Draft version April 14, 2021
Typeset using LATEX twocolumn style in AASTeX63

Search for gravitational waves from the coalescence of sub-solar mass and eccentric compact binaries
Alexander H. Nitz1, 2 and Yi-Fan Wang (王一帆)1, 2
1 Max-Planck-Institut

für Gravitationsphysik (Albert-Einstein-Institut), D-30167 Hannover, Germany
Universität Hannover, D-30167 Hannover, Germany

arXiv:2102.00868v2 [astro-ph.HE] 2 Feb 2021

2 Leibniz

ABSTRACT
We present the first search for gravitational waves from sub-solar mass compact-binary mergers which
allows for non-negligible orbital eccentricity. Sub-solar mass black holes are a signature of primordial
origin black holes, which may be a component of dark matter. To produce binary coalescences, primordial black holes may form close binaries either in the early universe or more recently through dynamical
interactions. A signature of dynamical formation would be the observation of non-circularized orbits.
We search for black hole mergers where the primary mass is 0.1 − 7M and the secondary mass is
0.1 − 1M . We allow for eccentricity up to ∼ 0.3 at a dominant-mode gravitational-wave frequency of
10 Hz for binaries with at least one component with mass > 0.5M . We find no convincing candidates
in the public LIGO data. The two most promising candidates have a false alarm rate of 1 per 3 and 4
years, respectively, which combined is only a ∼ 2.4σ deviation from the expected Poisson rate. Given
the marginal statistical significance, we place upper limits on the rate of sub-solar mass mergers under the assumption of a null observation and compare how these limits may inform the possible dark
matter contribution.
Keywords: gravitational waves — primordial black holes — dark matter — eccentric binaries
1. INTRODUCTION

The field of gravitational-wave astronomy has been
rapidly expanding ever since the first detection of gravitational waves with GW150914 in 2015 by the twin
LIGO observatories in Hanford, WA and Livingston,
LA (Abbott et al. 2016a). In the last few years, there
have been dozens of binary black hole mergers observed, two binary neutron stars mergers and possible
black hole-neutron star mergers (Abbott et al. 2020a).
There is a growing worldwide gravitational-wave network which in addition to the LIGO observatories (Aasi
et al. 2015) has been joined by the Virgo observatory (Acernese et al. 2015). Shortly, the KAGRA observatory (Kagra Collaboration et al. 2019) will also begin
joint observation (Abbott et al. 2016b).
The high rate of black hole merger observations has
sparked renewed interest in the possibility of primordial black holes contributing to dark matter (Bird et al.
2016; Clesse & Garcı́a-Bellido 2017; Sasaki et al. 2016;
Chen & Huang 2018; De Luca et al. 2020a). The growCorresponding author: Alexander H. Nitz
alex.nitz@aei.mpg.de

ing population shows signs of an upper mass cutoff at
∼ 40−50M (Abbott et al. 2020a,b; Roulet et al. 2020),
which would be consistent with pair-instability supernova (Woosley 2017; Belczynski et al. 2016; Marchant
et al. 2019; Woosley 2019; Stevenson et al. 2019). However, one exceptional observation, GW190521, may lie
within the resulting mass gap (Abbott et al. 2020c) or
straddle it (Fishbach & Holz 2020; Nitz & Capano 2021)
and may show signs of an eccentric orbit (Gayathri et al.
2020; Romero-Shaw et al. 2020; Calderón Bustillo et al.
2020). In addition, there is weak evidence from the overall population that suggests the observation of precession, in spite of the overall population being consistent
with negligible effective spin (Abbott et al. 2020b). If
confirmed, this would indicate that at least some fraction of the population has non-negligible spin which may
not be preferred by many primordial black hole models (Chiba & Yokoyama 2017; De Luca et al. 2019, 2020b;
Mirbabayi et al. 2020). Both factors suggest that the observed binary black hole population would be difficult to
explain with only primordial black holes, but would require a significant fraction of stellar-origin black holes.
Given the speculative nature and uncertain mass distribution of primordial black holes (Jedamzik 1997;
Widerin & Schmid 1998; Georg & Watson 2017; Byrnes
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Figure 1. A comparison of gravitational-wave compactbinary searches using the LIGO and Virgo data. The extent
of the detector-frame primary and secondary mass space is
given for our full search (orange), the region we search for eccentric binaries (dotted lines), the high-mass-ratio sub-solar
mass search (purple) (Nitz & Wang 2021), the binary neutron star eccentric search (red) (Nitz et al. 2019a), the LVC
sub-solar mass search (green) (Abbott et al. 2019a) and the
standard stellar-mass searches such as 2-OGC/GWTC (blue)
(Nitz et al. 2019b; Abbott et al. 2020a). Note that several of
these searches also allow for spin on the component-compact
objects (not pictured). For our search, we allow for modest
eccentric orbits (e10 . 0.3) where at least one component
has a mass > 0.5M .

et al. 2018), it may be possible for a separate population of primordial black holes to exist, or for primordial black holes to contribute a fraction of the observed
black hole mergers. However, distinguishing the standard stellar-origin population from a primordial population may be challenging in the case where their mass
distributions overlap. To date, the majority of observed
binary black hole mergers are near equal mass (Abbott
et al. 2020a,d), with some notable exceptions (Abbott
et al. 2020e,f). No current observations have a component black hole with mass convincingly < 1M . If a
merger were found with at least one component definitely bounded below ∼ 1M , this would be a clear sign
of primordial origin, as standard stellar evolution is not
expected to produce such light black holes and neutron
stars (Timmes et al. 1996; Suwa et al. 2018).
To produce gravitational-waves, primordial black
holes must form a tight binary which will merge in time
to be observed by the current observatories. Binaries
may have formed in the early universe (Nakamura et al.
1997; Sasaki et al. 2016), in which case, their orbits
would have circularized. However, binaries may also dynamically assemble through 2-body gravitational-wave
braking (Bird et al. 2016) or 3-body interactions (Kritos et al. 2020) within dark matter halo structures in
the late Universe. In these cases, there may be resid-

ual eccentricity which can be observed by ground-based
detectors (Cholis et al. 2016; Wang & Nitz 2021).
In this paper we search for gravitational waves from
the coalescence of a sub-solar mass black hole 0.1−1M ,
which if observed would be most likely primordial in
origin, with a black hole with mass 0.1 − 7M . Past
searches for primordial black holes by searching for
mergers involving sub-solar mass black holes have so
far yielded no detections (Abbott et al. 2018a, 2019a;
Nitz & Wang 2021). Compared to past analyses, we extend the search for comparable mass primordial black
hole mergers down to 0.1M , increase the upper limit
on the primary mass, and for the first time, also search
for primordial black holes mergers with residual eccentricity, which would be significant evidence for a dynamical capture formation channel. For computational
reasons, we target sources with at least one component
mass > 0.5M and orbital eccentricity e < 0.3 at a fiducial dominant-mode gravitational-wave frequency of 10
Hz (orbital frequency of 5 Hz). A comparison of the
region we search compared to past analyses is shown in
Fig. 1.
We find no statistically significant merger candidates
and so place limits on the rate of mergers, finding that
at 90% confidence the rate of 0.1-0.1 M (1.0-1.0 M )
mergers is . 1.7×106 (5.5×103 ) Gpc−3 yr−1 for circular
binaries. The limit is matched for sources with moderate
eccentricity e10 < 0.3 where our search has targeted.
Although highly model dependent (Nakamura et al.
1997; Sasaki et al. 2016; Bird et al. 2016; Nishikawa
et al. 2019; Clesse & Garcı́a-Bellido 2017; Chen & Huang
2018; Ali-Hamoud et al. 2017), limits on the merger
rate can constrain the contribution fraction of primordial black holes to dark matter when assuming a particular formation mechanism. As an example, which
may be compared to similar types of gravitational-wave
searches, we find that if we assume the model of dynamical formation proposed in Chen & Huang (2018)
for equal-mass binaries, we can place a 90% limit on
the contributing fraction of dark matter at ≤ 11%(1%)
for 0.1(1)M sources. As current models predict only a
small fraction of sources will have measurable eccentricity (Wang & Nitz 2021), our null observation for moderately eccentric sources is consistent with the expectation.
2. SEARCH

We search for gravitational waves using the currently
available public LIGO data from the first and second observation runs (Vallisneri et al. 2015; Abbott et al. 2021),
which comprises ∼ 164 days of coincidence observing between the LIGO-Hanford and LIGO-Livingston obser-

3
vatories. We conduct the search using the open-source
PyCBC-based archival analysis pipeline (Usman et al.
2016; Nitz et al. 2018), which has been employed for
similar analyses of both the public data (Nitz et al.
2019b) and the analysis of proprietary data by the LIGO
and Virgo collaborations (Abbott et al. 2020a). Using
similar configuration to both (Nitz & Wang 2021) and
(Nitz et al. 2019b), we use matched-filtering to extract
a signal-to-noise time series from the data using models
of the gravitational-wave signal, apply tests of signalconsistency and data quality, and finally identify and
rank candidates. The statistical significance of any candidates is assessed using the standard method of creating
symmetrically produced background analyses by applying non-astrophysical time offsets between the observing
detectors (Usman et al. 2016).
Matched filtering is known to be an optimal method
to extract signal from noise in the case of stationary
Gaussian data and is the basis of the first stage of the
search (Brown 2004). This relies upon models of the
expected gravitational-wave signal for any set of source
parameters within the target search region. We model
the gravitational waveform using the TaylorF2e model
(Moore & Yunes 2019a,b; Moore et al. 2018) which is an
extension of the TaylorF2 model to include corrections
for moderate eccentricity and models the inspiral, but
not the merger or ringdown phase of the gravitational
waveform. Given we search only up to a total mass of
8M , the merger can be neglected as its corresponding gravitaitonal-wave frequency will be above the most
sensitive band of the detectors 20 − 500Hz.
To search for a broad region, a discrete set of waveform
templates is chosen using a stochastic algorithm (Harry
et al. 2009), which ensures that at least 95% of the SNR
is recovered at any point in parameter space. The bank
is sensitive to quasi-circular, nonspinning sources, with
primary mass 0.1−7M and secondary mass 0.1−1M .
In addition, the bank is designed to search for noncircular, eccentric sources up to e10 ∼ 0.3 (defined at a
reference gravitational-wave frequency of 10 Hz), where
either black hole component has mass > 0.5M . To control the computational cost, each template waveform is
at most 512s in duration from its termination frequency
down to a low frequency cutoff. The low frequency cutoff
is chosen to enforce this duration limit with a minimum
of 30 Hz.
A region of our analysis was previously searched in
Abbott et al. (2018a, 2019a) by the LIGO and Virgo
collaborations. Our search extends to a larger range
of source masses and extends the analysis to search
for eccentric binaries. For our common target region,
we achieve minor sensitivity improvements by using a

Table 1. The top five candidate events sorted by the false
alarm rate of the search at each candidate’s ranking statistic
value. The chirp mass M of the candidate’s associated template waveform is given in the detector frame. The SNR recovered by this template is reported for each LIGO detector.
The most significant candidate is the previously identified
BNS merger GW170817.

GPS Time
1187008882.45
1172073536.21
1127795466.48
1135883588.06
1134001579.85

FAR−1 (y)
> 104
4.2
3.5
0.7
0.4

M
1.20
0.50
0.50
0.41
0.61

e10
0.08
0.26
0.00
0.00
0.22

ρH
17.6
6.0
7.1
7.1
6.4

ρL
23.9
7.6
5.9
6.5
6.5

wider frequency band of the data ( Abbott et al. (2018a,
2019a) searched using data only above 45 Hz). Notably,
the analysis of Abbott et al. (2019a) also searched for
sources with mild spin χeff < 0.1. We find that neglecting spin in our template bank is reasonable as primordial
black holes are expected to have negligible spin (Chiba &
Yokoyama 2017; De Luca et al. 2019, 2020b; Mirbabayi
et al. 2020; Postnov et al. 2019). In addition, nonspinning searches will still retain sensitivity to weakly spinning sources (Brown et al. 2012; Nitz et al. 2013).
3. OBSERVATIONAL RESULTS

We search the public LIGO data (Vallisneri et al. 2015;
Abbott et al. 2021) for sub-solar mass primordial black
hole candidates. This includes just over 164 days of
coincident observing by the LIGO-Hanford and LIGOLivingston observatories. The top several candidates are
given in Table 1 and the cumulative distribution of observed events is shown in Fig. 2.
The most significant candidate is the previously identified binary neutron star merger GW170817 (Abbott
et al. 2017). Our search is sensitive to this source as the
mass ratio is poorly constrained (Abbott et al. 2019c)
for light sources where the merger frequency is not directly observed. Given the clear prior identification as a
binary neutron star merger, we exclude this event from
further analysis.
The next two most significant candidates are identified at a false alarm rate of 1 per 4 and 1 per 3 years,
respectively. Individually, either one would have a statistical significance of only p ∼ 0.1 − 0.2. If we consider
the probability of the population excursion assuming a
Poisson rate of candidates under the null hypothesis, we
find that even in this case they represent only ∼ 2.4σ
deviation. Given the statistical significance and strong
prior odds one should place against the observation of
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4. MERGER RATE

Using our null detection, we place limits on the rate
of binary mergers. We assign an upper limit at 90%
confidence using the loudest event method (Biswas et al.
2009), whereby the limit R90 is given as
R90 =

Figure 2. The cumulative number of candidates as a function of the inverse false alarm rate. The top candidate in our
search was the previously detected GW170817 binary neutron star merger (purple), which has been excluded from the
remainder of the candidate foreground. The two most significant following candidates represent only a 2σ statistical
deviation so we consider these results consistent with a null
observation.

2.3
VT

(1)

where V is the estimated sensitive volume of the analysis
to a chosen source population assessed at the false alarm
rate of the most significant observed candidate, and T
is the length of the observation period. To measure the
sensitivity of our analysis, we search for a simulated population of O(105 ) sources.
The upper limit on the merger rate as a function of
chirp mass is shown in Fig. 3. Similar to the conclusions
of Abbott et al. (2019a) we find that this limit also holds
for both equal-mass and non-equal mass sources with
the same chirp mass, assuming they lie within the overall
search region. For equal mass, non-eccentric sources, our
results are consistent with the previous search conducted
by the LVC (Abbott et al. 2019a).
5. IMPLICATIONS FOR PRIMORDIAL BLACK
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Figure 3. The upper limit on the merger rate for sources at
90% confidence as a function of their chirp mass. The rate is
shown for different fiducial eccentricities e10 which are either
zero (blue), uniform from 0-0.3 (orange) or uniform from 0.30.6. The effect of accounting for eccentricity in the search
for sources with component mass above 0.5M is evident
in the orange curve as it begins to follow the non-eccentric
limits above this threshold. The comparable LVC limits on
non-eccentric mergers are shown with a black, dotted line.

a primordial black hole merger, we find our results are
consistent with a null observation. If these were astrophysical in origin, this would imply a high rate of mergers which should be observed at high confidence in future
observing runs.

Our null search results can be used to place constraints
on the fraction of dark matter composed of primordial
black holes. This requires the use of a specific astrophysical model which predicts the merger rate from the initial abundance and distribution. Existing models widely
vary in these predictions and have significant modelling
uncertainties (Nakamura et al. 1997; Sasaki et al. 2016;
Bird et al. 2016; Nishikawa et al. 2019; Clesse & Garcı́aBellido 2017; Chen & Huang 2018; Ali-Hamoud et al.
2017). Eccentric binaries may be produced with a late
time, dynamical formation scenario such as examined
in Wang & Nitz (2021), however a null observation is
consistent with current estimates of the detection rate,
and so current observations do not yet constrain the primordial black hole contribution from this channel.
To provide an example which compares our results
to similar limits in the gravitational-wave literature, we
consider the mechanism proposed by Nakamura et al.
(1997); Sasaki et al. (2016) where binary primordial
black holes form in the early Universe and merge recently. The same model was used by Abbott et al.
(2018a, 2019a) to constrain the primordial black hole
fraction for equal-mass binaries and Nitz & Wang (2021)
for high-mass-ratio binaries. Note that in this scenario
all the binaries would have been circularized to be detected in the local Universe. The binary merger rate
for a general mass density distribution P (m) is given by
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Figure 4. The upper limits on the fraction of primordial
black hole in dark matter for the merger rate model proposed
by Nakamura et al. (1997); Sasaki et al. (2016). We consider
both equal mass binaries and unequal mass binaries where
the primary mass is fixed to 7M . As a comparison, we also
plot the constraints from Abbott et al. (2019b) for equal
mass binaries and Nitz & Wang (2021) for high mass ratio
binaries where the primary mass is fixed to the average of
the 2-OGC events ' 37M .

Chen & Huang (2018); Ali-Hamoud et al. (2017) as
21

2
2
2 − 74
R (fPBH , m1 , m2 ) = 3 × 106 fPBH
(0.7fPBH
+ σeq
)


3
36
P (m1 ) P (m2 )
× (m1 m2 ) 37 (m1 + m2 ) 37 min
,
m1
m2


P (m1 ) P (m2 )
×
+
Gpc−3 yr−1
(2)
m1
m2

where binary component masses m1/2 are in units of
M . The parameter σeq is the variance of dark matter density perturbation at the matter radiation equality epoch and takes the value 0.005 according to AliHamoud et al. (2017).
We first consider the assumption of single mass for
primordial black holes, which is a fiducial assumption
used by a variety of astrophysical constraints (Green &
Kavanagh 2020) on primordial black hole abundance.
In this case, the local merger rate in Eq.(2) reduces to
2
2
2 − 21
R(fPBH , m) = 3 × 106 fPBH
(0.7fPBH
+ σeq
) 74 m−32/37 .
In sub-solar mass region [0.1, 1]M , applying the conupper
dition R(fPBH
, m) = R90 where R90 is for e10 = 0,
the upper limit on the fraction of equal mass primordial
black hole binaries is shown in Fig.4. For comparison,
Fig.4 also plots the constraint extracted from the advanced LIGO/Virgo O2 sub-solar mass search results
(Abbott et al. 2019a), but note this result is slightly
tighter than the original one by using the more recent
formula Eq.(2) which, compared with the event rate
model in Sasaki et al. (2016), additionally includes the
effect of torques on a binary from all other primordial
black holes and linear density perturbations of the early
Universe.

To investigate the effects of different mass distributions, we consider the alternate assumption that primordial black holes have two classes of mass and focus
on the merger of unequal mass binaries. We consider the
case where the primary mass is fixed to 7M and the
secondary mass is a fixed value which we allow to vary
from [0.1, 1]M . To constrain fPBH , the ratio of abundance between two classes of mass needs to be specified.
We determine it by requiring


primary
R fPBH
, m = 7M
= 12 Gpc−3 yr−1 ,
(3)
where the left hand side is the equal-mass binary merger
rate and the right hand side is obtained by considering
the rate limit from GWTC-2 (Abbott et al. 2020a). This
is the most optimistic rate which is consistent with either
a small number of observations or the non-detection of
the near equal-mass mergers of primordial black holes
primary
with 7M . Eq. (3) results in fPBH
= 0.1%.
With the condition from Eq. 3, the constraint on
the fraction of sub-solar mass primordial black holes
secondary
fPBH
is plotted in Fig. 4. The previous constraints
from the Nitz & Wang (2021) search are also plotted
as a comparison, where the primary mass is fixed to be
the average of the detections (' 37M ) in the 2-OGC
catalog (Nitz et al. 2019b), under the assumption that
a majority of previous LIGO-observed black holes are
primordial in origin, which would set the abundance of
a portion of the mass function. This corresponds to
primary
fPBH
= 0.33%. Results in Fig. 4 show that our constraints on equal mass primordial black holes binaries
are slightly tighter than Abbott et al. (2019a) due to our
increased volume sensitivity. Constraints from unequal
mass binaries with primary mass 7M are comparable
to the equal mass case. Upper limits from high mass
ratio binaries are still the most stringent among direct
searches for gravitational-waves from mergers due to the
louder signals.
6. CONCLUSIONS

We conducted a search for gravitational-waves from
sub-solar mass compact-binary mergers which allows for
non-negligible orbital eccentricity. We found no promising candidates, and thus placed improved upper limits
on the merger rate of compact-object binaries and the
inferred abundance of primordial black holes. We relate our rate constraints to the abundance of primordial
black hole by considering a specific astrophysical model
predicting the merger rate. Our non-detection is consistent with the current tightest constraints on the primordial black hole abundance by previous gravitational
wave direct searches (Abbott et al. 2018a, 2019a; Nitz
& Wang 2021).
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Primordial black hole binaries which form during the
early Universe and merge recently would have fully circularized, whereas the binaries formed in the late Universe by two body dynamical capture may be able to
retain non-zero eccentricity due to quick merger after
binary formation. However, as investigated in Wang &
Nitz (2021), the merger rate of this late Universe scenario (O(102 ) Gpc−3 year −1 ) is a few orders of magnitude lower than the R90 we constrained for eccentric
binary coalescence. Thus we conclude that our search results are consistent with this binary formation scenario.
If any sub-solar mass candidates with eccentricity had
been identified this would suggest a recent dynamical
formation which could not be accounted for by this simple model.
Advanced LIGO and Virgo are continually being upgraded (Abbott et al. 2018b) and the third generation
of gravitational-wave detectors are expected to further
improve the sensitive volume by ∼ 103 (Punturo et al.
2010; Reitze et al. 2019). We expect the constraints on
sub-solar mass binary black hole abundance to be 103−4
times tighter than the current search, assuming a null re-

sult. Moreover, if third generation detectors can achieve
their challenging low frequency sensitivity targets, they
will push the sensitive band down to ∼ 2 − 5 Hz, where
less eccentricity has been lost due to gravitational radiation.
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