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Using gravitational-wave interferometers as particle
detectors to directly probe the existence of dark matter
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Ultralight bosonic particles, well motivated by new physics beyond the standard model, can play the
role of dark matter. These particles could interact directly with gravitational-wave detectors, and produce
signals that would look similar to, but still distinct from, continuous monochromatic gravitational-wave
signals, from e.g. asymmetrically rotating neutron stars or from depleting boson clouds around black holes.
Using the last few years of LIGO-Virgo data, interesting constraints have been placed on both the degree
of deformation on neutron stars, and possible boson/ black hole mass combinations. However, very little
analysis has been done regarding direct dark matter detection through its coupling with the LIGO-Virgo
interferometers. The use of the gravitational-wave antennas as dark matter laboratories is the beginning of a
great synergy between the high-energy and gravitational-wave communities, and is a unique probe of dark
matter physics.
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Motivation. Ultralight bosons are promising dark matter (DM) candidates. For example, the QCD axion
[1–4] naturally appears as a pseudo Nambu-Goldstone boson of a spontaneous global U(1) symmetry. The
dilaton, which naturally appears in extra dimension models, can also be light. Such scalar particles can be
produced in the early universe and play the role of DM [5–10], with possible masses that span many orders
of magnitudes [11]. The dark photon, a spin-1 particle, is also an strong candidate for dark matter, and could
arise from the misalignment mechanism [12–14], parametric resonance or the tachyonic instability of a
scalar field [15–18], or from cosmic string network decays [19]. Various experiments have been proposed to
test the existence of ultralight DM particles, e.g. [20, 21], based on different hypotheses of DM interactions
with standard model particles [22, 23]. However, in our case, a universal search strategy may be applied to
GW detector data and provide access to several ultralight DM models simultaneously.

The LIGO-Virgo-GEO-KAGRA antennas [24–27] are very sensitive to small changes in distance. If
ultralight particles compose DM, the detectors are embedded in the background of the DM field. Such a
field would couple in a specific way to the interferometer components, causing a periodic movement [28]
or length variation [29] of the mirrors. The de Broglie wavelength of the ultralight DM particles is typically
much larger than the detector separation [30], meaning that all mirrors should experience almost the same
force or variation, which leads to correlated signals among detectors. Additionally, because the mass of the
particle is fixed, the signal is monochromatic, up to small variations related to the virial velocity of dark
matter, which allows continuous gravitational-wave (CW) techniques to be readily applied.

The modeling of the ultralight dark matter background is straightforward [30]. Assuming a small mass
and the local DM energy density, i.e. ∼ 0.4 GeV/cm3, a significant number of DM particle wavefunctions,
approximately plane waves, overlap. The DM background is therefore described by a superposition of these
plane waves, each with its own velocity that is governed by a Maxwell-Boltzmann distribution, with a peak
at the virial velocity, v0/c = O(10−3). Thus the broadening of the frequency is of O(10−6), even smaller
than the Doppler shift considered in CW searches caused by the source’s and earth’s relative motion [31].

Different species of DM may couple differently to the standard-model sector and thus affect the inter-
ferometer components in unique ways. For example, dilaton-like scalar DM may induce apparent oscilla-
tions in the fundamental constants, such as the electromagnetic fine-structure constant α or the electron’s
mass [10, 32, 33]. Such non-gravitational interactions can affect the differential optical path length in a
laser interferometer due to oscillations in the sizes of freely-suspended interferometer components, most
importantly the beam-splitter and mirrors [29], via oscillating changes in the atomic Bohr radius [32, 34].
Meanwhile, dark photon DM may couple directly to the baryons in the mirrors of the interferometer cavities
themselves, which causes the mirrors at different locations to feel slightly different forces [28,35]. Also, ax-
ions may cause modulations in circular polarized photons’ velocities, leading to a differential strain [36,37].
Other interesting ideas to detect different kinds of dark matter with GW detectors exist as well [38–41].

Methods and searches Recently there has been a growing interest in developing or adapting methods to
probe the existence of dark matter directly with the advanced gravitational-wave (GW) detector network.
One example is the adaption of a cross-correlation technique [28] that has been historically used to search
for stochastic GW backgrounds and CW signals. Figure 1a shows the potential of using LIGO-Virgo and
LISA at their design sensitivities to deduce the coupling ε2 of dark photons to baryons at the 2σ exclusion
limit and 5σ discovery potential. The bounds that GW detectors can set are competitive with those from
existing experiments, and do not require any modifications to the detector hardware.

Given the potential to see dark photons with GW detectors, the first search ever was performed using
the cross-correlation technique on data from LIGO’s first observing run for dark photons [42], resulting in
interesting constraints on dark photon/baryon coupling. This search was computationally cheap, meaning
that statements about particle physics can be made with very little investment in additional resources.
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(a) Dark photon possible constraints
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(b) Potential sensitivity to scalar-field dark matter

Figure 1: (Fig. 1 in [28] and Fig. 3(d) in [29].) The plots show the potential sensitivities to the underlying
interaction parameters, as functions of the dark matter particle mass, for the vector (left plot) and scalar
(right plot) cases, On the left, the curves corresponding to 2σ exclusion limits and the 5σ discovery potential
are shown for LIGO and LISA for the dark photon coupling to the baryons in the mirrors for an observation
time of two years. On the right, the projected sensitivities of LIGO, GEO600 and the Fermilab holometer to
the scalar interaction with the electron are presented for three years of observation time.

In addition to a cross-correlation based search, the adaption of a semi-coherent technique used for an
all-sky search for boson clouds around black holes [43] is in development to search for dark photons. The
method relies on creating a collection of Fast Fourier Transform (FFT) databases assuming some frequency
wandering in the signal expected from a boson cloud. Depending on how large this wandering is assumed
to be, the maximum FFT duration changes. In the case of dark photons, the maximum FFT is a function
of the virial velocity and the particle mass. Moreover, the CW follow-up techniques, the ways in which we
confirm or rule out possible candidate signals, can be applied in the case of dark photon searches, but need
to be done in slightly different ways, tuned to the specific signal morphology.

Though no searches for scalar DM using laser-interferometric GW detectors have yet been published (an
analysis of GEO 600 data for this purpose is currently ongoing), it is possible to estimate their sensitivities
to oscillations in the fundamental constants. Figure 1b shows the projected sensitivities of the existing
LIGO and GEO600 interferometers, as well as the smaller-scale Fermilab holometer, to the interaction of
scalar DM with the electron (analogous plots for the interactions of scalar DM with the electromagnetic field
and nucleons are presented in [29]). Curves for modified versions of these interferometers are also shown
with dashed lines (the thinner dashed lines further assume cross-correlated measurements). It is clear that,
even without any modifications, existing detectors, especially GEO600, can probe a sizeable portion of the
parameter space that is currently inaccessible to other experiments (the shaded grey region denotes existing
constraints from different types of experiments, principally searches for equivalence-principle-violating fifth
forces) and is physically relevant (the pale green region represents the parameter space that is technically
natural for a new-physics cutoff scale of Λ ∼ 10 TeV).

Conclusions GW detectors can be powerful probes of particle physics, without any kind of hardware
modifications. Methods already developed for GW searches can be readily adapted to dark matter searches,
at low or extremely low computational cost. What changes is the interpretation of results, and how we verify
or falsify possible dark matter candidates. Though only one search has been performed for dark matter using
LIGO data so far, the synergy between particle and GW physics is growing quickly, and in the future, will
allow us to probe interesting portions of the parameter space that have been traditionally inaccessible to
particle physics experiments, without needing complex interaction models.
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B Beltrán, H Bräuninger, et al. First results from the cern axion solar telescope. Physical review letters,
94(12):121301, 2005.

[22] Jihn E. Kim and Gianpaolo Carosi. Axions and the Strong CP Problem. Rev. Mod. Phys., 82:557–602,
2010.

[23] Georg G. Raffelt. Astrophysical Axion Bounds. Lect. Notes Phys., 741:51–71, Nov 2006.

[24] J. Aasi et al. Advanced LIGO. Classical and Quantum Gravity, 32:074001, 2015.

[25] F. Acernese et al. Advanced Virgo: a second-generation interferometric gravitational wave detector.
Classical and Quantum Gravity, 32(2):024001, 2015.

[26] Harald Luck et al. The upgrade of GEO600. J. Phys. Conf. Ser., 228:012012, 2010.

[27] Yoichi Aso, Yuta Michimura, Kentaro Somiya, Masaki Ando, Osamu Miyakawa, Takanori Sekiguchi,
Daisuke Tatsumi, and Hiroaki Yamamoto. Interferometer design of the KAGRA gravitational wave
detector. Phys. Rev. D, 88:043007, Aug 2013.

[28] Aaron Pierce, Keith Riles, and Yue Zhao. Searching for dark photon dark matter with gravitational-
wave detectors. Phys. Rev. Lett., 121:061102, Aug 2018.

[29] Hartmut Grote and Yevgeny Stadnik. Novel signatures of dark matter in laser-interferometric
gravitational-wave detectors. Physical Review Research, 1(3):033187, 2019.

[30] Daniel Carney, Anson Hook, Zhen Liu, Jacob M Taylor, and Yue Zhao. Ultralight dark matter detection
with mechanical quantum sensors. arXiv preprint arXiv:1908.04797, 2019.

[31] K. Riles. Recent searches for continuous gravitational waves. Mod. Phys. Lett. A, 32(39):1730035,
Dec 2017.

[32] Yevgeny Stadnik and Victor Flambaum. Searching for Dark Matter and Variation of Fundamental
Constants with Laser and Maser Interferometry. Physical Review Letters, 114:161301, 2015.

[33] Yevgeny Stadnik and Victor Flambaum. Can Dark Matter Induce Cosmological Evolution of the
Fundamental Constants of Nature? Physical Review Letters, 115:201301, 2015.

[34] Yevgeny Stadnik and Victor Flambaum. Enhanced effects of variation of the fundamental constants in
laser interferometers and application to dark-matter detection. Physical Review A, 93:063630, 2016.

[35] Yuta Michimura, Tomohiro Fujita, Soichiro Morisaki, Hiromasa Nakatsuka, and Ippei Obata. Ultra-
light vector dark matter search with auxiliary length channels of gravitational wave detectors. arXiv
preprint arXiv:2008.02482, 2020.

5



[36] Koji Nagano, Tomohiro Fujita, Yuta Michimura, and Ippei Obata. Axion dark matter search with
interferometric gravitational wave detectors. Physical Review Letters, 123(11):111301, 2019.

[37] Denis Martynov and Haixing Miao. Quantum-enhanced interferometry for axion searches. Phys. Rev.
D, 101:095034, May 2020.

[38] Evan D. Hall, Rana X. Adhikari, Valery V. Frolov, Holger Müller, and Maxim Pospelov. Laser inter-
ferometers as dark matter detectors. Phys. Rev. D, 98:083019, Oct 2018.

[39] Akio Kawasaki. Search for kilogram-scale dark matter with precision displacement sensors. Phys.
Rev. D, 99:023005, Jan 2019.

[40] Soichiro Morisaki and Teruaki Suyama. Detectability of ultralight scalar field dark matter with
gravitational-wave detectors. Phys. Rev. D, 100:123512, Dec 2019.

[41] Satoshi Tsuchida, Nobuyuki Kanda, Yousuke Itoh, and Masaki Mori. Dark matter signals on a laser
interferometer. Phys. Rev. D, 101:023005, Jan 2020.

[42] Huai-Ke Guo, Keith Riles, Feng-Wei Yang, and Yue Zhao. Searching for dark photon dark matter in
ligo o1 data. Communications Physics, 2(1):1–7, 2019.

[43] S. D’Antonio, C. Palomba, P. Astone, S. Frasca, G. Intini, I. La Rosa, P. Leaci, S. Mastrogiovanni,
A. Miller, F. Muciaccia, O. J. Piccinni, and A. Singhal. Semicoherent analysis method to search for
continuous gravitational waves emitted by ultralight boson clouds around spinning black holes. Phys.
Rev. D, 98:103017, Nov 2018.

Authors:
Pia Astone (Rome INFN) [pia.astone@roma1.infn.it],
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Antoine Depasse (Université Catholique de Louvain) [antoine.depasse@uclouvain.be],
Archisman Ghosh (Ghent University) [archisman.ghosh@ugent.be],
Hartmut Grote (Cardiff University) [hartmut.grote@astro.cf.ac.uk],
Huaike Guo (University of Oklahoma) [ghk@ou.edu],
Tomohiro Fujita (ICRR, University of Tokyo) [tfujita@icrr.u-tokyo.ac.jp],
Paola Leaci (Sapienza University and Rome INFN) [paola.leaci@roma1.infn.it],
Alberto Mariotti (Vrije Universiteit Brussel) [alberto.mariotti@vub.be]
Mario Martinez-Perez (High Energy Physics Institute, IFAE-Barcelona)[mmp@ifae.es],
Yuta Michimura (University of Tokyo) [michimura@phys.s.u-tokyo.ac.jp],
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