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We present improved constraints on the coupling of ultralight bosonic dark matter to photons based on
long-term measurements of two optical frequency ratios. In these optical clock comparisons, we relate the
frequency of the 2S1=2ðF ¼ 0Þ ↔ 2F7=2ðF ¼ 3Þ electric-octupole (E3) transition in 171Ybþ to that of the
2S1=2ðF ¼ 0Þ ↔ 2D3=2ðF ¼ 2Þ electric-quadrupole (E2) transition of the same ion, and to that of the
1S0 ↔ 3P0 transition in 87Sr. Measurements of the first frequency ratio νE3=νE2 are performed via
interleaved interrogation of both transitions in a single ion. The comparison of the single-ion clock based on
the E3 transition with a strontium optical lattice clock yields the second frequency ratio νE3=νSr. By
constraining oscillations of the fine-structure constant α with these measurement results, we improve
existing bounds on the scalar coupling de of ultralight dark matter to photons for dark matter masses in the
range of about ð10−24–10−17Þ eV=c2. These results constitute an improvement by more than an order of
magnitude over previous investigations for most of this range. We also use the repeated measurements of
νE3=νE2 to improve existing limits on a linear temporal drift of α and its coupling to gravity.
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Even though dark matter makes up the majority of the
matter in our Universe, its microscopic properties and non-
gravitational interactions are still a mystery. One well-
motivated dark matter model is that of ultralight bosons
(see [1,2] for recent reviews). Bosons with a mass mφ

well below 1 eV=c2, with c the speed of light, are expected
to behave like a classical coherent wave, with an oscilla-
tion frequency given by their Compton frequency ω ¼
2πmφc2=h, where h is the Plack constant, and a finite
coherence time τcoh ≈ h=mφΔv2 due to the velocity spread
Δv ≈ 10−3c of dark matter in our galaxy.
The interaction of this ultralight bosonic dark matter

(UBDM) with standard model particles is expected to lead
to corresponding oscillations in fundamental constants,
such as the fine-structure constant, the electron mass,
and the quantum chromodynamics mass scale [3].
Experiments based on atomic and optical techniques can
be sensitive to changes of these parameters and have
provided some of the most stringent limits on the couplings
of UBDM to standard model particles to date [4–11].
In this work, we are concerned with a coupling of the

dimensionless dark matter field φ to photons contributing a
term to the Lagrangian density L

L ⊃ φ
de
4μ0

FμνFμν; ð1Þ

with coupling constant de, Fμν the electromagnetic field
tensor, and μ0 the vacuum permeability. This coupling leads
to oscillations of the fine-structure constant [3]:

αðtÞ ≈ α½1þ deφ0 cosðωtþ δÞ�; ð2Þ

with δ an unknown phase, and the dimensionless amplitude

φ0 ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πGℏ2

c6

s ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
mφ

; ð3Þ

where ρDM denotes the dark matter energy density and G
the gravitational constant.
Since the energy of atomic levels depends on the fine-

structure constant α, atomic transition frequencies can be
sensitive probes to changes of its value. In particular, a
sinusoidal oscillation of α due to a coupling of UBDM to
photons can lead to a magnified oscillation in the ratio of
two optical atomic frequencies ν1 and ν2 [12]

Δðν1=ν2Þ
ν1=ν2

¼ −kα
Δα
α

; ð4Þ

if the magnitude of their differential sensitivity kα to
changes of α is larger than 1.
In this Letter, we present a search for such sinusoidal

modulations in our measurements of two optical frequency
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ratios. The excited state of the 2S1=2ðF¼0Þ↔ 2F7=2ðF¼3Þ
electric-octupole (E3) transition in 171Ybþ features a single
hole in the otherwise filled 4f shell, while the ground state
is characterized by a single valence electron 4f146s1. The
proximity of the 4f shell to the nucleus of this heavy ion
yields an intuitive explanation for large relativistic con-
tributions to the E3 excited state energy. This makes optical
clocks based on the E3 transition the most sensitive to
variations of α presently in operation. We utilize this high
sensitivity by comparing the E3 transition frequency νE3 to
two other transition frequencies: The 2S1=2ðF ¼ 0Þ ↔
2D3=2ðF ¼ 2Þ electric-quadrupole (E2) transition frequency
νE2 of the same ion and the 1S0 ↔ 3P0 transition frequency
νSr in 87Sr. The sensitivity kα has been calculated as 6.95 for
νE3=νE2 and 6.01 for νE3=νSr [12]. The strong α dependence
in these frequency comparisons enables us to search for a
coupling de of UBDM to photons with high sensitivity.
The single-ion clock used for the measurements reported

here has previously been evaluated to a fractional un-
certainty of 2.7 × 10−18 on the E3 transition [13], and
33 × 10−18 on the E2 transition [14]. Measurements of the
optical frequency ratio νE3=νE2 have been performed at
PTB since 2016 [14]. The data reported previously were
predominantly obtained by comparing two single-ion
clocks, where one was realizing νE3 and the other one
νE2. Since autumn 2020, both frequencies have been
realized with the same apparatus via interleaved inter-
rogation, i.e., the single ion is probed on both transitions in
an alternating fashion. The E3 transition is interrogated
using Rabi-controlled hyper-Ramsey spectroscopy [15]
with a dark time of 500 ms, while we use standard Rabi
interrogation with 42 ms long pulses for the E2 transition,
because of its short 53 ms excited-state lifetime [16]. The
E2 transition frequency is averaged over three mutually
perpendicular directions of the applied magnetic field,
which suppresses tensorial shifts such as the quadrupole
shift [17]. While we use the first order Zeeman-insensitive
mF ¼ 0 → mF ¼ 0 transitions as the basis for both optical
clocks, we periodically probe the mF ¼ 0 → mF ¼ 2
component of the E2 transition to determine the magnetic
field strength for all three settings using the known linear
Zeeman coefficient of 8.388ð1Þ kHz=μT [18]. The result is
used to calculate a time-resolved correction for the second-
order Zeeman shift on the E2 mF ¼ 0 → mF ¼ 0 transi-
tion. Similarly, we calculate a dynamical correction of the
shift due to blackbody radiation based on measurements
with resistive temperature sensors. Since most other
parameters are kept constant during clock operation, the
reproducibility of νE2 is expected to be much smaller than
its uncertainty. The dynamic correction of the second-order
Zeeman shift leads to a reproducibility of < 1 × 10−18 for
this shift. Since the quadrupole shift in our system remains
constant over time at the 1 × 10−16 level, and we suppress
this shift by at least a factor of 100 with our averaging
scheme [19], we estimate the reproducibility of the

remaining quadrupole shift to 1 × 10−18. We estimate the
total fractional reproducibility of νE2 in our system as
4 × 10−18, a significant improvement over the previously
reported value of 16 × 10−18 [14]. A table with past and
present contributions to the reproducibility can be found in
the Supplemental Material [20].
In total, we evaluate about 235 days of measurement data

of the ratio νE3=νE2, which were accumulated over a period
of about 26 months, between MJD 59097 (September 5,
2020) and MJD 59900 (November 11, 2022). Combining
this new data with that in [14], we find a linear drift of
½1=ðνE3=νE2Þ�½dðνE3=νE2Þ=dt� ¼ −1.2ð1.8Þ × 10−18=yr in
our measurements of the frequency ratio νE3=νE2, corre-
sponding to a drift of the fine-structure constant of
ð1=αÞðdα=dtÞ ¼ 1.8ð2.5Þ × 10−19=yr. For a possible cou-
pling to the gravitational potential of the sun, Φ, the best fit
to all data gives ðc2=αÞðdα=dΦÞ ¼ −2.4ð3.0Þ × 10−9. Both
values are compatible with zero and improve the uncer-
tainty of the previous limits [14] by about a factor of 4.
The fractional instability of the νE3=νE2 measurements is

limited to 1.0 × 10−14=
ffiffiffiffiffiffiffiffi
τðsÞp

by the short interrogation
time and limited duty cycle of the E2 interrogation. In order
to overcome this limitation and investigate the full potential
of the clock operating on the E3 transition, we complement
the long-term measurements described above with a short
measurement campaign comparing the 171Ybþ E3 single-
ion clock to a 87Sr lattice clock in the spring of 2022. This
frequency ratio features a similar sensitivity to variations of
α, but improved measurement stability compared to our
measurements of νE3=νE2.
As described in [26,27], the laser of the strontium clock

is stabilized to the average frequency of the mF ¼ �9=2,
ΔmF ¼ 0 transitions in 87Sr, which is free of the linear
Zeeman shift. Rabi interrogation of typically 650 ms leads
to a clock instability of below 2 × 10−16=

ffiffiffiffiffiffiffiffi
τðsÞp

[27].
Unlike in previous publications, we used a new physics
package, Sr3, that features a vertically oriented optical
lattice to suppress tunneling between the lattice sites and an
in-vacuum radiation shield that ensures a highly homo-
geneous thermal environment. These and other improve-
ments, including state preparation by sideband cooling in
the lattice, lead to a systematic uncertainty of 3 × 10−18 of
the new apparatus. Further details will be given a sub-
sequent publication [28]. The measurement setup used for
the comparison is described in [29]. In total, we evaluate
about 343 h of measurement data of νE3=νSr taken over a
period of about 41 days.
The νE3=νSr measurement features a fractional instability

of 1.1 × 10−15=
ffiffiffiffiffiffiffiffi
τðsÞp

, limited by the quantum projection
noise of the single-ion clock. The instabilities of both
frequency ratio measurements as characterized by the Allan
deviation are shown in Fig. 1. Deviation from the expected
white noise behavior is visible for νE3=νSr for averaging
times above about 105 s. For the data analysis presented
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below, we model the noise in our measurements based on
the Allan deviation: For the measurements of νE3=νE2 we
assume pure white noise. For νE3=νSr, we additionally add
random walk noise (1=ω2 power spectrum) with an
amplitude of 9 × 10−18, reproducing the increase of the
Allan deviation we observe at long averaging intervals.
To search for a coupling of UBDM to photons, we look

for sinusoidal modulations of the form

Sω sinðωtÞ þ Cω cosðωtÞ ð5Þ

in our measurement data of both frequency ratios, follow-
ing closely the approach detailed in [4,5]. We are interested
in the oscillation amplitude Aω ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

S2ω þ C2
ω

p
for a range of

angular frequencies ω. To handle the gapped experimental
data, we first estimate the power at different frequencies
using the Lomb-Scargle formalism, a method for the
spectral analysis of unevenly sampled data [30,31]. This
approach is equivalent to fitting the model Eq. (5) explicitly
to the data for each frequency and constructing a periodo-
gram from the χ2 goodness of fit:

Pω ¼ 1

2
½χ20 − χ2ðωÞ�; ð6Þ

where χ20 is obtained from the non-varying reference model
(S≡ C≡ 0). Using the Lomb-Scargle formalism as imple-
mented in the astropy python package [32] instead of
standard fitting routines speeds up the computation sig-
nificantly. For evenly sampled data, the periodogram Pω

reduces to that obtained from a standard discrete Fourier
transform. We extract the modulation amplitude from the
periodogram via

Aω ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4Pω=N0

p
; ð7Þ

with N0 the number of datapoints. The highest frequency in
our analysis is 0.005 Hz, limited by the servo time of the
optical clocks: For shorter times the laser frequencies are
not yet fully determined by the atomic reference, and their
stabilization to the same ultrastable optical cavity leads to
common-mode rejection of signals. For a dataset where T is
the time between the beginning of the first measurement
and the end of the last measurement, the Lomb-Scargle
statistics are not valid for frequencies around 1=T and
below, i.e., when signals no longer complete a whole
oscillation cycle within the range of the data. In this case,
we can still constrain the oscillation amplitude using a
standard least-square fit of Eq. (5), additionally allowing a
constant offset for each frequency. Here, the limit on the
amplitude increases with 1=ω2, since being close to an
antinode of the oscillation cannot be excluded. We check
the agreement of both methods in a frequency range around
1=T and verify that our analysis reproduces the amplitudes
of known reference signals.
We set an upper bound at 95% confidence on the

oscillation amplitude at each frequency by assuming the
extracted amplitude is a real signal and generating 1000
datasets by adding a randomly generated offset to each
datapoint according to our respective noise model. The
randomwalk noise component is generated on a continuous
dataset first, which is then gapped in accordance with the
time stamps of our measurement. These datasets are then
evaluated as described above, and taking the 95th percentile
of the resulting distribution yields the upper 95% con-
fidence level [4–6]. In order to assess the statistical
significance of any peaks in our spectrum, we additionally
estimate a 5% detection threshold. When finding a peak
above this threshold, the probability of falsely assuming it
to be a real signal would be less than 5%. Our estimate of
this detection threshold is based on Monte Carlo (MC)
sampling of noise (see Supplemental Material [20]) and
converges with the analytic description in [30] for large
frequencies.
The results of this analysis for the νE3=νE2 measurement

data are presented in Fig. 2. Our 95% confidence levels
yield largely frequency-independent constraints on ampli-
tude modulations below 2 × 10−17 for frequencies > 1=T.
The results for the corresponding analysis of the νE3=νSr
data are shown in Fig. 3. The νE3=νSr data offer almost a
factor 3 stricter amplitude constraints than the νE3=νE2 data
for frequencies above the mid-10−6 Hz range. The visible
increase in the best-fit amplitudes for smaller frequencies is
explained by our noise model and corresponds to the
deviation from white noise visible in Fig. 1. For even
smaller frequencies < 1=T ≈ 3 × 10−7 Hz, we additionally
see the expected 1=ω2 scaling.
We find no amplitudes exceeding the respective detec-

tion threshold in either dataset and conclude that there is no
statistically significant sinusoidal modulation present in
either of our measurements. Thus, our data do not indicate

FIG. 1. Instability of both frequency ratio measurements as
characterized by the Allan deviation. The solid lines are fits to the
Allan deviation with the 1=

ffiffiffi
τ

p
scaling expected for white noise.
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an UBDM-photon coupling given the constraints of the
known measurement noise. In the following, we use the
extracted upper 95% confidence levels on sinusoidal
modulations in our measurements to derive limits on such
modulations of α and thus the coupling de of UBDM to
photons.
Assuming the field φ with mass mφ comprises all of the

dark matter, we can translate our limits on the amplitude Aω

of a sinusoidal modulation with frequency ω=2π in our data
to limits on the absolute value of the scalar coupling de by
combining Eqs. (2) to (4):

jdej ¼
ωAω

kα

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2

8πGρDM

s

; ð8Þ

with an ambient dark matter energy density of ρDM ≈ 6.4 ×
10−5 J=m3 ≈ 0.4 GeV=cm3 [1]. The limits deduced from
the 95% confidence levels shown in Figs. 2 and 3 are
depicted in the exclusion plot Fig. 4. We reproduce
previous limits in this mass range from the literature for
reference. The total time spanned by our measurements of
νE3=νE2 is T ≈ 2 years, while the shortest coherence time,
corresponding to the largest investigated mass mφ≈
2 × 10−17 eV, is about 6 years. Since T < τcoh, no correc-
tions due to finite coherence are necessary. We incorporate
the effect of stochastic fluctuations of the dark matter
amplitude by rescaling our limits with a factor of 3 as
suggested in [33]. This factor has also been applied to all
data shown in Fig. 4 that originally neglected stochastic
fluctuations.
Our constraints of jdej based on the measurements of

νE3=νSr are about a factor of 3 more stringent than those
based on νE3=νE2 for masses above 10−20 eV=c2. For
smaller masses, the long-term measurement of νE3=νE2
yields tighter limits. Our combined results yield more than

an order of magnitude improvement over previous bounds
for masses ranging from the mid-10−23 to the mid-
10−18 eV=c2 range.
We note that for masses below ≈10−22 eV=c2, corre-

sponding to a de Broglie wavelength the size of a small
galaxy, the assumption that the field of mass mφ makes up

FIG. 2. Amplitude spectrum of the νE3=νE2 measurement data
(dark red) with upper 95% confidence level (light pink) and 5%
detection threshold (gray) (see text for details).

FIG. 3. Amplitude spectrum of the νE3=νSr measurement data
(dark blue) with upper 95% confidence level (light blue) and 5%
detection threshold (gray) (see text for details).

FIG. 4. Exclusion plot for the coupling of ultralight bosonic
dark matter to photons. The new limits deduced from our
measurements of νE3=νE2 (νE3=νSr) are shown in light pink (light
blue) based on the 95% confidence levels in Fig. 2 (Fig. 3). Also
included are previous limits reproduced from the literature: Those
based on tests of the equivalence principle (EP test) [34,35], the
radiofrequency spectroscopy of different isotopes of dysprosium
(Dy=Dy) [4], the frequency comparison of microwave atomic
clocks with rubidium and cesium (Rb=Cs) [5], the comparison of
a strontium lattice clock and a silicon cavity (Sr=Si) [6], several
optical clock comparisons from the Boulder atomic clock optical
network (BACON) [7], as well as the comparison of an Yb lattice
clock with a Cs fountain (Yb=Cs) [10].
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all of the dark matter needs to be relaxed [1], which is not
considered in any of the depicted limits.
In summary, we substantially improve constraints on the

coupling of ultralight bosonic dark matter to photons
utilizing the high sensitivity of the 171Ybþ E3 transition
to variations of the fine-structure constant in two optical
clock comparisons. The method of interleaved interroga-
tion demonstrated in the E3=E2 frequency comparison is
applicable to any atom or ion species with more than one
clock transition and might help make future dark matter
searches robust and compact, for example, in a proposed
search close to the sun [36]. While the E3 transition offers
the highest sensitivity to α variations in currently opera-
tional optical clocks, a potential future nuclear optical clock
based on thorium [37,38], would offer much higher
sensitivity, and could potentially investigate a coupling
several orders of magnitude below the limits presented
here. Certain species of highly charged ions could also offer
improved sensitivity [39,40]. On the other hand, even with
the sensitivities employed in this work, improved searches
can be conducted, for example, with a yearslong frequency
comparison between a clock based on the E3 transition and
a highly stable partner clock that features a small sensitivity
to α variations. Additionally, improved stability of the clock
based on the E3 transition can be obtained by achieving
longer laser-ion coherence times and/or interrogating
multiple ions simultaneously. In terms of the investigated
mass range, applying the high α sensitivity of the E3
transition to larger dark matter masses around 10−16 eV=c2

and beyond is of interest. To achieve this without being
limited by the typical servo time constants in optical clocks,
dynamical decoupling sequences, which offer increased
sensitivity to variations at particular frequencies, could be
employed [6,41].
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