signal would gain
a dark-matter–induced shift in comparison to its source
[Eq. (9)] due to the time delay between the sent and
received signals with δ ¼ 2ωΔt (where Δt ¼ nL=c is the
one-way time delay with the fiber’s refractive index n). The
noise-correction signal would thus contain a component
exactly equal to the time-delay contribution to the dark
matter signal. As such, any signal caused by a time delay
would be interpreted as noise, and removed. Since the
considered dark-matter oscillation period is much larger
than the fiber delay time, any signal originating from
dark-matter–induced modifications to the length and refrac-
tive index of the fiber [26] are also removed by the noise
cancellation.
On the other hand, the signal coming from the spatial

separation is not removed. This provides a unique oppor-
tunity to probe the spatial fluctuations of scalar dark matter,
with induced signal

δðνA=νBÞ
νA=νB

¼ κϕ0ðdme
þ deÞ

ωDn · v
c2

sinðωtÞ: ð11Þ

To determine the signal strength, we average Eq. (11)
over the dark matter velocity distribution, fðvÞ. In the
galactic rest frame, the average would be zero. In the Earth
frame, however, it is nonzero due to its motion through the
galaxy with speed v⊙ ≈ 220 km s−1 (roughly towards the
Cygnus constellation). We have

Z
d3vfðvÞv · n ¼ v⊙ · n ¼ v⊙ cos γðtÞ; ð12Þ

where γ is the angle between the laboratory separation and
the direction of Earth’s galactic motion, which we compute
using Ref. [60]. This exhibits a strong sidereal modulation
due to Earth’s rotation.
In general, this modulation would present a key dark

matter observable. For the present dataset, however, there
is less than one full day of data [59]. As such, we do not
search for the daily modulation, but rather average the
expected signal amplitude over the observation period,
finding jhcosðγÞiTobsj ≈ 0.41 [61].
We search for oscillations in the form of Eq. (11) in the

data, following the method presented in Refs. [16,24]. The
best-fit amplitudes of sinusoidal oscillations are extracted
using the Lomb-Scargle formalism [62]; the resulting
spectrum is shown in Fig. 1. The 95% confidence level
and the detection threshold are determined using
Monte Carlo sampling, implementing the full noise model
as detailed in Table 1 of Ref. [59]. The confidence levels are
obtained by adding a randomly generated offset to each
data point according to the noise model 1000 times,
generating datasets with independent noise realizations.
The detection threshold is similarly obtained, but is based
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on pure noise, and takes into account the look-elsewhere
effect [24,62]. The high-frequency bound of our analysis
is 0.5 Hz, limited by the 1 Hz sampling rate, while the low-
frequency bound is determined by the total measurement
duration of 4.1×104 s. For frequencies f¼ω=ð2πÞ<1Hz,
the dark matter coherence time is τc > 106 s, well above
the total measurement duration.
We find no statistically significant oscillations, which

would appear as amplitude peaks above the detection
threshold, and therefore place constraints on the magnitude
of jde þ dme

j. By combining with existing constraints on
jdej [16,28,30–32], which are at least an order of magnitude
tighter, we place the first constraints on jdme

j alone in this
mass range, which we present in Fig. 2. The previous
experiments in this range probe combinations including
jdme

− dgj. In the analysis, we account for the stochastic
nature of the scalar fields [63,64]: For measurement
durations below the coherence time, only the coherent part
of the field density, ϕc ¼ ξϕ0, is observable, where ξ ≈ 1=3
at the 95% confidence level [63].

As a complementary example, we also consider data
from the Rb microwave clocks on board the GPS satellites,
as compared to an Earth-based hydrogen maser. The GPS
data have previously been used for dark matter and cosmic
field searches [17,19,67]. The GPS comparisons are made
with a one-way microwave link, and the type of noise
cancellation as employed in the fiber network is not
possible. Therefore, this search is sensitive to the phase
difference caused by the signal time delay:

δðνA=νBÞ
νA=νB

¼ κϕ0dmw
eff

ωD
c

sinðωtÞ: ð13Þ

The GPS constellation consists of approximately 30
satellites in orbit at a radius of D ≈ 26 000 km. Signals
driven by an onboard Rb microwave atomic clock are
broadcast from each of the satellites. The time differences
between the satellite clocks and a ground-based hydrogen
maser are determined, and made publicly available [68].
From these, we derive the fractional frequency differences
averaged over the 30 s sampling period [19].
Relativistic Doppler shift effects cause periodic varia-

tions in the clock timings that oscillate at the ∼12 hr orbital
period. These are modeled and removed [69]. Because of
the imperfect nature of the modeling, residual effects are
present in the data, and, consequently, we do not search for
oscillations at or below this frequency.
Since the scalar field is coherent across the network, and

the time delay between each of the satellites and the Earth-
based receiver station is roughly the same, the dark matter
signal should be approximately equal for each GPS satellite
clock. Therefore, for each day of data, we form a weighted
average of the frequency comparisons for each of the Rb
satellite clocks in the network, compared to the common
ground-based H maser. We then form the amplitude
spectrum for each day of data. Since we only use clocks

FIG. 1. Amplitude spectrum A of the NPL/PTB cavity-cavity
comparison, and GPS microwave clock data, showing the upper
95% confidence levels and detection threshold.

FIG. 2. Constraints on effective couplings deff involving dme
(95% confidence level) as a function of the dark matter mass mϕ and

corresponding oscillation frequency f ¼ ω=2π (left). Shown in blue are existing constraints on jdme
− dgj from local clock and oscillator

comparisons (Yb=Cs [31], H=Si [27], H/quartz/sapphire [65], and Rb/quartz [30]; the Ref. [65] constraint has been rescaled to account
for the stochasticity [63], which is already included in the other constraints). The gray band shows constraints on jdme

− dgj from
equivalence principle tests (MICROSCOPE [37,66]). The constraints from this work, shown in orange, are the only constraints on dme

alone in this mass range (right).
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for which there are no missing data points, we use the
standard Fourier method. We repeat the process for the
most recent 34 weeks of data (up to May 11, 2024),
resulting in 238 spectra. We take the average as the best-fit
amplitude spectrum, and use the spread in amplitudes at
each frequency to determine the maximum spectrum at the
95% confidence level. Because of the large number of
spectra, this is very close to the average, as shown in Fig. 1.
We have made our code for this analysis public [61].
There are several large peaks in the GPS amplitude

spectrum, which are likely caused by the satellite operation
and signal processing. Without a full noise model for these
clocks, we cannot define a detection threshold. From the
analysis, we place constraints on the combination of
couplings in Eq. (6). By combining with existing con-
straints on jdej [16,28,30–32], jdme

− dgj [27,30,31,65],
and jdmq

− dgj [24,31], we constrain dme
alone. The 95%

C.L. constraints are shown in Fig. 2.
In Fig. 2, we also present projections of future sensitiv-

ities. The “space clocks” projections are based on a future
network of clocks showing white frequency noise with
an amplitude of 10−18, and a separation equal to the GPS
diameter [70–74]. We show this both for the spatial term
[Eq. (11)], and the temporal term [Eq. (13)], which would
apply only if the noise cancellation does not remove the
time-delay contribution signal.
In conclusion, we present a method to search for ultra-

light dark matter with space-time separated atomic clocks
and cavities. We demonstrate this method by searching
for oscillations with periods ranging from 2 to 105 s
using frequency ratio measurements of lasers stabilized
to optical cavities, and the microwave clocks on board the
GPS satellites. We placed constraints on the coupling of
scalar dark matter to electrons in the mass range
ð10−19 − 2 × 10−15Þ eV. These are the only constraints
on dme

alone at low frequencies < 1 Hz.
Searching for ultralight dark matter with space-time

separated oscillators uniquely enables probing the spatial
fluctuations of scalar dark matter, and features key sig-
natures to distinguish a dark matter signal from a spurious
signal in case of a detection, namely, the scaling with the
effective distance, and the sidereal modulation. The method
also circumvents the need for the oscillators to feature a
differential sensitivity to the considered dark matter cou-
pling. Without the need to optimize for large differential
sensitivities, future comparisons between space-time sep-
arated oscillators are free to focus on utilizing the full
potential of the available sensor types to investigate differ-
ent frequency ranges. This is particularly relevant for future
measurement campaigns involving long fiber links, and for
future fundamental physics investigations in space.
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