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Abstract

We present a search for gravitational waves from merging binary neutron stars (BNSs) which have non-negligible
eccentricity as they enter the Laser Interferometer Gravitational Wave Observatory (LIGO) observing band. We use
the public Advanced LIGO data which covers the period from 2015 through 2017 and contains∼164 days of LIGO–
Hanford and LIGO–Livingston coincident observing time. The search was conducted using matched-filtering using
the PyCBC toolkit. We find no significant BNS candidates beyond GW170817, which has previously been reported
by searches for binaries in circular orbits. We place a 90% upper limit of∼1700 mergers Gpc−3 yr−1 for eccentricities
0.43 at a dominant-mode gravitational-wave frequency of 10Hz. The absence of a detection with these data is
consistent with theoretical predictions of eccentric BNS merger rates. Using our measured rate we estimate the
sensitive volume of future gravitational-wave detectors and compare this to theoretical rate predictions. We find that,
in the absence of a prior detection, the rate limits set by six months of Cosmic Explorer observations would constrain
all current plausible models of eccentric BNS formation.

Unified Astronomy Thesaurus concepts: Elliptical orbits (457); Gravitational waves (678); Compact objects (288);
Neutron stars (1108)

1. Introduction

With the detections made by the Advanced LIGO (Laser
Interferometer Gravitational Wave Observatory; Aasi et al.
2015) and Virgo observatories (Acernese et al. 2015), we have
entered the age of gravitational-wave astronomy. During their
first (O1) and second (O2) observing runs, the LIGO and Virgo
collaborations detected ten binary black hole (BBH) mergers
and one binary neutron star (BNS) merger (Abbott et al.
2019a). Independent groups have since verified these events
and detected several additional BBH mergers (Nitz et al.
2019b, 2019c; Venumadhav et al. 2019a, 2019b). One possible
channel for the formation of merging binaries is through
dynamical interaction in dense stellar environments such as
globular clusters (Sigurdsson & Hernquist 1993; Portegies
Zwart & McMillan 2000; Grindlay et al. 2006) or galactic
nuclei (O’Leary et al. 2009; Antonini & Perets 2012). Unlike
binaries formed in the field which can radiate away their
eccentricity (Peters 1964; Hinder et al. 2008), dynamically
formed binaries may still have significant residual eccentricity
when their gravitational waves enter the LIGO–Virgo band.
The observation of a binary with measurable eccentricity would
confirm the existence of a dynamical formation channel. The
existing LIGO–Virgo BBH candidates are consistent with non-
eccentric binary mergers (Romero-Shaw et al. 2019). The third
LIGO–Virgo observing run is currently underway6 and is
expected to produce dozens more events (Abbott et al. 2016a).

A search for eccentric BBH mergers in O1 and O2 data,
using methods that do not use models of the gravitational
waveform (Klimenko et al. 2008, 2016; Tiwari et al. 2016),
reported no eccentric merger candidates (Abbott et al. 2019b).
The sensitivity of gravitational-wave searches can be improved
by the use of matched-filtering, if a model of the target
waveform is available. Existing matched-filter searches were
designed for the detection of circular binaries (Usman et al.
2016; Dal Canton & Harry 2017; Venumadhav et al. 2019a). It
is possible that compact binaries with measurable eccentricity
may have been missed by these initial searches (Brown &
Zimmerman 2010; Huerta & Brown 2013). For BBH mergers,
highly accurate models with the full inspiral-merger-ringdown,
along with support for both a large range of eccentricity and
spin do not yet exist, though development is rapidly
progressing and there are models that satisfy some of these
constraints (Cao & Han 2017; Hinderer & Babak 2017; Hinder
et al. 2018; Huerta et al. 2018; Ireland et al. 2019).
In this paper, we search for eccentric BNS mergers. There

are several models of the gravitational waveform suitable for
this task which include EccentricFD (Huerta et al. 2014) and
TaylorF2e (Moore et al. 2018; Moore & Yunes 2019a). These
waveform models do not currently support compact-object
spin. However, neutron star binaries formed by dynamical
capture in globular clusters may have non-negligible spin if
they follow the observed distribution of millisecond pulsars
(MSPs). Even if large spins are supported, we may expect the
effective spin ( ) ( )c c c= + +m m m mz zeff 1 1 2 2 1 2 to peak
around zero if the individual neutron star orientations are
isotropic. Searches that do not account for spin still have
significant sensitivity to sources with low effective spin
c < 0.1eff , though there will be significantly reduced sensitivity
in the case where both component neutron stars are consistent
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with the fastest observed MSP (Hessels et al. 2006) and their
respective spins are aligned with the orbital angular momentum
(Brown et al. 2012).

Using these waveforms, we perform a matched-filtering
based analysis by extending the methods used by Nitz et al.
(2019b) to include eccentric binaries. We find that our search is
effective at detecting eccentric BNS mergers up to an
eccentricity e∼0.43 at a dominant-mode gravitational-wave
frequency of 10 Hz. Using a representative sample of the O1
and O2 data set, we find that a non-eccentric search starts
losing significant sensitivity relative to the eccentric search
starting at ~e 0.07, in agreement with the results of Huerta &
Brown (2013) and Moore & Yunes (2019b).
We find no individually significant eccentric BNS merger

candidates using the public O1 and O2 data sets (Vallisneri
et al. 2015). The only significant event is the previously
reported merger GW170817 (Abbott et al. 2017) since our
search is also sensitive to circular binaries. In the absence of a
new detection, we place a 90% upper limit on the merger
rate of ∼1700 Gpc−3 yr−1 for binaries whose eccentricity is
e0.43 at the 10 Hz reference frequency. While we do not
detect any individually significant mergers, it is possible that
follow-up could uncover sub-threshold sources, and so we
make available our full population of sub-threshold candidates
(Nitz et al. 2019a).

We can compare our measured rate to predictions for the
proposed channels for eccentric BNS formation. Lee et al.
(2010) predict a BNS merger rate of 30 Gpc−3 yr−1 at z=0
from binaries formed by the tidal capture and collision of
neutron stars in globular clusters. Ye et al. (2020) predict a
merger rate of ∼0.02 Gpc−3 yr−1 from binaries formed by
dynamical interactions in globular clusters. Given these
predicted rates, it is unsurprising that our search did not
observe a signal. Future detectors like A+ (Abbott et al. 2016a)
and Cosmic Explorer (Reitze et al. 2019), will observe a large
volume of the universe and have a higher probability of
observing eccentric BNS mergers. Using our measured rate and
the expected sensitivity of A+ and Cosmic Explorer, we

estimate the time it would take for observed rates to impinge on
the predicted rates. Using the A+ expected sensitivity distance
of 330Mpc (Abbott et al. 2016a), we find the most optimistic
predictions (Lee et al. 2010) require half a year of data for the
measurement to be comparable to the predictions. The most
pessimistic predictions (Ye et al. 2020) require ∼775 yr of data
before the measured rate limits are comparable with the
prediction. However, the proposed third-generation detector
Cosmic Explorer would need at most half a year of data to
achieve a rate limit comparable to the most pessimistic models,
although a serendipitous detection is always a possibility with
current detectors.

2. Search Methodology

We use a matched-filtering search for compact-object
binaries using the PyCBC toolkit (Nitz et al. 2019d). We use
gravitational waveforms that model mergers with elliptical
orbits, but otherwise employ the same configuration as used by
Nitz et al. (2019b) for their search for gravitational waves from
compact binary mergers.
Of the available waveform models, we employ two wave-

form models that contain eccentricity, EccentricFD, and
TaylorF2e. EccentricFD (Huerta et al. 2014) extends the
post-circular (PC) analysis of Yunes et al. (2009) to obtain a
3.5PN Fourier-domain enhanced PC gravitational-wave model
that produces an eccentric, compact binary inspiral waveform
in the small eccentricity approximation. In the zero eccentricity
limit this model reproduces the non-eccentric model, TaylorF2,
and in the small eccentricity limit this model will reproduce the
PC model to leading order. Figure 1 shows two waveforms
generated using EccentricFD with a non-eccentric waveform
shown in blue and an eccentric waveform shown in orange.
TaylorF2e is a 3PN Fourier-domain, eccentric waveform
model, valid for larger initial eccentricities, defined by the
stationary phase approximation of a harmonically decomposed
time-domain signal. While both models expand the amplitude
coefficients in small eccentricity, the TaylorF2e model does not
invert the dependence of orbital frequency on eccentricity and

Figure 1. EccentricFD gravitational waveforms generated at a dominant-mode gravitational-wave reference frequency of 10 Hz with component masses of 1.3 M for
a non-eccentric, e=0.0 (blue), and eccentric, e=0.4 (orange) merging BNS up to the time of merger. Though the waveforms look similar they overlap by ∼16%.
The inset plot shows a zoomed-in depiction of the the phase difference in the non-eccentric (blue) and eccentric (orange) waveforms from −9.0 to −8.7 s.
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numerically solves the stationary phase condition (Moore et al.
2018; Moore & Yunes 2019a, 2019b).

We find that a template bank generated by straightforward
stochastic placement of EccentricFD waveforms starting at a
gravitational-wave frequency of 30 Hz is sufficient to recover
BNS signals with eccentricity as modeled by either Eccen-
tricFD or TaylorF2e. In addition to the component masses of
the BNS, our bank adds a parameter for the eccentricity, e30,
along with an additional binary orientation parameter. Our
template bank is designed to detect BNS mergers where the
component masses range from 1.1 to 1.6 M (Özel & Freire
2016) and eccentricities up to 0.2 at a reference of 30 Hz. This
corresponds to ∼0.43 at a reference frequency of 10 Hz.
Figure 2 shows the distribution of templates in both chirp mass
and eccentricity. The density of templates increases rapidly
with eccentricity. Adding the additional degrees of freedom
increases the size of the template bank by a factor of 160
relative to a non-eccentric, non-spinning bank that would cover
the same region. Due to the inherent degeneracy between the
component masses, the template bank will have significant
sensitivity outside this parameter space in regions where the
chirp mass ( ) ( )= + m m m m1 2

3 5
1 2

1 5 is otherwise con-
sistent i.e., a 1.2–2.0 M merger.

Matched-filtering is used to calculate the signal-to-noise ratio
(S/N) time series using our bank of template waveforms
independently for each observatory (Allen et al. 2012). Peaks
in the S/N time series are followed up by a series of signal
consistency tests (Allen 2005; Nitz 2018) and combined into
multi-detector candidates (Usman et al. 2016; Nitz et al. 2017).
We assign each candidate a ranking statistic, r̃c, using the same
methods employed in the 1-OGC catalog (Nitz et al. 2019b).
The ranking statistic, r̃c, accounts for the S/N of each
candidate, the consistency of its morphology and signal
properties with an astrophysical source, and the rate of
background for candidates arising from similar templates.

3. Observational Results

We search the public LIGO O1 and O2 data set which
contains ∼164 days of coincident LIGO–Hanford and LIGO–
Livingston data after removal of data that has been flagged as
potentially containing instrumental artefacts (Vallisneri et al.
2015; Abbott et al. 2016b, 2018). Data when only a single

observatory was operating was not considered, nor was data
from the Virgo observatory which operated only in the last
month of O2. In this search, we neglect data from the Virgo
detector as it only provides a marginal sensitivity improvement
(Nitz et al. 2019c). Future analyses will incorporate data from
the full network.
The most significant candidates are listed in Table 1. As our

search is also sensitive to circular binaries, it is not surprising
that GW170817—first detected by the LIGO–Virgo search for
circular binaries—was observed as a high-significance event.
The remaining candidates are consistent with the rate of false
alarms expected for the amount of data analyzed. However, we
cannot rule out a sub-threshold population, which may be
uncovered by correlation with non-GW data sets (GRBs,
Kilonovae, etc.) such as performed in Nitz et al. (2019e).

4. Upper Limits

As our search did detect any significant individual eccentric
BNS merger candidates, we place an upper limit on the rate of
eccentric mergers as a function of their eccentricity. We
determined a 90% confidence upper limit on the rate of mergers
using the method introduced in Brady et al. (2004). The upper
limit on the merger rate R90 is

[ ( )] ( )= -R TV2.303 , 190
1*

where T is the total observation time, and ( )V * is the average
volume the search is sensitive to at the false alarm rate of the
loudest observed candidate. Under the assumption that
GW170817 is a non-eccentric merger, we exclude it from our
analysis. The sensitivity is measured using a simulated
population of sources distributed uniformly in volume and
isotropic in orientation. We have primarily used the Eccen-
tricFD model for our simulated population, however, we have
confirmed our results are consistent with a smaller sample
using the TaylorF2e model. Figure 3 shows the upper limit on
the merger rate as a function of the binary eccentricity as well
as the average sensitive distance of the search over the
observation period. We find that up to an eccentricity of ∼0.43
at a reference frequency of 10 Hz, we can place a 90% upper
limit at ∼1700 mergers per cubic Gpc per year.
Under the assumption that eccentric signals will not have

been detected, we can determine the observation time required
by future detectors to constrain the BNS merger rates predicted
by Lee et al. (2010) and Ye et al. (2020) by scaling the upper
limit from our search. We find that the Advanced LIGO
observatories had an average range, DO1+O2, of 90Mpc during
O1 and O2 for a fiducial 1.4–1.4 M merger by taking the
weighted-average of their noise curves. Similarly, using their
respective noise curves, we find an average range, DA+, of
330Mpc for A+ (Abbott et al. 2016a) and DCE of 7130Mpc
for Cosmic Explorer.7 The observation time required, +TCE,A ,
to match the predicted rates, RYe,Lee, is given as

⎛
⎝⎜

⎞
⎠⎟ ( )∣ =+ +

+ +

+
T T

R

R

D

D
, 2CE,A Ye,Lee O1 O2

O1 O2

Ye,Lee

O1 O2

CE,A

3

where +TO1 O2 is the total observation time of O1 and O2, and
RO1+O2 is the upper limit achieved by our current search. We
find that with the increased sensitivity of A+ the most

Figure 2. Distribution of templates in our eccentric BNS bank. Note that the
eccentricity is given at a dominant-mode gravitational-wave reference
frequency of 30 Hz as opposed to 10 Hz used elsewhere in this paper.

7 https://cosmicexplorer.org/researchers.html
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optimistic predictions (Lee et al. 2010) would require half a
year of data and the most pessimistic predictions (Ye et al.
2020) would require ∼775 yr. Cosmic Explorer would need at
most half a year of data to constrain current BNS merger rate
models. Understanding the constraints that future observational
limits place on eccentric binary formation channels will require
computation of the rate as a function of eccentricity from
population synthesis.

5. Conclusions

We have developed a search that is effective at detecting
BNS mergers with orbital eccentricity 0.43 at 10 Hz. Our
search uses the public PyCBC toolkit (Nitz et al. 2019d) based
on a standard matched-filtering approach (Usman et al. 2016;
Nitz et al. 2019b). We have found that straightforward
stochastic placement algorithms are sufficient to tackle the
construction of template banks for eccentric binary merger
waveforms. As broadly applicable and highly accurate
eccentric waveform models are developed, which include
corrections for component-object spin, the full inspiral-merger-
ringdown, and support for large values of eccentricity, it will be
possible to apply the same methods demonstrated here to the
detection of BBH mergers.

To aid in further analysis of our results, we make available
our full sub-threshold catalog of eccentric BNS candidates. For
each candidate we provide the false alarm rate, parameters of
the associated template waveform, and signal parameters such
as the S/N and results of our signal consistency tests. This is
available at doi:10.5281/zenodo.3585523 (Nitz et al. 2019a).8

While the detection of a single BNS or BBH eccentric merger
would immediately demonstrate the existence of dynamical
formation, current estimates of the rate of BNS mergers imply
that a single observation would be rare for the current generation of
ground based observatories. Future observatories such as Cosmic
Explorer will be able to probe current models.

We thank Nico Yunes and Blake Moore for their feedback
and guidance using TaylorF2e. D.A.B. thanks National Science
Foundation grant No.PHY-1707954 for support. A.L. thanks
the Center for Gravitational Waves and Cosmology at West
Virginia University, and the Division of Diversity Equity and
Inclusion at West Virginia University for support. We
acknowledge the Max Planck Gesellschaft for support and
the Atlas cluster computing team at AEI Hannover. This
research was supported in part by the National Science
Foundation under grant No.PHY-1748958. This research has
made use of data, software, and/or web tools obtained from the
Gravitational Wave Open Science Center (https://www.gw-
openscience.org), a service of LIGO Laboratory, the LIGO
Scientific Collaboration, and the Virgo Collaboration. LIGO is
funded by the U.S. National Science Foundation. Virgo is
funded by the French Centre National de Recherche Scienti-
fique (CNRS), the Italian Istituto Nazionale della Fisica
Nucleare (INFN) and the Dutch Nikhef, with contributions
by Polish and Hungarian institutes.

ORCID iDs

Alexander H. Nitz https://orcid.org/0000-0002-1850-4587
Amber Lenon https://orcid.org/0000-0001-8429-2458
Duncan A. Brown https://orcid.org/0000-0002-9180-5765

References

Aasi, J., Abadie, J., Abbott, B. P., et al. 2015, CQGra, 32, 074001
Abbott, B., Abbott, R., Abbott, T. D., et al. 2017, PhRvL, 119, 161101

Table 1
Binary Neutron Star Candidates from the Search of O1 and O2 LIGO Data Sorted by the Rate of False Alarms with a Detection Statistic at Least as Large as the

Candidate

Date Designation GPS Time FAR−1 (y) r̃c ρH ρL m1 m2 e30

170817+12:41:04UTC 1187008882.45 >10000 27.86 18.41 23.60 1.48 1.28 0.02
151127+02:24:56UTC 1132626313.67 .57 8.60 7.28 5.73 1.23 1.55 0.16
151130+22:40:53UTC 1132958470.76 .54 8.60 6.76 5.89 1.29 1.22 0.19
170705+12:02:50UTC 1183291388.00 .31 8.54 7.29 5.56 1.48 1.57 0.16
151227+13:12:35UTC 1135257172.28 .14 8.42 6.33 6.21 1.42 1.37 0.10
170618+15:35:01UTC 1181835319.00 .08 8.40 7.30 5.35 1.22 1.19 0.15
170812+20:07:43UTC 1186603681.67 .07 8.35 6.92 5.47 1.21 1.13 0.17
170302+22:45:10UTC 1172529928.62 .07 8.42 6.93 5.46 1.23 1.17 0.12
161222+07:49:11UTC 1166428168.98 .06 8.39 6.33 6.14 1.50 1.12 0.18
170328+07:26:40UTC 1174721218.74 .05 8.38 5.11 7.26 1.11 1.22 0.12

Note.The mass and eccentricity parameters of the template associated with each candidate are listed. Note the eccentricity is given at the 30 Hz gravitational-wave
frequency reference used to generate the template bank. The values associated with a candidate can be considered point estimates and may differ significantly from the
results of full Bayesian parameter estimation. Masses are quoted in the detector frame.

Figure 3. The average sensitive distance of the search (blue/left scale) and the
90% upper limit on the rate of eccentric BNS mergers (purple/right scale) as a
function of eccentricity at a reference frequency of 10 Hz. The average sensitivity
is nearly flat up to an eccentricity of 0.43, where we begin to see sharp drop-off in
sensitive range. This corresponds to the edge of our template bank.

8 https://github.com/gwastro/eccentric-bns-search

4

The Astrophysical Journal, 890:1 (5pp), 2020 February 10 Nitz, Lenon, & Brown

https://doi.org/10.5281/zenodo.3585523
https://www.gw-openscience.org
https://www.gw-openscience.org
https://orcid.org/0000-0002-1850-4587
https://orcid.org/0000-0002-1850-4587
https://orcid.org/0000-0002-1850-4587
https://orcid.org/0000-0002-1850-4587
https://orcid.org/0000-0002-1850-4587
https://orcid.org/0000-0002-1850-4587
https://orcid.org/0000-0002-1850-4587
https://orcid.org/0000-0002-1850-4587
https://orcid.org/0000-0001-8429-2458
https://orcid.org/0000-0001-8429-2458
https://orcid.org/0000-0001-8429-2458
https://orcid.org/0000-0001-8429-2458
https://orcid.org/0000-0001-8429-2458
https://orcid.org/0000-0001-8429-2458
https://orcid.org/0000-0001-8429-2458
https://orcid.org/0000-0001-8429-2458
https://orcid.org/0000-0002-9180-5765
https://orcid.org/0000-0002-9180-5765
https://orcid.org/0000-0002-9180-5765
https://orcid.org/0000-0002-9180-5765
https://orcid.org/0000-0002-9180-5765
https://orcid.org/0000-0002-9180-5765
https://orcid.org/0000-0002-9180-5765
https://orcid.org/0000-0002-9180-5765
https://doi.org/10.1088/0264-9381/32/11/115012
https://ui.adsabs.harvard.edu/abs/2015CQGra..32g4001L/abstract
https://doi.org/10.1103/PhysRevLett.119.161101
https://ui.adsabs.harvard.edu/abs/2017PhRvL.119p1101A/abstract
https://github.com/gwastro/eccentric-bns-search


Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2016a, LRR, 19, 1
Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2016b, CQGra, 33, 134001
Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2018, CQGra, 35, 065010
Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2019a, PhRvX, 9, 031040
Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2019b, ApJ, 883, 149
Acernese, F., Agathos, M., Agatsuma, K., et al. 2015, CQGra, 32, 024001
Allen, B. 2005, PhRvD, 71, 062001
Allen, B., Anderson, W. G., Brady, P. R., Brown, D. A., & Creighton, J. D. E.

2012, PhRvD, 85, 122006
Antonini, F., & Perets, H. B. 2012, ApJ, 757, 27
Brady, P. R., Creighton, J. D. E., & Wiseman, A. G. 2004, CQGra, 21, S1775
Brown, D. A., Lundgren, A., & O’Shaughnessy, R. 2012, PhRvD, 86, 064020
Brown, D. A., & Zimmerman, P. J. 2010, PhRvD, 81, 024007
Cao, Z., & Han, W.-B. 2017, PhRvD, 96, 044028
Dal Canton, T., & Harry, I. W. 2017, arXiv:1705.01845
Grindlay, J., Portegies Zwart, S., & McMillan, S. 2006, NatPh, 2, 116
Hessels, J. W., Ransom, S. M., Stairs, I. H., et al. 2006, Sci, 311, 1901
Hinder, I., Kidder, L. E., & Pfeiffer, H. P. 2018, PhRvD, 98, 044015
Hinder, I., Vaishnav, B., Herrmann, F., Shoemaker, D., & Laguna, P. 2008,

PhRvD, 77, 081502
Hinderer, T., & Babak, S. 2017, PhRvD, 96, 104048
Huerta, E. A., & Brown, D. A. 2013, PhRvD, 87, 127501
Huerta, E. A., Kumar, P., McWilliams, S. T., O’Shaughnessy, R., & Yunes, N.

2014, PhRvD, 90, 084016
Huerta, E. A., Moore, C. J., Kumar, P., et al. 2018, PhRvD, 97, 024031
Ireland, B., Birnholtz, O., Nakano, H., West, E., & Campanelli, M. 2019,

PhRvD, 100, 024015
Klimenko, S., Vedovato, G., Drago, M., et al. 2016, PhRvD, 93, 042004
Klimenko, S., Yakushin, I., Mercer, A., & Mitselmakher, G. 2008, CQGra, 25,

114029
Lee, W. H., Ramirez-Ruiz, E., & van de Ven, G. 2010, ApJ, 720, 953

Moore, B., Robson, T., Loutrel, N., & Yunes, N. 2018, CQGra, 35, 235006
Moore, B., & Yunes, N. 2019a, CQGra, 36, 185003
Moore, B., & Yunes, N. 2019b, arXiv:1910.01680
Nitz, A., Lenon, A., & Brown, D. 2019a, gwastro/eccentric-bns-search: First

Eccentric Binary Neutron Star Merger Catalog, v1.0, zenodo, doi:10.5281/
zenodo.3585523

Nitz, A. H. 2018, CQGra, 35, 035016
Nitz, A. H., Capano, C., Nielsen, A. B., et al. 2019b, ApJ, 872, 195
Nitz, A. H., Dent, T., Dal Canton, T., Fairhurst, S., & Brown, D. A. 2017, ApJ,

849, 118
Nitz, A. H., Dent, T., Davies, G. S., et al. 2019c, arXiv:1910.05331
Nitz, A. H., Harry, I. W., Willis, J. L., et al. 2019d, gwastro/pycbc: PyCBC

Release v1.14.0, zenodo, doi:10.5281/zenodo.3247679
Nitz, A. H., Nielsen, A. B., & Capano, C. D. 2019e, ApJL, 876, L4
O’Leary, R. M., Kocsis, B., & Loeb, A. 2009, MNRAS, 395, 2127
Özel, F., & Freire, P. 2016, ARA&A, 54, 401
Peters, P. C. 1964, PhRv, 136, B1224
Portegies Zwart, S. F., & McMillan, S. 2000, ApJL, 528, L17
Reitze, D., Adhikari, R., Ballmer, S., et al. 2019, arXiv:1907.04833
Romero-Shaw, I. M., Lasky, P. D., & Thrane, E. 2019, MNRAS, 490, 5210
Sigurdsson, S., & Hernquist, L. 1993, Natur, 364, 423
Tiwari, V., Klimenko, S., Christensen, N., et al. 2016, PhRvD, 93, 043007
Usman, S. A., Nitz, A. H., Harry, I. W., et al. 2016, CQGra, 33, 215004
Vallisneri, M., Kanner, J., Williams, R., Weinstein, A., & Stephens, B. 2015,

JPhCS, 610, 012021
Venumadhav, T., Zackay, B., Roulet, J., Dai, L., & Zaldarriaga, M. 2019a,

PhRvD, 100, 023011
Venumadhav, T., Zackay, B., Roulet, J., Dai, L., & Zaldarriaga, M. 2019b,

arXiv:1904.07214
Ye, C. S., Fong, W.-f., Kremer, K., et al. 2020, ApJL, 888, L10
Yunes, N., Arun, K. G., Berti, E., & Will, C. M. 2009, PhRvD, 80, 084001

5

The Astrophysical Journal, 890:1 (5pp), 2020 February 10 Nitz, Lenon, & Brown

https://doi.org/10.1007/lrr-2016-1
https://ui.adsabs.harvard.edu/abs/2016LRR....19....1A/abstract
https://doi.org/10.1088/0264-9381/33/13/134001
https://ui.adsabs.harvard.edu/abs/2016CQGra..33m4001A/abstract
https://doi.org/10.1088/1361-6382/aaaafa
https://ui.adsabs.harvard.edu/abs/2018CQGra..35f5010A/abstract
https://doi.org/10.1103/PhysRevX.9.031040
https://ui.adsabs.harvard.edu/abs/2019PhRvX...9c1040A/abstract
https://doi.org/10.3847/1538-4357/ab3c2d
https://ui.adsabs.harvard.edu/abs/2019ApJ...883..149A/abstract
https://doi.org/10.1088/0264-9381/32/2/024001
https://ui.adsabs.harvard.edu/abs/2015CQGra..32b4001A/abstract
https://doi.org/10.1103/PhysRevD.71.062001
https://ui.adsabs.harvard.edu/abs/2005PhRvD..71f2001A/abstract
https://doi.org/10.1103/PhysRevD.85.122006
https://ui.adsabs.harvard.edu/abs/2012PhRvD..85l2006A/abstract
https://doi.org/10.1088/0004-637X/757/1/27
https://ui.adsabs.harvard.edu/abs/2012ApJ...757...27A/abstract
https://doi.org/10.1088/0264-9381/21/20/020
https://ui.adsabs.harvard.edu/abs/2004CQGra..21S1775B/abstract
https://doi.org/10.1103/PhysRevD.86.064020
https://ui.adsabs.harvard.edu/abs/2012PhRvD..86f4020B/abstract
https://doi.org/10.1103/PhysRevD.81.024007
https://ui.adsabs.harvard.edu/abs/2010PhRvD..81b4007B/abstract
https://doi.org/10.1103/PhysRevD.96.044028
https://ui.adsabs.harvard.edu/abs/2017PhRvD..96d4028C/abstract
http://arxiv.org/abs/1705.01845
https://doi.org/10.1038/nphys214
https://ui.adsabs.harvard.edu/abs/2006NatPh...2..116G/abstract
https://doi.org/10.1126/science.1123430
https://ui.adsabs.harvard.edu/abs/2006Sci...311.1901H/abstract
https://doi.org/10.1103/PhysRevD.98.044015
https://ui.adsabs.harvard.edu/abs/2018PhRvD..98d4015H/abstract
https://doi.org/10.1103/PhysRevD.77.081502
https://ui.adsabs.harvard.edu/abs/2008PhRvD..77h1502H/abstract
https://doi.org/10.1103/PhysRevD.96.104048
https://ui.adsabs.harvard.edu/abs/2017PhRvD..96j4048H/abstract
https://doi.org/10.1103/PhysRevD.87.127501
https://ui.adsabs.harvard.edu/abs/2013PhRvD..87l7501H/abstract
https://doi.org/10.1103/PhysRevD.90.084016
https://ui.adsabs.harvard.edu/abs/2014PhRvD..90h4016H/abstract
https://doi.org/10.1103/PhysRevD.97.024031
https://ui.adsabs.harvard.edu/abs/2018PhRvD..97b4031H/abstract
https://doi.org/10.1103/PhysRevD.100.024015
https://ui.adsabs.harvard.edu/abs/2019PhRvD.100b4015I/abstract
https://doi.org/10.1103/PhysRevD.93.042004
https://ui.adsabs.harvard.edu/abs/2016PhRvD..93d2004K/abstract
https://doi.org/10.1088/0264-9381/25/11/114029
https://ui.adsabs.harvard.edu/abs/2008CQGra..25k4029K/abstract
https://ui.adsabs.harvard.edu/abs/2008CQGra..25k4029K/abstract
https://doi.org/10.1088/0004-637X/720/1/953
https://ui.adsabs.harvard.edu/abs/2010ApJ...720..953L/abstract
https://doi.org/10.1088/1361-6382/aaea00
https://ui.adsabs.harvard.edu/abs/2018CQGra..35w5006M/abstract
https://doi.org/10.1088/1361-6382/ab3778
https://ui.adsabs.harvard.edu/abs/2019CQGra..36r5003M/abstract
http://arxiv.org/abs/1910.01680
https://doi.org/10.5281/zenodo.3585523
https://doi.org/10.5281/zenodo.3585523
https://doi.org/10.1088/1361-6382/aaa13d
https://ui.adsabs.harvard.edu/abs/2018CQGra..35c5016N/abstract
https://doi.org/10.3847/1538-4357/ab0108
https://ui.adsabs.harvard.edu/abs/2019ApJ...872..195N/abstract
https://doi.org/10.3847/1538-4357/aa8f50
https://ui.adsabs.harvard.edu/abs/2017ApJ...849..118N/abstract
https://ui.adsabs.harvard.edu/abs/2017ApJ...849..118N/abstract
http://arxiv.org/abs/1910.05331
https://doi.org/10.5281/zenodo.3247679
https://doi.org/10.3847/2041-8213/ab18a1
https://ui.adsabs.harvard.edu/abs/2019ApJ...876L...4N/abstract
https://doi.org/10.1111/j.1365-2966.2009.14653.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.395.2127O/abstract
https://doi.org/10.1146/annurev-astro-081915-023322
https://ui.adsabs.harvard.edu/abs/2016ARA&A..54..401O/abstract
https://doi.org/10.1103/PhysRev.136.B1224
https://ui.adsabs.harvard.edu/abs/1964PhRv..136.1224P/abstract
https://doi.org/10.1086/312422
https://ui.adsabs.harvard.edu/abs/2000ApJ...528L..17P/abstract
http://arxiv.org/abs/1907.04833
https://doi.org/10.1093/mnras/stz2996
https://ui.adsabs.harvard.edu/abs/2019MNRAS.490.5210R/abstract
https://doi.org/10.1038/364423a0
https://ui.adsabs.harvard.edu/abs/1993Natur.364..423S/abstract
https://doi.org/10.1103/PhysRevD.93.043007
https://ui.adsabs.harvard.edu/abs/2016PhRvD..93d3007T/abstract
https://doi.org/10.1088/0264-9381/33/21/215004
https://ui.adsabs.harvard.edu/abs/2016CQGra..33u5004U/abstract
https://doi.org/10.1088/1742-6596/610/1/012021
https://ui.adsabs.harvard.edu/abs/2015JPhCS.610a2021V/abstract
https://doi.org/10.1103/PhysRevD.100.023011
https://ui.adsabs.harvard.edu/abs/2019PhRvD.100b3011V/abstract
http://arxiv.org/abs/1904.07214
https://doi.org/10.3847/2041-8213/ab5dc5
https://ui.adsabs.harvard.edu/abs/2020ApJ...888L..10Y/abstract
https://doi.org/10.1103/PhysRevD.80.084001
https://ui.adsabs.harvard.edu/abs/2009PhRvD..80h4001Y/abstract

	1. Introduction
	2. Search Methodology
	3. Observational Results
	4. Upper Limits
	5. Conclusions
	References



