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We present an Advanced LIGO and Advanced Virgo search for sub-solar mass ultracompact
objects in data obtained during Advanced LIGO’s second observing run. In contrast to a previous
search of Advanced LIGO data from the first observing run, this search includes the effects of
component spin on the gravitational waveform. We identify no viable gravitational wave candidates
consistent with sub-solar mass ultracompact binaries with at least one component between 0.2 −
1.0M�. We use the null result to constrain the binary merger rate of (0.2M�, 0.2M�) binaries to
be less than 3.7 × 105 Gpc−3yr−1 and the binary merger rate of (1.0M�, 1.0M�) binaries to be
less than 5.2 × 103 Gpc−3yr−1. Sub-solar mass ultracompact objects are not expected to form via
known stellar evolution channels, though it has been suggested that primordial density fluctuations
or particle dark matter with cooling mechanisms and/or nuclear interactions could form black holes
with sub-solar masses. Assuming a particular primordial black hole formation model, we constrain
a population of merging 0.2M� black holes to account for less than 16% of the dark matter density
and a population of merging 1.0M� black holes to account for less than 2% of the dark matter
density. We discuss how constraints on the merger rate and dark matter fraction may be extended
to arbitrary black hole population models that predict sub-solar mass binaries.

INTRODUCTION

Gravitational wave and multi-messenger astronomy
progressed remarkably in Advanced LIGO [1] and Ad-
vanced Virgo’s [2] second observing run, which included
the first observation of gravitational waves from a bi-
nary neutron star merger [3] and seven of the ten ob-
served binary black hole mergers [4–7]. These detections,
as well as the candidates presented in the gravitational
wave transient catalog (GWTC-1) [7], have led to a bet-
ter understanding of the populations of compact binaries
detectable by ground based interferometers [8]. These
observations, however, represent just a portion of the pa-
rameter space that Advanced LIGO and Advanced Virgo
currently search [9, 10] and are sensitive to [11]. We re-
port on an extension of the searched parameter space
in data obtained during O2 to binaries with component
masses < 1M�. This is the second search for sub-solar
mass ultracompact objects in Advanced LIGO data and
the fourth since initial LIGO [12–14], as well as the first
search to incorporate spin effects in the modeling of the
gravitational wave emission.

There is no known mechanism for the formation of
compact objects with masses well below a solar mass
within the standard model of particle physics and the
standard ΛCDM model of cosmology. Black holes must
be heavier than the Chandrasekhar limit (∼ 1.4M�, set
by the mass of the proton [15]) while neutron stars are ex-
pected to have masses greater than about 0.9M� [16, 17].
A detection of a sub-solar mass object in a merger would
therefore be a clear signal of new physics. Indeed, there
are several proposals that link sub-solar mass compact
objects to proposals for the nature of dark matter, which
makes up nearly 85% of the matter in the Universe. One
possibility is that black holes with masses accessible to

ground based interferometers could have formed deep in
the radiation era from the prompt collapse of large pri-
mordial over-densities on the scale of the early time Hub-
ble volume [18, 19]. The size and abundance of any such
primordial black holes depends on the spectrum of pri-
mordial perturbations and on the equation of state of the
early universe [20–23]. An alternative inflationary mech-
anism proposes that vacuum bubbles nucleated during
inflation may result in black holes (with masses that can
be around a solar mass) after inflation ends [24].

A different class of possibilities, explored more recently,
is motivated by ideas for the particle nature of dark mat-
ter. For example, dark matter may have a sufficiently
complex particle spectrum to support cooling mecha-
nisms that allow dense regions to collapse into black holes
at late times, in processes analogous to known astrophys-
ical processes [25]. Alternatively, dark matter may have
interactions with nuclear matter that allow it to collect
inside of neutron stars and trigger their collapse to black
holes [26–32]. The details of when dark matter can col-
lapse a neutron star to form a black hole or other exotic
compact object are still under investigation [33], but the
postulated black holes will have masses comparable to
the progenitor neutron star mass, or perhaps smaller if
some matter can be expelled by rapid rotation of the star
during collapse.

A detection of a sub-solar mass black hole would have
far-reaching implications. In the primordial black hole
scenario, the mass and abundance of the black holes
would constrain a combination of the spectrum of ini-
tial density perturbations on very small scales and the
equation of state of the Universe at a time when the typ-
ical mass inside a Hubble volume was of the order of the
black hole mass. For particle dark matter scenarios, the
abundance of sub-solar mass black holes would provide a
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direct estimate of the cooling rate for dark matter. The
black hole mass would constrain the masses of cosmolog-
ically abundant dark matter particles through, for exam-
ple, the Chandrasekhar relation for fermions [25] or anal-
ogous relations for non-interacting bosons [34, 35]. In the
case that all black holes are observed to be near but not
below the mass of neutron stars, the abundance of such
objects would constrain the dark matter-nucleon interac-
tion strength, as well as the dark matter self-interaction
strength and mass(es) [32].

This letter reports the results of a search for gravi-
tational waves from sub-solar mass ultracompact bina-
ries using data from Advanced LIGO’s second observing
run. No significant candidates consistent with a sub-
solar mass binary were identified. The null result places
the tightest constraints to date on the merger rate and
abundance of sub-solar mass ultracompact binaries. We
describe an extension of our merger rate constraints to
arbitrary populations and models under the assumption
that the horizon distance controls the sensitivity of the
search. We once more consider the merger rate con-
straints in the context of merging primordial black hole
populations contributing to the dark matter [14]. We de-
scribe how to extend the dark matter fraction parameter-
ization to other models by separating LIGO observables
from model dependent quantities. Finally, we conclude
with a discussion of the implications of this search.

SEARCH

We analyze data obtained from November 30, 2016 to
August 25, 2017 during Advanced LIGO’s second observ-
ing run (O2).1 Noise artifacts are linearly subtracted
from the data; this includes strong sinusoidal features
in both detectors due to injected calibration frequencies
and the AC power grid, as well as laser beam jitter in the
LIGO-Hanford detector data [36]. 117.53 days of coin-
cident data remain after the application of data quality
cuts [37–41]. The Advanced Virgo interferometer com-
pleted commissioning and joined Advanced LIGO in Au-
gust 2017 for 15 days of triple coincident observation [7],
however, we only report on the analysis of data obtained
by the LIGO Hanford and LIGO Livingston interferom-
eters.

The search was conducted using publicly available
gravitational-wave analysis software [42–48]. The initial
stage of the search performed a matched-filter analysis
using a discrete bank of template waveforms generated
using the TaylorF2 frequency-domain, post-Newtonian

1 Data from Advanced LIGO’s second observing run is avail-
able from the Gravitational Wave Open Science Center with
and without noise sources linearly subtracted: https://www.

gw-openscience.org

inspiral approximant [49]. The template bank used for
this search was designed to recover binaries with com-
ponent masses of 0.19 − 2.0M� and total masses of
0.4 − 4.0M� in the detector frame with 97% fidelity, as
in [14]. The search presented here, however, additionally
includes spin effects in the modeling of the gravitational
waveform. The bank is constructed to recover gravita-
tional waves originating from binaries with component
spins purely aligned or anti-aligned with the orbital an-
gular momentum, and with dimensionless spin magni-
tudes of 0.1 or less. The inclusion of spin effects required
denser placement of the waveforms in the template bank;
the resulting bank had 992 461 templates, which is nearly
twice as large as the non-spinning bank used in [14].

In order to reduce the computational burden, matched
filtering was only performed for a subset of Advanced
LIGO’s full sensitive band [11]. The choice to only an-
alyze the 45–1024 Hz band led to a detector averaged
signal-to-noise ratio (SNR) loss of 8% when compared to
the full ∼ 10 − 2048Hz frequency band. This estimated
SNR loss is a property of Advanced LIGO’s noise curves
and is independent of the templates used in the search;
the discrete nature of the template bank causes an addi-
tional . 3% loss in SNR.

Gravitational-wave candidates that were found coinci-
dent in both the Hanford and Livingston detectors were
ranked using the logarithm of the likelihood-ratio , L [42–
44]. For a candidate with a likelihood-ratio of L∗, we
assign a false-alarm-rate of

FAR(logL∗) =
N

T
P (logL ≥ logL∗|noise) , (1)

where N is the number of observed candidates,
T is the total live time of the experiment, and
P (logL ≥ logL∗|noise) describes the probability that
noise produces a candidate with a ranking statistic at
least as high as the candidate’s.

The search recovered the previously detected signal
GW170817 [3], which was observed along with an electro-
magnetic counterpart [50]. This signal is consistent with
a binary neutron star. No other viable gravitational wave
candidates were identified. The next loudest candidate
was consistent with noise and had a FAR of 3.25 per year.

CONSTRAINT ON BINARY MERGER RATE

As in [14], we consider nine populations of equal mass,
non-spinning binaries that are delta-function distributed
in mass, i.e. mi ∈ {0.2, 0.3, . . . , 1.0}. We injected 913 931
fake signals into our data; the injections were randomly
oriented and spaced uniformly in distance and isotrop-
ically across the sky. The recovered signals provide an
estimate of the pipeline’s detection efficiency as a func-
tion of source distance for each equal mass population.

https://www.gw-openscience.org
https://www.gw-openscience.org
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FIG. 1. The constraint on the merger rate density for equal
mass binaries as a function of chirp mass. The two sets of lines
show the constraints for the O1 search [14] and the O2 search
presented here. The null result from O2 places bounds that
are ∼ 3 times tighter than the O1 results. The majority of this
improvement is due to the increased coincident observing time
in Advanced LIGO’s second observing run (∼ 118 days vs.
∼ 48 days), though the improved sensitivity of the detectors
led to an observed physical volume up to ∼ 50% larger than
in O1 for sub-solar mass ultracompact binaries.

This in turn allows us to estimate the sensitive volume-
time accumulated for each mass bin. We once more use
the loudest event statistic formalism [51] to estimate the
upper limit on the binary merger rate to 90% confidence,

Ri =
2.3

〈V T 〉i
(2)

These upper limits are shown for equal mass binaries
and as a function of chirp mass in Fig. 1. Although our
template bank includes systems with total mass up to
4M�, we only place bounds on the merger rate of systems
where both components are ≤ 1M�. We estimate that
detector calibration uncertainties [7, 52, 53] and Monte
Carlo errors lead to an uncertainty in our rate constraint
of no more than 20%.

Advanced LIGO and Virgo’s horizon distance scales
as:

Dhorizon ∝M5/6

√∫ fmax

fmin

f−7/3

Sn(f)
df (3)

where Sn(f) is the noise spectra of the detector and fmin

and fmax are 45 Hz and 1024 Hz, respectively.2 For a

2 The waveform model used to generate our template bank, Tay-

null result, we therefore expect R(M) ∝ M−15/6 pro-
vided the horizon distance controls the sensitivity of the
search. The observed power law dependence of the rate
constraint on the chirp mass is within ∼ 4% of the ex-
pected M−15/6 dependence; this is well within the error
bound on the rate upper limit and is strong evidence that
the chirp mass is the primary parameter that dictates the
sensitivity of the search. Therefore our upper limits from
equal mass systems also apply to unequal mass systems
within the range of mass ratios we have searched over.
For verification, we performed a small injection campaign
over five days of coincident data with injected component
masses distributed between 0.19M� and 2.0M� with at
least one component < 1.0M�. The search sensitivity re-
mained a function of the chirp mass; this implies that the
rate constraints found from the equal mass injection sets
can therefore be applied to systems with arbitrary mass
ratios provided that both component masses lie within
0.20M� and 1.0M� where our injection sets were per-
formed.

The Advanced LIGO and Virgo rate upper limit can
be expanded as:

R(M1,M2) =

∫ M2

M1

R(M)× ψ(M) dM (4)

where R is the rate density as a function of chirp mass
and ψ(M) denotes the black hole population distribu-
tion in chirp mass. We ignore the effects of redshift due
to the small detector range for sub-solar mass binaries.
Setting ψ(M) = δ(M) then reveals the form of the LIGO
constraining rate density, R(M), which is shown in Fig-
ure 1. For a given model, ψ(M), R(M1,M2) provides
the LIGO rate constraint on that model for chirp masses
between M1 and M2. The resulting rate constraints
allow direct comparison of sub-solar mass ultracompact
object models with LIGO observations.

GENERAL CONSTRAINTS ON SUB-SOLAR
MASS BLACK HOLE DARK MATTER

We convert our limits on the merger rate of sub-solar
mass ultracompact objects into a constraint on the abun-
dance of primordial black holes using our fiducial forma-
tion model [54] first developed in [19, 55] and used previ-
ously in LIGO analyses [12, 14]. We consider a popula-
tion of equal mass primordial black holes that is created
deep in the radiation era. We model the binary formation

lorF2, truncates the waveform at an upper frequency fISCO,
which corresponds to radiation from the innermost stable circular
orbit of a black hole binary with mass Mtotal. This frequency is
above fmax for all non-spinning waveforms in our template bank
and so does not impact Dhorizon.
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FIG. 2. Constraints on the fraction of dark matter com-
prised of delta-function distributions of primordial black holes
(fPBH = ρPBH/ρDM). Shown here are (pink) Advanced LIGO
constraints from the O2 ultracompact binary search presented
here (solid), (orange) microlensing constraints provided by the
OGLE (solid), EROS (dashed) [57], and MACHO (dotted)
collaborations [58], (cyan) dynamical constraints from obser-
vations of Segue I (solid) [59] and Eridanus II (dashed) [60]
dwarf galaxies, and (blue) supernova lensing constraints from
the Joint Light-curve Analysis (solid) and Union 2.1 (dashed)
datasets [61]. There is an inherent population model de-
pendency in each of these constraints. Advanced LIGO
and Advanced Virgo results carry an additional dependence
on the binary fraction of the black hole population. Ad-
vanced LIGO and Advanced Virgo results use the Planck
“TT,TE,EE+lowP+lensing+ext” cosmology [62].

via three-body interactions, though others have consid-
ered the full field of tidal interactions [56]. By equating
the model’s predicted merger rate with the merger rate
upper limit provided by Advanced LIGO and Virgo, we
can numerically solve for the upper limit on the PBH
abundance. These constraints are shown in Figure 2.3

This interpretation is highly model dependent; the
mass distribution, binary fraction, and binary formation
mechanisms all have a large effect on the expected present
day merger rate and consequently the bounds on the pri-
mordial black hole composition of the dark matter. The
Advanced LIGO and Virgo observables can be separated

3 The normalization of the PBH distribution used in our fiducial
model [54] differs by a factor of 2 from the normalization in [19].
As such, our fiducial model (used here and in [14]) predicts a
more conservative PBH merger rate and leads to less constraining
limits on fPBH than would be attained using the model of [19].

from the model dependent terms:

fCO =
ρlim
ρCDM

× 1

fobs
=
R(M)TobsM

ρCDM
× 1

fobs
. (5)

Here we use fCO to refer to the dark matter fraction in
ultracompact objects instead of fPBH to emphasize that
this is generally applicable to other compact object mod-
els that could contribute to the dark matter [25], and not
just PBHs. The first term, ρlim/ρCDM, represents the up-
per limit on the fraction of the dark matter contained in
presently merging sub-solar mass ultracompact binaries.
In the second term, fobs describes the fraction of sub-
solar mass ultracompact objects that are observable by
Advanced LIGO and Virgo for a particular model. This
is set by the binary fraction and the probability density
of binaries merging at present day. Note that the merger
rate density must be converted from a function of chirp
mass to total mass; this can be done by mapping to total
mass for each mass ratio on an equal chirp mass curve.

Equation (5) applies to any dark matter model that
predicts the formation of dark compact objects. The
abundance of those dark compact objects can then be
expressed as a fraction of the dark matter density.

CONCLUSION

We have presented the second Advanced LIGO and
Advanced Virgo search for sub-solar mass ultracompact
objects. No unambiguous sub-solar mass gravitational
wave candidates were identified. The null result allows
us to place tight constraints on the abundance of sub-
solar mass ultracompact binaries.

This work represents an expansion of previous initial
and Advanced LIGO and Advanced Virgo sub-solar mass
searches. First, we have broadened the searched param-
eter space to increase sensitivity to systems with non-
negligible component spins. Second, we have presented a
method to extend our constraints on the binary merger
rate to arbitrarily distributed populations that contain
sub-solar mass ultracompact objects. Combined with the
existing rate limits, this may already be enough to be-
gin constraining collapsed particulate dark matter mod-
els [25] or the cross section of nuclear interactions [26–
30, 32]. Finally, we have provided a method to separate
Advanced LIGO and Advanced Virgo observables from
model dependent terms in our interpretation of the lim-
its on primordial black hole dark matter.

Ground based interferometer searches for sub-solar
mass ultracompact objects will continue to inform cosmo-
logical and particle physics scenarios. Advanced LIGO
and Advanced Virgo have begun a year long observing
run in early 2019, with improved sensitivities [63]. Ad-
vanced Virgo will have more coincident time with the
Advanced LIGO detectors over its next observing run,
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which will improve network sensitivity and aid in further
constraining the above scenarios.
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C. Périgois,34 A. Perreca,118, 119 J. Petermann,135 H. P. Pfeiffer,76 M. Phelps,9, 10 K. S. Phukon,3 O. J. Piccinni,120, 33

M. Pichot,65 F. Piergiovanni,63, 64 V. Pierro,117, 69 G. Pillant,29 L. Pinard,23 I. M. Pinto,117, 69, 88 M. Pirello,47

M. Pitkin,46 W. Plastino,165, 166 R. Poggiani,20, 21 D. Y. T. Pong,94 S. Ponrathnam,3 P. Popolizio,29 E. K. Porter,26

J. Powell,168 A. K. Prajapati,112 J. Prasad,3 K. Prasai,51 R. Prasanna,145 G. Pratten,102 T. Prestegard,24

M. Principe,117, 88, 69 G. A. Prodi,118, 119 L. Prokhorov,13 M. Punturo,41 P. Puppo,33 M. Pürrer,76 H. Qi,107

V. Quetschke,109 P. J. Quinonez,35 F. J. Raab,47 G. Raaijmakers,143, 37 H. Radkins,47 N. Radulesco,65 P. Raffai,111

S. Raja,60 C. Rajan,60 B. Rajbhandari,84 M. Rakhmanov,109 K. E. Ramirez,109 A. Ramos-Buades,102 Javed Rana,3

K. Rao,58 P. Rapagnani,120, 33 V. Raymond,107 M. Razzano,20, 21 J. Read,27 T. Regimbau,34 L. Rei,59 S. Reid,25

D. H. Reitze,1, 30 P. Rettegno,128, 178 F. Ricci,120, 33 C. J. Richardson,35 J. W. Richardson,1 P. M. Ricker,19

G. Riemenschneider,178, 128 K. Riles,138 M. Rizzo,58 N. A. Robertson,1, 46 F. Robinet,28 A. Rocchi,32 L. Rolland,34

J. G. Rollins,1 V. J. Roma,72 M. Romanelli,71 R. Romano,4, 5 C. L. Romel,47 J. H. Romie,7 C. A. Rose,24 D. Rose,27
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51Stanford University, Stanford, CA 94305, USA
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