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We report on a search for compact binary coalescences where at least one binary component has a mass
between 0.2 M⊙ and 1.0 M⊙ in Advanced LIGO and Advanced Virgo data collected between 1 April 2019
1500 UTC and 1 October 2019 1500 UTC. We extend our previous analyses in two main ways: we include
data from the Virgo detector and we allow for more unequal mass systems, with mass ratio q ≥ 0.1. We do
not report any gravitational-wave candidates. The most significant trigger has a false alarm rate of
0.14 yr−1. This implies an upper limit on the merger rate of subsolar binaries in the range
½220 − 24200� Gpc−3 yr−1, depending on the chirp mass of the binary. We use this upper limit to derive
astrophysical constraints on two phenomenological models that could produce subsolar-mass compact
objects. One is an isotropic distribution of equal-mass primordial black holes. Using this model, we find
that the fraction of dark matter in primordial black holes in the mass range 0.2 M⊙ < mPBH < 1.0 M⊙ is
fPBH ≡ ΩPBH=ΩDM ≲ 6%. This improves existing constraints on primordial black hole abundance by a
factor of ∼3. The other is a dissipative dark matter model, in which fermionic dark matter can collapse and
form black holes. The upper limit on the fraction of dark matter black holes depends on the minimum mass
of the black holes that can be formed: the most constraining result is obtained at Mmin ¼ 1 M⊙, where
fDBH ≡ ΩDBH=ΩDM ≲ 0.003%. These are the first constraints placed on dissipative dark models by
subsolar-mass analyses.
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Introduction.—The first detection of gravitational waves
from a binary black hole (BBH) merger in 2015 [1] has
given us a new way to study the Universe. Since then,
dozens of gravitational waves (GWs) have been detected in
Advanced LIGO [2] and Advanced Virgo [3] data. The
LIGO Scientific, Virgo, and KAGRA Collaboration (LVK)
have reported the discovery of GWs from approximately
fifty BBHs, binary neutron stars (BNSs), or neutron star
black hole mergers [4–6]. Further analyses on public data
[7,8] have resulted in the discovery of other compact
binaries [9–13]. The gravitational-wave sources presented
in [4,5] are already being used to answer key questions
including cosmological measurements [14–18], analyses of
the mass and spin distribution of compact objects, their
formation channels [19–28], and tests of general relativity
[29–31]
The black holes detected with gravitational waves can

have masses larger than those discovered in x-ray binaries
[32–35]. Several GW sources have challenged our under-
standing of astrophysics and stellar evolution [36–44]. One
such source is GW190521 [37,38], a system whose most
massive black hole might have a mass in the pair instability
mass gap [38,45–47] (but see, e.g., Refs. [48–53]). With a
mass of ∼142 M⊙, the merger product of GW190521 was

likely an intermediate mass black hole [38,54]. At the other
end of the mass spectrum, the lightest object in GW190814,
a ∼2.6 M⊙ compact object, was either the heaviest neutron
star or the lightest black hole ever discovered [39,55–58].
There are no widely accepted astrophysical channels that

predict the formation of subsolar-mass (SSM) objects
significantly more compact than white dwarfs. Since the
end point of stellar evolution of massive stars is either a
neutron star or a supersolar-mass black hole, the existence
of a compact object below 1 M⊙ would be indicative of a
new formation mechanism, and potentially of new physics.
One possible scenario for the formation of SSM black

holes is the collapse of overdensities in the early Universe,
resulting in primordial black holes (PBHs) [59–62]. The
amplitude of primordial fluctuations on very small scales
[63,64], together with the equation of state of the early
Universe [65,66], determines the mass and abundance of
these objects [67,68]. In particular, their masses might be in
the range probed by ground-based detectors [64,69,70], and
so the mass spectrum is constrained by gravitational-wave
data [71–78]. Alternatively, if dark matter has a sufficiently
complex particle composition, which allows for chemistry
and dissipation, small compact objects could form through
the cooling and gravitational collapse of dark matter halos
[79–81]. If dark matter is sufficiently dissipative, compact
objects would form through pathways similar to known*Full author list given at the end of the article.

PHYSICAL REVIEW LETTERS 129, 061104 (2022)

0031-9007=22=129(6)=061104(16) 061104-1 © 2022 American Physical Society

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.129.061104&domain=pdf&date_stamp=2022-08-05
https://doi.org/10.1103/PhysRevLett.129.061104
https://doi.org/10.1103/PhysRevLett.129.061104
https://doi.org/10.1103/PhysRevLett.129.061104
https://doi.org/10.1103/PhysRevLett.129.061104


astrophysical channels, with details dependent on the
interactions specific to the dark sector. Dissipative dark
matter models that produce black holes in the subsolar to
supersolar range were recently constrained in [82] by
analyzing LVK data. Another possibility is that ultralight
bosonic fields clump together to form self-gravitating,
horizonless compact objects, known as boson stars [83–
85]. Their maximum mass depends on the mass of the
bosonic particle, hence they might be subsolar if the latter is
larger than 10−10 eV=c2 [86,87]. Finally, some dark matter
models predict the formation of ∼1 M⊙ black holes
through the accumulation of dark matter particles in
neutron star cores [88–94]. Black holes formed via this
class of mechanisms would have masses comparable to or
smaller than the mass of the neutron star.
Searches for compact binaries with at least one SSM

component have been carried out in both Initial LIGO
[95–97] and Advanced LIGO and Advanced Virgo data
[98,99]. Advanced LIGO and Advanced Virgo data have
more recently been analyzed in [100–102] for systems with
lower mass ratios and higher eccentricities than those
considered by the LVK. No detections were reported. In
this Letter, we report the results of searches for SSM
compact binaries in the first half of Advanced LIGO and
Advanced Virgo’s third observing run (this is the first half
of the third science run, henceforth O3a). While no sources
are detected, we obtain limits on the abundance of mono-
chromatic PBHs and black holes formed by dissipative
fermionic dark matter.
Search.—The data used for this Letter were collected

during O3a by the Advanced LIGO and Advanced Virgo
interferometers between 1 April 2019 1500 UTC
and 1 October 2019 1500 UTC. The data characterization
and calibration were performed as described in
Refs. [5,103–105] with the addition of a nonlinear removal
of spectral lines [106,107].
We present results from three matched-filter based

pipelines: GstLAL [108–110], MBTA [111], and PyCBC
[112–117]. These analyses correlate the data with a
bank of templates that model the gravitational-wave
signals expected from binaries in quasicircular orbit. The
bank is designed to recover binaries with (redshifted)
primary mass m1 ∈ ½0.2; 10� M⊙ and secondary mass
m2 ∈ ½0.2; 1.0� M⊙. The lower mass bound is set for
consistency with previous searches [98,99] and to limit
the computational cost of the search. We additionally limit
the binary mass ratio, q≡m2=m1, to range from
0.1 < q < 1.0. We include the effect of spins aligned with
the orbital angular momentum in the gravitational wave-
form used in the template bank [118]. When a binary
component mi has a mass mi ≥ 0.5 M⊙, we allow for a
dimensionless component spin up to 0.9. For compact
objects with mi < 0.5 M⊙, we limit the maximum dimen-
sionless spin to 0.1. We chose to restrict the possible spin
magnitude in the low-mass part of the template bank, and

not to allow for spin precession in order to reduce the
computational cost. All three searches use the same
template bank, constructed using a geometric placement
algorithm [119] with a minimum match [120] of 0.97. This
ensures that no more than 10% of astrophysical signals can
be missed due to the discrete template placement. We use
the TaylorF2 waveform [121–131], including phase
terms up to 3.5 post-Newtonian order, but no amplitude
corrections.
This search covers a larger mass and spin range than the

last LVK analysis for SSM objects [99]. As a result, we
require approximately twice as many template waveforms
to effectively cover the search parameter space. To reduce
the computational cost of the search, we analyze the data
from 45 Hz instead of 15 Hz (as in the searches described in
[5]). We estimate that this restricted bandwidth results in a
maximum loss of signal-to-noise ratio of 9%, relative to
what would be obtained filtering from 15 Hz. In turn, this
results in a maximum reduction of the surveyed volume
of 24%.
The three pipelines used in this Letter are described in

more detail in Refs. [5,107]. Here, we only highlight
differences in the way each pipeline has been run for this
analysis, as compared to Refs. [5,107].

GstLAL’s [108–110] detection statistic is unchanged
relative to Ref. [5]. GstLAL reweighs waveforms in the
template bank according to the characteristics of the
expected population [132]. However, because SSM pop-
ulations are yet to be observed we use a population model
uniform in template density for this search. GstLAL uses a
similar procedure to the one it employed in Ref. [39] and
includes all events from the analyzed period in the noise
background to provide a conservative false-alarm-rate
estimate. As in previous SSM searches [98,99] we do
not use a gating scheme to account for loud noise artifacts
[108]; instead we rely on statistical data quality information
from the iDQ algorithm [133,134].
The MBTA pipeline splits the matched filtering in two

different frequency bands in order to reduce the computa-
tional cost [135,136]. The setup of the search is unchanged
with respect to Ref. [111] with two exceptions in order to
adapt to the extended duration of low mass binaries: we use
longer stretches of data to perform fast Fourier transforms
(FFTs) and to calculate the noise power spectral density
(PSD). For the FFT, we use from seconds to hundreds of
seconds of data, while the PSD update time is up to 2 times
longer than for standard BNS searches, depending on the
frequency region under consideration.
The PyCBC pipeline [112,114–117,137] is unchanged

relative to the configuration described in Ref. [107].
However, the sine-Gaussian veto described in Ref. [138]
is not used, due to the low total mass of the template bank.
Results.—No gravitational-wave candidates were iden-

tified by any of the search pipelines. The most significant
candidate has a false-alarm rate of 0.14 yr−1. The lack of
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detections can be recast as an upper limit on the merger rate
of compact binaries. First, we estimate the sensitivity of
each search pipeline for binaries in a given population. This
can be done by computing the surveyed time volume:

hVTi ¼ T
Z

dz
dV

ð1þ zÞdz ϵðzÞ; ð1Þ

where T is the analyzed time and ϵðzÞ is the efficiency. The
efficiency represents the fraction of astrophysical sources in
the population which are detectable at a redshift z. The
efficiency can be written as the probability that a binary
with parameters θ⃗ is detectable (a quantity often referred to
as pdetðθ⃗Þ in the literature, e.g., Ref. [19]) integrated over
the distribution of all parameters but the redshift. Therefore,
in order to calculate Eq. (1) we need to assume a model for
the mass distribution, spin distribution, sky positions, and
orbital orientations [139–141]. Since we are only sensitive
to nearby (z≲ 0.12) sources we treat the merger rate as
constant.
Each pipeline estimates its sensitivity by simulating

gravitational-wave signals from a population of SSM
compact binaries and adding them into the collected data.
We simulate a population with a uniform distribution of
source masses in the range 0.2 M⊙ < m1 < 10.0 M⊙ and
0.2 M⊙ < m2 < 1.0 M⊙. We make an additional detector
frame mass cut m1 < 10 M⊙ (m2 < 1 M⊙) due to the
template bank coverage. We reject binaries with mass ratios
exceeding the 0.1 < q < 1.0 bounds of our search. The
dimensionless spins are again assumed to be oriented in the
direction of the angular momentum for computational
reasons. The spin magnitude is uniform in the range
−0.1 < χk < 0.1 (−0.9 < χk < 0.9) when mk < 0.5 M⊙
(mk > 0.5 M⊙). The sources are uniform in comoving
volume, isotropically distributed on the sphere, and
randomly oriented. We use the Planck “TT;TE;EEþ
lowPþ lensingþ ext” cosmology [142].
Since the search sensitivity is primarily a function of

chirp mass, M≡ ðm1m2Þ3=5=ðm1 þm2Þ1=5 [143], we
break this population into nine equally spaced chirp mass
bins in the range 0.17 M⊙ < M < 2.39 M⊙ to determine
hVTiðMÞ.
Treating each chirp mass bin as a different population,

labeled by an index i, we can use the surveyed time-volume
[144] hVTii for each chirp mass bin to estimate a
frequentist upper limit (90% confidence interval) on the
merger rate of that population by using the loudest event
statistic [98,99,145]:

R90;i ¼
2.3

hVTii
: ð2Þ

This is shown in Fig. 1 for the three pipelines. Although
the pipelines generally agree, differences in background
estimation and ranking statistics can lead to hVTi

measurements that agree to within Oð30%Þ. In what
follows, we use the MBTA results as our fiducial rate
constraint. Instrumental calibration errors were at most
∼3% in amplitude in the bandwidth relevant for our
analysis, and usually much smaller [103]. At most, they
could contribute a ∼10% uncertainty in our hVTii meas-
urement. We follow [19,107] and neglect their impact in the
remainder of this work.
Modeling dark matter constraints.—For any astrophysi-

cal model that could generate SSM binaries, the merger rate
upper limits can be used to set constraints on the model
parameters. Here, we focus on two such models: formation
of PBHs catalyzed by three-body interactions [146], and
dark-matter black holes formed by late-time gravitational
collapse of dark matter substructure [80].
We use a phenomenological model for PBHs, rather than

a first-principles model derived from an inflationary poten-
tial (see, for example, [147,148] for work connecting PBH
distributions to inflationary models). Following [146] we
assume PBHs produced at a single mass, and randomly
distributed in space (see Supplemental Material [149]
for details). This model predicts a merger rate given the
mass of the PBHs in the binary and the abundance of PBHs,
parametrized as a fraction of the dark matter density,
fPBH ≡ ΩPBH=ΩDM. By using the merger rate upper limits
derived above, we can thus obtain an upper limit on fPBH as
a function of the component mass of the black holes in the
binary [146]. This is shown in Fig. 2.
In this analysis, it is assumed that the two objects in the

binary have the same mass. Because the detectors’ sensi-
tivity depends more strongly on the chirp mass than on the
mass ratio, for this analysis we assume that the rate upper
limits we presented above (which included unequal mass
binaries) can be used to assess the rate of equal mass

FIG. 1. Upper limit on the merger rate of binaries with at least
one SSM component as a function of source frame chirp mass.
The dotted, dashed, and solid lines represent the 90% confidence
limits obtained by GstLAL, MBTA, and PyCBC, respectively.
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binaries:R90ðM; q ¼ 1Þ ≈R90ðMÞ. Under these assump-
tions, we find fPBH ≲ 6% for PBHs in equal-mass binaries
with component objects in the range ½0.2 − 1.0� M⊙. The
method of Ref. [161] may be used to interpret these
constraints on generic PBH mass functions. Recent work
[162–164] has shown that there are a number of mecha-
nisms that can alter and suppress the PBH merger rate from
that derived in Ref. [146] and used here; these include
binary disruption from other close PBHs, clusters of black
holes, and matter inhomogeneities [165]. Suppression of
the theoretical merger rate leads to looser constraints on the
allowable fraction of the dark matter contained in PBHs.
Next, we consider a dissipative dark-matter model which

consists of two fermions, oppositely charged under a dark
version of electromagnetism, together with a massless dark
photon. The dark matter can form bound states analogous
to atomic and molecular hydrogen, and dissipate energy by
radiative processes including Bremsstrahlung, recombina-
tion, and collisional excitation [166]. In dense regions,
some dark matter gas can cool efficiently enough for
gravitational collapse to proceed, eventually forming black
holes [80]. In contrast to the PBH case, here we assume a
power-law distribution for the black hole masses, with an
unknown low-mass cutoff. We calculate an upper limit on

the fraction of the dissipative dark matter that ends up in
black holes (fDBH ≡ΩDBH=ΩDM) as a function of the low-
mass cutoff for the dark matter black holes, marginalized
over all other parameters of the model (e.g., the slope of the
dark matter black hole mass function). More details on
the model are given in Supplemental Material [149], and
the marginalization procedures are discussed in depth in
[82]. In Fig. 3, we show our constraints. The lowest upper
limit is found atMmin ¼ 1 M⊙, where fDBH ≲ 0.003%. No
meaningful constraints can be set forMmin ≲ 2 × 10−2 M⊙
since below that mass none of the black holes in the
population would be detectable with the current sensitivity,
hence a nondetection does not yield any constraint.
Conclusions and outlook.—Gravitational waves from

compact object mergers provide a unique probe of dark
matter structures on the smallest scales. Here, we have
considered two possible dark matter candidates: PBHs and
fermionic dark matter particles that can dissipate and form
dark matter black holes. Both of these formation mecha-
nisms can potentially produce both subsolar and supersolar
mass black holes. We have focused on the SSM regime,
which cannot be populated with black holes by any known
astrophysical channel.
We have used three different algorithms to search the

data from O3a for compact binaries in which at least one of
the component objects had a mass between ½0.2 − 1.0� M⊙.
We have found no candidates, and obtained upper limits
on the merger rate of SSM black holes in the range
½220 − 24200� Gpc−3 yr−1. The upper limit is dependent
on the chirp mass of the source and shown in Fig. 1. These
upper limits can be recast into limits on the physical
parameters of SSM black holes populations.

FIG. 2. Constraints on the fraction of dark matter in PBHs. The
horizontal axis shows the source frame mass of the black hole in
each model; for LVK results this is the component mass for each
object in the binary. Each constraint shown carries a model
dependency. Shown (pink) are the LVK results from O1 [98], O2
[99], and O3a (this work); (orange) microlensing constraints from
MACHO [155], EROS [156], and OGLE [157]; (green) dynami-
cal constraints from observations of Segue I [158] and Eridanus II
[159] dwarf galaxies; (blue) supernova lensing constraints from
the Joint Light-curve Analysis and Union 2.1 datasets [160]. LVK
results use the Planck “TT;TE;EEþ lowPþ lensingþ ext”
cosmology [142].

FIG. 3. Constraints on the fraction of dark matter fDBH in black
holes formed from cooling of dissipative dark matter and their
minimum possible source frame mass Mmin.
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By considering a phenomenological model for SSM
PBHs in which the compact objects are all formed with the
same mass, we have obtained a limit on the abundance of
these black holes as a function of their mass at formation:
fPBH ≲ 6% in the mass range, as seen in Fig. 2. This
significantly improves microlensing and supernova lens-
ing constraints in the same mass region as well as our
previous constraints from Ref. [99], though we note that
there are uncertain mechanisms that can reduce the
expected PBH merger rate and raise the allowed value
of fPBH [162,163,165]. Our work focuses on a small slice
of the mass spectrum; we refer the reader to [167] for
constraints on this model across the full parameter space.
We have also considered a model for fermionic dissipative
dark matter, parametrized by the abundance of the
black holes it produces, and by their minimum mass.
The most stringent limit is obtained at Mmin ¼ 1 M⊙ for
which fDBH ≲ 0.003%, as shown in Fig. 3. The constraint
on the minimum mass can be interpreted in two ways.
The most straightforward is as a constraint on the
Chandrasekhar limit of the fermionic particle progenitors
of dark matter black holes [80], which constrains the
mass of a dark fermion analogous to the proton to be
in the range 0.66–8.8 GeV=c2. Additionally, the minimum
mass of black holes formed when the dark matter gas
cools and fragments depends on the coldest temperature
the gas can reach, that is, on the dark matter chemistry.
For the model we considered, this temperature is set
by the energy difference of the lowest energy mole-
cular radiative transition. Therefore, a constraint on the
minimum mass of any dark black holes also implies
a constraint on the dark molecular energy spacing,
although the precise relationship depends on astrophysical
modeling.
In the coming years, the sensitivity of Advanced LIGO

and Advanced Virgo will continue to improve [168], and
the global network of detectors is expected to grow with the
addition of KAGRA [169] and LIGO-Aundha [170]. These
advances will allow for more stringent limits in the near
future [171], or even the detection of a SSM compact
object.
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Note added.—Recently, Ref. [172] reported results on a
search for binaries with no spin and component masses
m1 ∈ ð0.1 M⊙; 7.0 M⊙Þ, m2 ∈ ð0.1 M⊙; 1.0 M⊙Þ in O3a
data. That search also reported no detections.
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W. Katzman,6 T. Kaur,70 K. Kawabe,51 F. Kéfélian,79 D. Keitel,122 J. S. Key,174 S. Khadka,57 F. Y. Khalili,74 S. Khan,17

E. A. Khazanov,175 N. Khetan,25,85 M. Khursheed,71 N. Kijbunchoo,8 C. Kim,176 J. C. Kim,177 K. Kim,178 W. S. Kim,179

Y.-M. Kim,180 C. Kimball,15 M. Kinley-Hanlon,53 R. Kirchhoff,9,10 J. S. Kissel,51 L. Kleybolte,108 S. Klimenko,56

A. M. Knee,156 T. D. Knowles,141 E. Knyazev,54 P. Koch,9,10 G. Koekoek,40,132 S. Koley,25 P. Kolitsidou,17 M. Kolstein,173

K. Komori,54 V. Kondrashov,1 A. Kontos,181 N. Koper,9,10 M. Korobko,108 M. Kovalam,70 D. B. Kozak,1 V. Kringel,9,10

N. V. Krishnendu,9,10 A. Królak,182,183 G. Kuehn,9,10 F. Kuei,110 P. Kuijer,40 A. Kumar,167 P. Kumar,155 Rahul Kumar,51

Rakesh Kumar,64 K. Kuns,54 S. Kuwahara,99 P. Lagabbe,24 D. Laghi,58,18 E. Lalande,184 T. L. Lam,93 A. Lamberts,79,185

M. Landry,51 B. B. Lane,54 R. N. Lang,54 J. Lange,146 B. Lantz,57 I. La Rosa,24 A. Lartaux-Vollard,32 P. D. Lasky,5

M. Laxen,6 A. Lazzarini,1 C. Lazzaro,61,62 P. Leaci,82,38 S. Leavey,9,10 Y. K. Lecoeuche,156 H. M. Lee,115 H.W. Lee,177

J. Lee,115 K. Lee,186 J. Lehmann,9,10 A. Lemaître,187 N. Leroy,32 N. Letendre,24 C. Levesque,184 Y. Levin,5 J. N. Leviton,160

K. Leyde,30 A. K. Y. Li,1 B. Li,110 J. Li,15 T. G. F. Li,93 X. Li,112 F. Linde,188,40 S. D. Linker,68 J. N. Linley,53

T. B. Littenberg,189 J. Liu,9,10 K. Liu,110 X. Liu,7 F. Llamas,128 M. Llorens-Monteagudo,107 R. K. L. Lo,1 A. Lockwood,190

PHYSICAL REVIEW LETTERS 129, 061104 (2022)

061104-10



L. T. London,54 A. Longo,191,192 D. Lopez,138 M. Lopez Portilla,98 M. Lorenzini,103,104 V. Loriette,193 M. Lormand,6

G. Losurdo,18 T. P. Lott,91 J. D. Lough,9,10 C. O. Lousto,109 G. Lovelace,31 J. F. Lucaccioni,152 H. Lück,9,10 D. Lumaca,103,104

A. P. Lundgren,133 J. E. Lynam,43 R. Macas,133 M. MacInnis,54 D. M. Macleod,17 I. A. O. MacMillan,1 A. Macquet,79

I. Magaña Hernandez,7 C. Magazzù,18 R. M. Magee,1 R. Maggiore,14 M. Magnozzi,69,97 S. Mahesh,141 E. Majorana,82,38

C. Makarem,1 I. Maksimovic,193 S. Maliakal,1 A. Malik,71 N. Man,79 V. Mandic,47 V. Mangano,82,38 J. L. Mango,194

G. L. Mansell,51,54 M. Manske,7 M. Mantovani,33 M. Mapelli,61,62 F. Marchesoni,195,59,196 F. Marion,24 Z. Mark,112

S. Márka,35 Z. Márka,35 C. Markakis,12 A. S. Markosyan,57 A. Markowitz,1 E. Maros,1 A. Marquina,124 S. Marsat,30

F. Martelli,36,37 I. W. Martin,53 R. M. Martin,142 M. Martinez,173 V. A. Martinez,56 V. Martinez,22 K. Martinovic,41

D. V. Martynov,14 E. J. Marx,54 H. Masalehdan,108 K. Mason,54 E. Massera,134 A. Masserot,24 T. J. Massinger,54

M. Masso-Reid,53 S. Mastrogiovanni,30 A. Matas,89 M. Mateu-Lucena,122 F. Matichard,1,54 M. Matiushechkina,9,10

N. Mavalvala,54 J. J. McCann,70 R. McCarthy,51 D. E. McClelland,8 P. K. McClincy,126 S. McCormick,6 L. McCuller,54

G. I. McGhee,53 S. C. McGuire,197 C. McIsaac,133 J. McIver,156 T. McRae,8 S. T. McWilliams,141 D. Meacher,7

M. Mehmet,9,10 A. K. Mehta,89 Q. Meijer,98 A. Melatos,100 D. A. Melchor,31 G. Mendell,51 A. Menendez-Vazquez,173

C. S. Menoni,143 R. A. Mercer,7 L. Mereni,135 K. Merfeld,44 E. L. Merilh,6 J. D. Merritt,44 M. Merzougui,79 S. Meshkov,1,†

C. Messenger,53 C. Messick,146 P. M. Meyers,100 F. Meylahn,9,10 A. Mhaske,11 A. Miani,75,76 H. Miao,14 I. Michaloliakos,56

C. Michel,135 H. Middleton,100 L. Milano,21 A. Miller,68 A. L. Miller,39 B. Miller,72,40 M. Millhouse,100 J. C. Mills,17

E. Milotti,162,28 O. Minazzoli,79,198 Y. Minenkov,104 Ll. M. Mir,173 M. Miravet-Tenés,107 C. Mishra,199 T. Mishra,56

T. Mistry,134 S. Mitra,11 V. P. Mitrofanov,74 G. Mitselmakher,56 R. Mittleman,54 Geoffrey Mo,54 E. Moguel,152 K. Mogushi,73

S. R. P. Mohapatra,54 S. R. Mohite,7 I. Molina,31 M. Molina-Ruiz,165 M. Mondin,68 M. Montani,36,37 C. J. Moore,14

D. Moraru,51 F. Morawski,65 A. More,11 C. Moreno,29 G. Moreno,51 S. Morisaki,7 B. Mours,140 C. M. Mow-Lowry,14,153

S. Mozzon,133 F. Muciaccia,82,38 Arunava Mukherjee,200 D. Mukherjee,126 Soma Mukherjee,128 Subroto Mukherjee,64

Suvodip Mukherjee,72 N. Mukund,9,10 A. Mullavey,6 J. Munch,67 E. A. Muñiz,45 P. G. Murray,53 R. Musenich,69,97

S. Muusse,67 S. L. Nadji,9,10 A. Nagar,20,201 V. Napolano,33 I. Nardecchia,103,104 L. Naticchioni,38 B. Nayak,68

R. K. Nayak,202 B. F. Neil,70 J. Neilson,66,81 G. Nelemans,203 T. J. N. Nelson,6 M. Nery,9,10 P. Neubauer,152 A. Neunzert,174

K. Y. Ng,54 S. W. S. Ng,67 C. Nguyen,30 P. Nguyen,44 T. Nguyen,54 S. A. Nichols,2 S. Nissanke,72,40 E. Nitoglia,114

F. Nocera,33 M. Norman,17 C. North,17 L. K. Nuttall,133 J. Oberling,51 B. D. O’Brien,56 J. O’Dell,119 E. Oelker,53

G. Oganesyan,25,85 J. J. Oh,179 S. H. Oh,179 F. Ohme,9,10 H. Ohta,99 M. A. Okada,16 C. Olivetto,33 R. Oram,6 B. O’Reilly,6

R. G. Ormiston,47 N. D. Ormsby,43 L. F. Ortega,56 R. O’Shaughnessy,109 E. O’Shea,155 S. Ossokine,89 C. Osthelder,1

D. J. Ottaway,67 H. Overmier,6 A. E. Pace,126 G. Pagano,58,18 M. A. Page,70 G. Pagliaroli,25,85 A. Pai,84 S. A. Pai,71

J. R. Palamos,44 O. Palashov,175 C. Palomba,38 H. Pan,110 P. K. Panda,167 P. T. H. Pang,40,98 C. Pankow,15 F. Pannarale,82,38

B. C. Pant,71 F. H. Panther,70 F. Paoletti,18 A. Paoli,33 A. Paolone,38,204 H. Park,7 W. Parker,6,197 D. Pascucci,40

A. Pasqualetti,33 R. Passaquieti,58,18 D. Passuello,18 M. Patel,43 M. Pathak,67 B. Patricelli,33,18 A. S. Patron,2 S. Paul,44

E. Payne,5 M. Pedraza,1 M. Pegoraro,62 A. Pele,6 S. Penn,205 A. Perego,75,76 A. Pereira,22 T. Pereira,206 C. J. Perez,51
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23Institut de Ciències del Cosmos (ICCUB), Universitat de Barcelona, C/ Martí i Franquès 1, Barcelona, 08028, Spain
24Laboratoire d’Annecy de Physique des Particules (LAPP), Université Grenoble Alpes, Université Savoie Mont Blanc,
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87Astronomical Observatory Warsaw University, 00-478 Warsaw, Poland

88University of Maryland, College Park, Maryland 20742, USA
89Max Planck Institute for Gravitational Physics (Albert Einstein Institute), D-14476 Potsdam, Germany
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