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We present the first search for gravitational waves from the coalescence of stellar mass and subsolar mass
black holes with masses between 20–100 M⊙ and 0.01–1 M⊙ð10–103 MJÞ, respectively. The observation
of a single subsolar mass black hole would establish the existence of primordial black holes and a possible
component of dark matter. We search the ∼164 day of public LIGO data from 2015–2017 when LIGO-
Hanford and LIGO-Livingston were simultaneously observing. We find no significant candidate
gravitational-wave signals. Using this nondetection, we place a 90% upper limit on the rate of
30–0.01 M⊙ and 30–0.1 M⊙ mergers at < 1.2 × 106 and < 1.6 × 104 Gpc−3 yr−1, respectively. If we
consider binary formation through direct gravitational-wave braking, this kind of merger would be
exceedingly rare if only the lighter black hole were primordial in origin (< 10−4 Gpc−3 yr−1). If both black
holes are primordial in origin, we constrain the contribution of 1ð0.1ÞM⊙ black holes to dark matter to
< 0.3ð3Þ%.
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Introduction.—The first gravitational wave observation
from the merger of black holes was detected on September
14, 2015 [1]. Over a dozen binary black hole (BBH)
mergers [2–8] have since been reported along with two
binary neutron star mergers [9,10] by Advanced LIGO [11]
and Virgo [12]. Recently, two compact binary coalescences
with unequal masses have been reported [13,14]; the mass
ratios are ∼3 and ∼9, respectively.
The nature of dark matter remains a mystery given null

results from direct searches using particle experiments (see,
e.g., Refs. [15,16] and recent notable exception in
Ref. [17]). The observation of BBH mergers has sparked
renewed interest in primordial black holes (PBHs) as a
contributor to dark matter [18–26]. However, the merger
of stellar-mass PBHs may be difficult to separate from
standard stellar formation channels. Black holes may form
through standard stellar evolution between 2–50 M⊙ [27–
32]. Furthermore, gravitational-wave observation alone is
not always able to determine if a component of a binary is
either a neutron star or black hole [33,34]. Although the
observation of coincident gamma-ray bursts or kilonovae,
such as in the case of GW170817 [9,35–38], can confirm
the presence of nuclear matter. In contrast, there is no

known model which can produce subsolar mass black holes
by conventional formation mechanisms; the observation of
a single subsolar mass black hole would provide strong
evidence for PBHs.
There are a variety of constraints for the contributing

fraction of PBHs to dark matter (see Refs. [39,40] and
references therein). Gravitational-wave astronomy pro-
vides a unique window; notably, a direct search for
subsolar mass black holes constrained the mass range
0.2–2 M⊙ for near equal-mass sources [41,42] and
the nondetection of a gravitational-wave astrophysical
background by LIGO and Virgo has constrained
PBHs with 0.01–100 M⊙ [43]. Recently, tight constraints
from the NANOGrav pulsar timing array [44] are given
by Ref. [45] for 0.001–1 M⊙ black holes based on
the nondetection of gravitational waves induced by
scalar perturbations during the expected PBH forma-
tion epoch.
So far, all observations of gravitational waves from BBH

mergers were identified by searches targeting stellar-mass
sources, i.e., those with component masses 1 −Oð100ÞM⊙.
Targeted searches for subsolar mass binaries with compo-
nent masses between 0.2–2 M⊙ have null results [41,42].
We report a search for subsolar mass black holes in an
unexplored region of parameter space: the merger of
0.01–1 M⊙ subsolar mass black holes with 20–100 M⊙
stellar-mass black holes. We summarize the region we
search in comparison to past analyses in Fig. 1. We find no
statistically significant candidates and place the first con-
straints from gravitational-wave observation on the merger
rate of these sources.
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Search.—We analyze the public LIGO data from 2015–
2017, which contains ∼164 day of joint LIGO-Hanford and
LIGO-Livingston observation time [46,47]. Virgo was
observing for the final month of this period, but had
limited range in comparison to the LIGO instruments.
We use the open-source PyCBC-based search pipeline
[48,49] configured similarly to the analysis of Ref. [3]
to analyze the LIGO data, identify potential candidates,
apply tests of each candidate’s signal consistency [50,51],
rank each candidate, and finally assess each candidate’s
statistic significance [52–54]. The statistical significance of
any candidate is assessed by comparing to the empirically
estimated rate of false alarms. This rate is estimated by
creating numerous fictitious analyses analyzed in an
identical manner to the search, but where time shifts
between the data of the two LIGO observatories are
applied. The time shift of each background analysis is
greater than the light-travel-time between the two LIGO
observatories, which ensures astrophysical signals are not
in coincidence. The average sensitive distance of our
analysis at a false alarm rate of 1 per 100 years is shown
in Fig. 2.
Matched filtering is used to extract the signal-to-noise

from data for a given template waveform [48,55]. Each
template corresponds to the gravitational-wave signal of a
single source type. To search for sources with varied
component masses, a discrete bank of template waveforms
is required. We use a brute-force stochastic method [56] to
find the nearly 9 million templates required by our analysis.
To reduce computational cost, we search at most the final
60 seconds of each gravitational waveform. For the lightest
sources, this implies we analyze the data starting at a higher
gravitational-wave frequency than for the heaviest sources,
where we analyze the data starting from 20 Hz.
To model the gravitational-wave signal, we use

EOBNRv2, a model based on an effective one-body
Hamiltonian approximation of general relativity in combi-
nation with a fitted merger and ringdown [57]. Several
phenomenological models exist for BBH mergers,

however, they do not generalize to the high mass ratios
we consider [58,59]. We assume our sources’ orbits have
negligible eccentricity by the time of observation and that
the component black holes are nonspinning. This choice is
consistent with the prediction that PBHs have negligible
component spin [60–63]. Because of the degeneracy
between mass ratio and spin [64], we expect our search
to be able to recover moderately spinning sources where
χ1;2 ≲ 0.1 [65,66], which is well beyond the larger pre-
dictions at the percent level [67]. EOBNRv2 is too slow for
use by our search directly. Instead, we use a straightforward
interpolant based on ∼104 pregenerated EOBNRv2 wave-
forms with different mass ratios that can be rapidly scaled
to any point in parameter space. We crosscheck our model

FIG. 2. The distance our search can detect sources at a false
alarm rate of 1=100 yr as a function of the primary and secondary
masses, averaged over the possible sky locations and orientations
of an isotropic source population, and averaged over the
observation period. The horizon distance, the maximum distance
a source could be found, is a factor of ∼2.26 larger than the
average range shown here.

FIG. 1. The primary and secondary masses of the sources
searched by our analysis (blue), 2-OGC/GWTC-1 (green) [3,8],
and the subsolar mass LVC search (orange) [41].
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against the recent extreme mass ratio inspiral (EMRI)
surrogate EMRISur1dq1e4 [68] and find that our interpo-
lant, the base EOBNRv2 model, and the dominant-mode of
EMRISur1dq1e4 have less than < 1% mismatch at all
locations in our template bank, i.e., any of these models
would recover > 99% of the SNR of a signal matching one
of the other models. A visual comparison between a
representative example of these models is in Fig. 3.
Gravitational waves are expressed in terms of spin-

weighted spherical harmonic decomposed modes.
Methods exist for incorporating higher order modes into
searches at increased computation cost [69]. EOBNRv2
provides only the dominant mode of the gravitational
waveform, and accurate models with higher order modes
exist only for lower mass ratio sources [70–72], or short
duration signals [68]. We compare our templates against
these models to estimate the potential loss in search
sensitivity. Neglecting higher order modes in our search
imposes an source-orientation averaged loss in signal-to-
noise ratio (SNR) of ∼5%, 10%, 15%, 22% for sources
with a 20 M⊙, 40 M⊙, 60 M⊙, and 100 M⊙ primary
mass, respectively. The most significant loss in sensi-
tivity is for sources with near edge-on inclination of their
orbital plane with respect to an observer, whereas higher
order modes become negligible for sources with near
face-on inclination. The search sensitivity and upper
limits quoted in this Letter account for the detection rate
reduction.
Observational results.—The most significant candidate

from our search was observed at a false alarm rate of 3 per
year (Additional details about the most significant candi-
dates can be found at Ref. [73].), and if it were astro-
physical, would be consistent with the merger of a 23 M⊙
primary black hole with a 0.012 M⊙ secondary.
Considering the time searched, our results are consistent
with a null observation.
We place upper limits at 90% confidence on the rate of

mergers throughout the searched space using the loudest
event method [74]. The upper limit R90 is given as

R90 ¼
2.3
VT

; ð1Þ

where V is the sensitive volume of our analysis at the false
alarm rate of the most significant candidate, and T is the
total time searched. We simulate a population of sources
distributed isotropically in the sky and binary orientation,
and uniform in volume, to measure the sensitive volume of
our analysis as a function of the primary and secondary
masses. Figure 4 shows the upper limit on the merger rate
as a function of the secondary mass. Assuming a distri-
bution of primary masses consistent with the black holes
observed by LIGO and Virgo, we find that the rate of
0.01 M⊙ solar mass mergers is < 1.7 × 106 Gpc−3 yr−1 at
90% confidence.
Implications for primordial black holes.—Whereas stel-

lar-mass black holes can be either the product of stellar
evolution or PBHs, subsolar mass black holes only form in
the primordial Universe given conventional stellar

FIG. 3. Comparison of the gravitational waveform for a 30 M⊙–0.01 M⊙ merger. The EOBNRv2 interpolant model used by our
search is consistent with the EMRISur1dq1e4 surrogate model when the inclination of the source’s orbital plane is close to face-on or
face-off. For sources with highly inclined orbital planes, higher order modes becomes increasingly important.

FIG. 4. The 90% upper limit on the rate of mergers as a function
of the mass of the secondary black hole, for a range of primary
masses (various colors), and the average assuming a primary
mass population consistent with observed BBH mergers from the
2-OGC catalog (black) [3]. The 1σ Monte Carlo statistical
uncertainty is shown with shading.
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evolution [39,40]. There are two possible origins for the
high-mass-ratio binaries we considered; the first that only
the secondary, lighter black hole is primordial and forms a
binary with a stellar-origin black hole in the late Universe,
and a second scenario where both black holes are primor-
dial and formed a binary in the early Universe.
For the first scenario, binaries form in the galactic field

through dynamical capture due to gravitational-wave
bremsstrahlung. For PBHs with mass m1, stellar-origin
black holes with mass m2 and relative velocity v, the cross
section for binary formation is given by Ref. [75] as

σ ¼ 2π

�
85π

6
ffiffiffi
2

p
�

2=7G2ðm1 þm2Þ10=7ðm1m2Þ2=7
c10=7v18=7

; ð2Þ

where G and c are the gravitational constant and speed of
light, respectively. As shown by Ref. [22], binaries are
expected to quickly merge after formation and disruption
by other PBHs can be neglected.
To estimate the PBH distribution, we use a recent

cosmological galaxy formation simulation IllustrisTNG
[76]. In the redshift ¼ 0 snapshot of the TNG-100 high
resolution simulation, there are ∼105 dark matter main
subhalos with nonzero star formation within a ∼100 Mpc
size cube. For each main subhalo, we assume the dark
matter number density follows the Navarro-Frenk-White
(NFW) profile ρNFW [77], and that PBHs constitute a
fraction of dark matter with mass fraction fPBH.
Estimating the abundance of stellar-origin black holes is

a challenge due to the lack of observation. Nevertheless, the
synthesis population study of Ref. [78] shows that
∼0.006% of the total galactic halo mass including dark
matter is in the form of black holes. As an approximation,
we take this value as the universal fraction over dark matter
main subhalos to infer the mass density ρBH of stellar-origin
black holes.
The rate density of dynamical captures between primor-

dial and stellar-origin black holes is finally

Rðm1; m2Þ ¼
X
Halos

Z ffiffi
23

p
Rhalfmass

0

ρBH
m1

fPBHρNFWðrÞ
m2

σvd3r: ð3Þ

Assuming a uniform spatial distribution of stellar-origin
black holes, the radius r is integrated from the main subalo
center to

ffiffiffi
23

p
times of the radius which contains half of

the stellar mass, Rhalfmass. The relative velocity v is
approximated by the stellar dispersion velocity, provided
by IllustrisTNG. We find that even for fPBH ¼ 100%,
this formation channel implies a merger rate <
10−4 Gpc−3 yr−1 for 37 M⊙–0.01 M⊙ binaries.
The estimation of ρBH is a source of uncertainty,

however, other variables in Eq. (3) such as dark matter
halo abundance are not expected to change by orders of
magnitude since they are extracted from the robust simu-
lation. Given that the resultant rate is ∼10 orders of

magnitude lower than that shown in Fig. 4, our conclusion
that this scenario is unlikely is robust.
On the other hand, if both primary and secondary black

holes are PBHs, a nearest pair may form a binary if decoupled
from the Universe’s expansion. References [25,79] consider a
uniform spatial distribution when PBHs form and give the
merger rate for a binary with mass m1 and m2 as

Rðm1; m2Þ ¼ 3.3 × 106 · f2PBHð0.7f2PBH þ σ2eqÞ−21
74ðm1m2Þ 3

37

×ðm1 þm2Þ3637 min
�
Pðm1Þ
m1

;
Pðm2Þ
m2

��
Pðm1Þ
m1

þ Pðm2Þ
m2

�
;

ð4Þ

where mass m and merger rate R are in units of M⊙ and
Gpc−3 yr−1, respectively. PðmÞ is the normalized PBH mass
distribution. The parameter σeq accounts for the variance of
density perturbation from other dark matter aside from PBHs
at the matter radiation equality epoch and is suggested to be
0.005 by Ref. [79].
The possibility that the currently observed stellar-mass

BBH mergers were caused by PBHs is a topic of inves-
tigation [22–26,80]. In the most optimistic case, where the
majority of LIGO and Virgo observed black holes are
PBHs, fprimary

PBH ¼ 3 × 10−3 by Ref. [80]. With this fixed
fraction for the primary mass, we constrain the contribution
of the secondary, subsolar mass black hole to dark
matter. We assume a two-valued mass distribution, i.e.,
Pðm1Þ þ Pðm2Þ ¼ 100%. Thus the fraction in dark matter
for the primary and secondary black hole is fprimary

PBH ¼
Pðm1ÞfPBH and fsecondaryPBH ¼ Pðm2ÞfPBH.
The upper limit for fsecondaryPBH for a fixed fiducial primary

mass m1 ¼ 20=50=100 M⊙ and the average mass from the
2-OGC catalog (∼37 M⊙) [3] are shown in Fig. 5. For the

FIG. 5. Upper limits on fsecondaryPBH for the secondary, subsolar
mass black hole assuming both primary and secondary black
holes have primordial origin, where we choose the primary mass
to be 20=50=100 M⊙ (blue/orange/green) or the average mass of
the 2-OGC catalog (∼37 M⊙) (black). The constraints from the
LVC direct search for equal-mass PBHs [41] are plotted for
comparison.
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2-OGC average case, we find that 1ð0.1ÞM⊙ PBHs cannot
exceed 0.3(3)% of the total dark matter. In contrast, if we
assume none of the LIGO/Virgo BBH detections are PBHs,
our results cannot constrain fPBH.
Our constraints can be directly compared with the

targeted search for near equal-mass subsolar black holes
[41,42] which used the same formation scenario as
described by Eq. (4). Our results expand the range probed
by direct merger observation down to 0.01 M⊙. The
constraint on the abundance of PBHs is improved by an
order of magnitude as we consider sources with higher total
mass that emit stronger gravitational waves.
A significant source of uncertainty in this model derives

from the fraction of binaries which survive to merger.
Under active investigation is what fraction of PBH binaries
would be disrupted after initial formation. If a significant
fraction are disrupted, the event rate would be lowered and
our constraints loosened. Reference [79] has shown ana-
lytically that the disruption can be neglected, however,
recently Ref. [81] argues for a higher disruption rate.
Further, if PBHs exhibit substantial clustering at formation,
the event rate may be boosted and our constraints would be
tighter [82,83]. As we consider the same model, both our
results and LVC limits shown in Fig. 5 do not consider
binary disruption and assume a uniform spatial distribution
when PBHs form.
Stringent constraints for subsolar mass PBHs from

pulsar timing arrays [45] have almost excluded the
0.001–1 M⊙ mass region, overlapping with our
0.01–1 M⊙ region. However, the scalar induced gravita-
tional waves considered in Ref. [45] apply to Gaussian
scalar curvature perturbation in the early Universe.
References [84,85] have shown that non-Gaussianity can
suppress the scalar induced gravitational waves by orders
of magnitude depending on the detailed form of the
perturbations. Positive results from a direct search for
subsolar mass compact objects would imply large local
non-Gaussianity of primordial perturbation to alleviate the
tension. Null results may also have implications for early
Universe non-Gaussianity, but a detailed analysis is beyond
the scope of this work.
Conclusions.—We conduct a search for a previously

unconsidered source of gravitational waves: the binary
coalescence of high-mass-ratio sources, where the primary
mass is 20–100 M⊙ and the secondary mass is 0.01–1 M⊙.
We find no promising candidates, and thus place improved
upper limits on the merger rate and the abundance of PBHs.
The merging of a PBH with a black hole formed through

stellar evolution is extremely unlikely under the scenario of
direct capture through gravitational-wave braking. A sig-
nificantly more efficient binary formation mechanism
would be required for this scenario to make a significant
contribution. On the other hand, assuming both black holes
are primordial in origin places constraints on the abundance
of PBHs.

Advanced LIGO and Virgo are continually being
upgraded [86], and the third generation of gravitational-
wave detectors can further improve the horizon distance by
an order of magnitude [87,88]. At that point, it will be
possible to probe the redshift evolution of stellar-mass
binaries to distinguish primordial and stellar-origin black
hole distributions [80]. From our results, we expect the
constraint on subsolar mass PBH abundance to be 103–4

times tighter than the current search, assuming a null result.
Combining the results of ground-based detectors, pulsar
timing, and possibly space-based detectors in the future,
can together probe the existence of PBHs and may
investigate the structure of primordial perturbations in
the early Universe [89].
The top candidates from our analysis along with the

configuration files necessary to reproduce the search are
available in Ref. [73].

This research has made use of data, software and/or web
tools obtained from the Gravitational Wave Open Science
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