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We report on the population properties of compact binary mergers inferred from gravitational-wave
observations of these systems during the first three LIGO-Virgo observing runs. The Gravitational-Wave
Transient Catalog 3 (GWTC-3) contains signals consistent with three classes of binary mergers: binary
black hole, binary neutron star, and neutron star—black hole mergers. We infer the binary neutron star
merger rate to be between 10 and 1700 Gpc— yr~! and the neutron star-black hole merger rate to be
between 7.8 and 140 Gpc— yr~!, assuming a constant rate density in the comoving frame and taking the
union of 90% credible intervals for methods used in this work. We infer the binary black hole merger rate,
allowing for evolution with redshift, to be between 17.9 and 44 Gpc™> yr~! at a fiducial redshift (z = 0.2).
The rate of binary black hole mergers is observed to increase with redshift at a rate proportional to (1 4 z)*
with x = 2.9/ for z < 1. Using both binary neutron star and neutron star-black hole binaries, we obtain a
broad, relatively flat neutron star mass distribution extending from 1.2 to 2.0703M . We confidently
determine that the merger rate as a function of mass sharply declines after the expected maximum neutron
star mass, but cannot yet confirm or rule out the existence of a lower mass gap between neutron stars and
black holes. We also find the binary black hole mass distribution has localized over- and underdensities
relative to a power-law distribution, with peaks emerging at chirp masses of 8.31“8:3 and 27.91’11:3 M. While
we continue to find that the mass distribution of a binary’s more massive component strongly decreases as a
function of primary mass, we observe no evidence of a strongly suppressed merger rate above
approximately 600, which would indicate the presence of a upper mass gap. Observed black hole
spins are small, with half of spin magnitudes below y; ~ 0.25. While the majority of spins are preferentially
aligned with the orbital angular momentum, we infer evidence of antialigned spins among the binary
population. We observe an increase in spin magnitude for systems with more unequal-mass ratio. We also

observe evidence of misalignment of spins relative to the orbital angular momentum.
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I. INTRODUCTION

The first three observing runs of the Advanced LIGO [1]
and Advanced Virgo [2] gravitational-wave observatories
were undertaken between September 2015 and March
2020. During that time, gravitational-wave (GW) signals
from 90 mergers of binaries comprised of black holes
(BHs) and neutron stars (NSs) were observed. The
Gravitational-Wave Transient Catalog 3 (GWTC-3) [3]
combines observations from the first three observing runs
(01, 02 [4], and O3 [3,5,6]). In this paper, we use those
observations to infer the populations of NS and BH binaries
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in the Universe. To reduce contamination from events of
nonastrophysical origin, we restrict our attention to 76
events which have a false alarm rate (FAR) of less than one
per year, presented in Table I. Sixty-nine events are
identified as binary black holes (BBHs), four events are
neutron star—black holes (NSBHs), two events are binary
neutron stars (BNSs), and one event, GW 190814, is either a
NSBH or BBH [7]. With this expanded catalog, we can
start to probe the detailed characteristics of the populations,
such as the distributions of component masses and spins, as
well as investigate possible correlations between source
properties.

The results presented here expand our understanding of
the Universe relative to our previous merger census [20],
which was based upon events observed in O1, O2, and the
first half of O3 (O3a) as summarized in the Gravitational-
Wave Transient Catalog 2 (GWTC-2) [5]. In addition to an
increased total number of events, our census now contains
an entirely new class of events. The first GW observation
was a BBH merger [8], and the first BNS observation,
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TABLE 1. A table of GW events that meet the criteria for inclusion in this work. Events are separated by a horizontal line into sections
of FAR,,;, < 0.25 yr~! and FAR,,;, > 0.25 yr~! (lower), where FAR;, is the smallest FAR reported over all pipelines. Within these
sections, events are listed by the date they were detected. Columns provide the FAR, p ., (from the pipeline with the smallest FAR), and
previously reported estimates of selected parameters; see Appendix E for discussion of how these estimates could be reassessed when
adopting the results of this work. Events with at least one low-mass component are classified as BNSs or NSBHs following the analysis
described in Sec. V. The low-significance event GW190531 is not included, lacking parameter inferences.

Name FARuin (y1™') Pawe m1/Mo my/Mg  M/Mg X1 X2 Keff cos(f))  cos(fy) Type Ref.
GW150914 <1x10™  >099 356737 306530 28617 0310 03705 -001102 003597 013108 BBH [8]
GW151012 7.92x 107 >0.99 2321149 13654 15277 03103 04703 0055030 0237082 o0.10107) BBH [9]
GW151226 <1x107° >099 137488 77122 8903 06104  05°0F  0.1870% 047104 025108 BBH [10]
GW170104 <1x10™  >099 30873 200737 214772 03107 04707 -0.041027 —0.127078 —0.127082 BBH [11]
GW170608 <1x10™  >099 11.0733 7.600% 79502 03103 04707 003197 019708 0.1570% BBH [12]
GW170729 1.80x 1071 098 502162 34.01%!, 354 07102 0570 037104 0737923 048703 BBH [4]
GW 170809 <1x107°  >099 350783 238731 2497 03503 04707 008717 026103 017708 BBH [4]
GW170814 <1x107°  >099 306736 252738  24.1f) 04703 04707 0077017 023103 014105 BBH [13]
GW170817 <1x107°  >0.99 1467013 1275000 1.1861 501 0.02X00s  0.02105  0.005007  0.22705  0.13708% BNS [14]
GW170818 <1x107  >099 354773 267115 26517 05507 05597 —0.0959;% —0.20707 —0.23707 BBH [4]
GW170823 <1x107°  >0.99 39.5%1L2 29087 292738 04707 04707 0097032 0261038 o0.117] BBH [4]

GW190408_181802 <1 x 1070 >0.99 24,6131 18.4737 18317 034704 036103 —0.0310{ —0.17599 —0.027058 BBH [5]
GW190412_053044 <1 x 10 >0.99 30.17¢] 835§ 133705 0447025 049704 02570% 0707970 0257087 BBH [I5]

GW190413_134308  1.81 x 107" 0.99 47.57133 31.8T/07 33.0757 0587035 0.50704¢ -0.0310% —0.067952 —0.1375,9%9 BBH [5]
GW190421_213856 2.83 x 1072 >0.99 41.37)%% 31.9780 312437 046503 046704 -0.061037 —0.15702%¢ ~0.16705¢ BBH [5]
GW190425_081805 338 x 1072 0.78 2.010¢ 14503 1447002 027950 0281930 0.067054 0.267081  0.1610¢9 BNS [16]
GW190503_185404 <1 x 10 >0.99 433707 284777 30243 034703 0447048 -0.037030 —0.16795¢ —0.027058 BBH [5]
GW190512_180714 <1 x 10 >0.99 233%33 12.673° 14.67]3 0.1770% 03605 003713 007708 0.16705: BBH [5]
GW190513_205428 <1 x 1075 >099 357793 18.077] 21.638 030105 043705 011598 041103 025706 BBH [5]
GW190517_055101 347 x 10 >0.99 37457 253770  26.67}) 086703 0587935 05270 0.83704¢ 0.61705¢ BBH [5]
GW190519_153544 <1 x 10 >0.99 66.05%7 40551V 44.5%¢ 0.60703 054754 0317039 0.657037 05070 BBH [5]

GW190521_030229 <1 x 107> >0.99 95317 69.0133] 69.21]/¢ 073102 0.58103%  0.035035 005108 —0.02:08 BBH [17]
GW190521_074359 1.00 x 1072 >0.99 422739 32.83¢ 321432 031509 042533 009701 017970 029792 BBH [17]
GW190527_092055 228 x 107! 0.85 36.57)5% 22.653%° 24370 047104 050704 0117938 02878 0.167%7° BBH [
GW190602_175927 <1 x 107> >0.99 69.1°137 47.85157  49.17%1 038205 050704 007192 018552 0.197)7F BBH [
GW190620_030421  1.12x 107 0.99 57.1+/80 355%/22 38383 0.61103% 056704 0337922 068702 050795 BBH [
GW190630_185205 <1 x 107>  >0.99 35182 23737 249121 0265057 0381045 0.105012 02918 033798 BBH [
GW190701_203306 571 x 1073 0.99 53.9731% 4081} 403135 0407050 0447048 —0.07593 —0.22735 —0.175,9% BBH [
GW190706_222641 <1 x 1075 >0.99 67.011¢5 38.21/3¢ 4270090 05550 049104 0281928  0.66155 037938 BBH |
GW190707_093326 <1 x 10  >099 11.67}3 84%% 85108 024103 031505 -0.05000 —0.19500¢ —0.19539% BBH [
GW190708_232457 3.09 x 10 >0.99 17.6737 132739 132507 0221052 030705 0.027530 0.07598 0.147077 BBH [
GW190720_000836 <1 x 10 >0.99 134753 78733  8970: 0407050 051504 0185y 0547052 031706 BBH [5
GW190727_060333 <1 x 10  >0.99 38.0%25 29477, 28.6753 046704 0457046 0.11503¢ 030708 0207972 BBH [
GW190728_064510 <1 x 10 >0.99 12377 8157 861035 0327037 039700 0.127029 049707 03079 BBH [
GW190803_022701  7.32x 107> 0.94 3731506 273778 273737 041103 0455045 —0.03103 —0.070% —0.0610¢; BBH [
GW190814 211039 <1 x 1075  >0.99 232711 2597008 6097000 0037095 0.52%04  0.0079%  0.017957 —0.0379%7 BBH [
GW190828_063405 <1 x 1075 >0.99 321738 262738 25013 044705 041704 019705 051504 0377997 BBH [
GW190828_065509 <1 x 107 >0.99 24.1779 102736 13342 028105 042708 00818 026708 024706 BBH [
GW190910_112807 2.87 x 1072 >0.99 43.977¢ 356753 3437+ 0341030 037793  0.027018 00804 0.04705 BBH [

(Table continued)
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TABLE 1. (Continued)

Name FARpin (y17') Paswo m1/Mo my/Mo  M/Mg X1 X2 Xeft cos(6;) cos(¢,)  Type Ref.
GW190915_235702 <1 x 1075  >0.99 35377 244736 253137 055507 0487045 0.027032  0.0670¢; 0.02705 BBH [5]
GW190924 021846 <1 x 10 >0.99 89779 5073 58707 0247050 035503 0037030 0.19702¢ 0.1570) BBH [5]
GW190925_232845 720 x 1072 099 21.27%) 156738 15870 036103 043705 0.1170{7 0335050 027798 BBH [6]
GW190929_012149  1.55x 107" 0.87 80.87339 24.17[02 35873%° 0.647037 049705 001703 002708 004705 BBH [5]
GW190930_133541 123 x 1072 >0.99 12.31)3* 7.8%}] 85702 0391040 042104 0.145970 047508 031105 BBH [5]
GWI91105_143521  1.18 x 1072 >0.99 10.7]7 7.745  7.8210% 0231037 034103) —0.02103 —0.07:95) —0.0310§ BBH [3]
GWI91109_010717  1.80x 10~*  >0.99 65%] 4753 475099 0831047 0.65103 —0.297037 —0.6159% —0.267)0¢ BBH [3]
GWI191127_050227 249 x 107" 049 53537 2457 299017 0.66753 0545049 0185038 037705 022707 BBH [3]
GWI191129_134029 <1 x 10  >099 1075 6753 7315058 0255037 0347937 0067048 027708 030705 BBH [3]
GW191204_171526 <1 x 107 >0.99 2737110 193736 198135  0.52705 0495045 0.05597¢  0.175540 —0.01705 BBH [3]
GW191215_223052 <1 x 107 >099 249771 181707 1841717 047104 044700 —0.0410)] -0.09708 —0.11109%¢ BBH [3]
GW191216_213338 <1 x 10 >0.99 12153 77718 8335022 024703° 0367930 0.11700 053705 040792 BBH [3]
GW191222 033537 <1 x 107 >0.99 45.13%° 347505 338770 0381030 0411030 —0.047930 —0.1609] —0.0970¢) BBH [3]
GW191230_180458  5.02x 1072 0.95 494140 37011 365787 051104 049104 —0.05593) —0.10105%% —0.16195%¢ BBH [3]
GW200105_162426  2.04 x 107" 036 8912 1.9%03 3417008 0.080% 032103 —0.017011 —0.097055 —0.03705: NSBH [18]
GW200112_155838 <1 x 107 >0.99 356707 28.37%5 274128 0347040 039103 006701 014707 0257 BBH [3]
GW200115_042309 <1 x 107> >0.99 59730 1447085 243700 0327030 0441038 —0.15507 —-0.617)3¢ —0.321)43 NSBH [18]
GW200128_022011 4.29 x 1072 >0.99 422716 32,6795  32.0773 058703 050704 0.12703¢ 031708 0.127058 BBH [3]
GW200129_065458 <1 x 10  >0.99 345797 289734 272171 053505 049704 011701 0135003 0417%5¢ BBH [3]
GW200202_154313 <1 x 107 >0.99 10.1737 7315 7491050 0221055 033103 0047552 0185077 0221088 BBH [3]
GW200208_130117 3.11 x 10 >0.99 37.8707 27475, 277139 036703 043705 -0.071037 —0.247,% —0.15755% BBH [3]
GW200209_085452  4.64 x 107 0.95 35.67%° 27.177% 267789 052505 049708 —0.12170%5 —0.24707 —0.307,%5 BBH [3]
GW200219_094415  9.94 x 10~ >0.99 37.571%1 27,9774  27.6138 047048 0487045 —0.087035 —0.237055 —0.17707] BBH [3]
GW200224 222234 <1 x 107  >0.99 40.07%2 32559 311537 04608 0435038 0.107013 02802 0.187)7, BBH [3]
GW200225_060421 <1 x 107 >0.99 193730 14.013% 142717 059103 042105 —0.12193] —0.3070% —0.2219 BBH [3]
GW200302_015811  1.12x 107" 091 37.8787 20078 23.4%] 037295 045704 001502 —0.019% o0.117); BBH [3]
GW200311_115853 <1 x 1075  >0.99 342784 277715 26.6135 039705 041503 —0.0210;55 —0.0970% —0.0270%] BBH [3]
GW200316_215756 <1 x 107> >0.99 13.150%% 7.8%)9 87510 0321057 0447040 0.13507 047857 037-9%7 BBH [3]
GW190413_052954  8.17 x 107" 0.93 34.753° 237573 24,6737 040705 045504 —0.01593) 0.01105) —0.087055 BBH [5]
GW190426_152155 9.12x 107" 0.14 57537 1.570% 2417008 0.147017 0.0097005, —0.03038 —1.007300 —1.007500 NSBH [5]
GW190719_215514 631 x 107" 092 365589 20.8790 235185 0.62703 055705 032503 0.667735 0447075 BBH [5]
GW190725_174728 458 x 107" 096 115752 64130 74708 036103 0517043 —0.0470% 0.0470% —0.147,2, BBH [19]
GW190731_140936 335 x 107" 0.78 41.55)%% 28.8%97 29.511) 03705 0455048 006197 0.1610% 0.1550 BBH [5]
GW190805_211137 6.28 x 107" 0.95 482772 320074 33.500%" 07802 061703 0355703 0.667 05 0357075 BBH [6]
GW190917_114630 656 x 107" 0.77 93134 2143 37507 0247057 045504 —0.11707% —0.387)92 —0.13709) NSBH [6]
GWI91103_012549 458 x 107" 0.94 11.8757 7.91)] 834108 0461040 050104 0217010 054505 048101 BBH [3]
GW200216_220804 350 x 107" 077 5177 307 329792 0487048 051704 0107038 024705 0.18707; BBH [3]
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GW170817 [14], which was also the first multimessenger
observation, occurred in O2. It was not until O3 that NSBH
binary mergers were observed for the first time:
GW200105_162426 and GW200115_042309 [18]. In
these two systems, the primary mass m; is larger than
the maximum mass of roughly 2.2-2.5M ; allowed by the
NS equation of state [21-25], and the secondary mass n1,
is consistent with known NS masses (here and throughout
the paper, the primary mass m; refers to the larger of
the two component masses in the binary, while the
secondary mass m, refers to the smaller of the two).
The inclusion of NSBH events enables the first joint
analysis of the entire compact object population for
component masses between 1 and 100M,, a range
covering NSs and stellar-mass BHs. This enables us to
clearly identify three different populations, their relative
prevalences, and the possibility of gaps in the mass
distribution between these populations. The availability
of NSs from both NSBH and BNS events also provides
enough observations to investigate the mass distribution
of NSs in merging binaries.

With a larger sample of BBHs, we are able to clearly
identify structures in the BH mass distribution that are not
predicted by astrophysical models [26—42]. Under the
interpretation that all our mergers are comprised of BHs
originating from the collapse of massive stars [43-46],
this novel population census is an essential benchmark
for an astrophysical understanding of how such stars end
their life, and of the paths that bring the remnants together
[47]. If, alternatively, primordial BHs [48-52] make a
significant contribution to our census of detected merg-
ers, the BH mass function will likewise constrain funda-
mental physics, potentially yielding a unique window on
the hot and dense early Universe [53-57]. We also
demonstrate for the first time that the rate of binary
mergers evolves significantly over cosmic time. In par-
ticular, the merger rate was larger in the past, a finding
with direct implications for high-mass star formation and
evolution.

We find that the spins of black holes are low, but
nonzero. Prior to the discovery of merging black hole
binaries, the majority of astrophysical predictions were for
broad spin distributions, including spins close to the
maximum allowed by general relativity [58—-60]. After
our discoveries, first-principles calculations for spins were
revisited, now suggesting a preponderance of near-zero
natal spins [61-63], a minority of which can be torqued to
near-maximal values by binary interactions [64-67].
Neither scenario, though, fully matches our results, which
prefer small but nonzero spin magnitudes with no evidence
for a secondary excess of rapidly spinning systems.
Another feature of our sample is the accumulation of more
individual BBHs whose posteriors preferentially exhibit
negative aligned spins relative to their orbital angular
momentum, which provides insights into potential

formation mechanisms. For the first time, we observe a
correlation between the mass, or mass ratio, of BH binaries
and their spins. Such correlations are not predicted in
astrophysical models.

With a narrower model space and fewer events,
the GWTC-2 analysis [20] identified fewer puzzling
features and could be more easily reconciled with
proposed source populations. Indeed, most features in
that work, e.g., an overdensity at 33M, were grounded
in or contrasted with theoretical modeling, with limited
exploration of alternatives. In this work, we perform a
thorough analysis of the whole mass space, using a
wider range of models to account for modeling sys-
tematics. As described in Sec. II, we find several
surprising new features: structures in the black hole
mass distribution at a variety of masses, a broad neutron
star mass distribution, an ongoing prevalence of low BH
spins, and the unexpected correlation between black
hole spins and mass ratio.

In order to accurately infer the population properties,
we require a sample of events with a controlled, and low,
level of noise contamination. The threshold for inclusion
in GWTC-3 required a minimum of 50% probability of
astrophysical origin for each candidate signal; as a result,
over the catalog as a whole, several candidates are
expected to be caused by instrumental noise. To ensure
good sample purity, i.e., a low expected fraction of events
caused by noise, in our analysis of these observations, we
impose a further threshold on the FAR of < 1 yr~!. At
this threshold, the expected number of noise events is less
than 10% of the total. We distinguish between NSs and
BHs using prior information about the maximum NS
mass obtained from constraints on the dense-matter
equation of state that suggest that nonrotating NSs cannot
be heavier than 2.5M or so [25,68,69]. This classifica-
tion yields 69 BBHs, two BNSs, four NSBHs, and one
event, GW190814 [7], has a secondary whose mass lies
justabove the maximum NS mass making its classification
ambiguous.

Given the small numbers of observed BNSs and
NSBHs, we use a tighter FAR threshold of < 0.25 yr‘1
when inferring properties of the NS and BH populations
jointly: their mass and spin distributions, their merger rates,
and (potential) cosmological rate evolution. At this thresh-
old, we have 67 events, of which two are identified as BNSs
and two as NSBHs. The rate of BBH observations is
significantly higher than that of BNS or NSBH mergers.
Therefore, when making inferences solely about the BBH
population, specifically in Secs. VI and VII, we are able to
use the lower significance threshold of FAR of < 1 yr~!,
resulting in 69 confident BBH events. In order to accurately
infer the astrophysical distributions, we quantify the
selection effects arising from the varying sensitivity of
our observatory network to different signals for a continu-
ous range of FAR thresholds.
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Our significance thresholds omit several candidates of
moderate significance identified in recent work. These
include candidates identified by our own search [3,6] with
a probability of astrophysical origin p,q,, > 0.5 [70], but
whose FAR lies above our threshold. For example, our
chosen FAR threshold excludes some of the most massive
events identified in GWTC-3 [3,6] (e.g., GW190403_
051519 and GW200220_061928). In addition, other
independent groups have searched the LIGO-Virgo data
and identified candidate events [71-76]. We briefly
discuss these events in the context of our reconstructed
populations.

The remainder of this paper is organized as follows. In
Sec. I we summarize the observations we reported through
03, then highlight the key conclusions obtained from them
in this study. In Sec. III we describe the hierarchical method
used to fit population models to the data, and steps taken to
validate their results. In Sec. IV we describe analyses for
the whole compact binary population, including both BHs
and NSs. In Sec. V we describe our results for binaries
containing one or more NSs. In Secs. VI and VII we
describe our results for BBH masses and spins, respec-
tively. In Sec. VIII we discuss the results obtained with
other searches or selection criteria, comparing to the
populations identified in this work. In Sec. IX we discuss
the astrophysical interpretation of our observations and
population inferences. In Sec. X we comment on prospects
for future searches for the stochastic background of
gravitational radiation from compact binary mergers during
the next observing run. We conclude in Sec. XI by
summarizing the significance of our results. In our appen-
dixes, we provide the details of how we estimate sensitivity
to compact binary mergers (Appendix A), a comprehensive
description of the population models used in this work
(Appendix B), methods we use to validate our study against
prominent sources of systematic error (Appendix C), and
additional details of the BBH results (Appendix D). In
Appendix E, we provide revised posterior distributions for
all events used in this work, each reassessed using
information obtained from an estimate for the full pop-
ulation. In an associated data release, we provide all the
analysis results and postprocessing scripts underlying our
results [77].

II. SUMMARY OF OBSERVATIONS
AND RESULTS

A total of 90 compact binary coalescences (CBCs) have
been detected in the first three observing runs [3]. The
threshold used in GWTC-3 requires a probability of
astrophysical origin of at least 50%. For the population
analysis presented here, it is preferable to work with a
different threshold to ensure lower contamination from
signals of nonastrophysical origin, and to reduce the
model dependence in assessing probabilities of astro-
physical origin. Consequently, we adopt a threshold of

FAR < 1 yr~!, in at least one of the search analyses in
GWTC-3, for all results reported in this paper. This gives
76 events with available parameter estimates, of which
approximately 4.6 are expected to be nonastrophysical.
This significantly expands the number of observations
subsequent to GWTC-2, which included 50 events, of
which 47 had FAR of < 1 yr~! and were used in our
previous population analysis [20]. For analyses of bina-
ries containing at least one NS, we use a more stringent
threshold of FAR < 0.25 yr~!, due to the lower number
of observations. This threshold limits the number of
events to 67; at this threshold, we expect approximately
one event not to be of astrophysical origin. Table I shows
selected properties of all events used to infer the astro-
physical population of binary mergers in the Universe.
The table contains all events with FAR < 1 yr~!, with
less significant events having FAR between 1 and
0.25 yr~' which are excluded from all but the BBH
analyses clearly identified. Henceforth, we abbreviate
candidate names by omitting the last six digits when
unambiguous.

Figure 1 shows the properties of the new observations
included in this analysis [3]. The shaded regions
show two-dimensional marginal distributions for indi-
vidual events. For reference, the black contours show
expected two-dimensional marginal distribution for
observed BBH events deduced in our previous analysis
of GWTC-2 (the POWERLAW+PEAK model from
Ref [20]). In these plots and henceforth, we define ¢ =
m,/m, and chirp mass

M = (mymy)¥3/(my + my)'/5. (1)

The dimensionless spin of each black hole is denoted
xi = Si/m?, where S; is the spin angular momentum
of the black hole, and the effective inspiral spin
parameter [78]

(myy + myxs) - L
i s 2
Xeff my + n, ( )

where L is the instantaneous orbital angular momentum

direction. Finally, z is the redshift of the event, inferred

from the measured luminosity distance using Hy =

67.9 kms~! Mpc™' and Q,, = 0.3065 [79]. From these

plots, we make several observations that motivate the

investigations and results presented in the remainder of
the paper.

(i) Neutron star—black hole binaries. The two NSBH

binary observations GW200105 and GW200115

[18] are apparent in Fig. 1 as two of the lowest-

mass new sources. Prior to O3, GW and Galactic

observations had not identified any NSBH binaries

[18]. We now know that these objects exist and

011048-5



R. ABBOTT et al.

PHYS. REV. X 13, 011048 (2023)

1.0 100
0.8 ¢
30
0.6t
(=l
0.4 S 10
0.2 . o ——— I New observations
3 o 30 1 GWTC:2 BBH predictions
00— 10 30 100 —0.75 —0.50 —0.25 000 025 050 075 000 025 050 075 1.00 125
my (M) Xeff z
FIG. 1. New observations since GWTC-2. The measured properties of new CBC candidates announced since GWTC-2 with FAR <

yr~! and reported parameters (blue shaded regions) compared to the expected population of detected BBHs (black contours) as inferred
from past analysis of GWTC-2 with the same FAR threshold [114] and the fiducial binary parameter priors described in the text. The
left-hand plot shows the inferred primary mass m; and mass ratio ¢, the center plot shows the effective spin y.q and chirp mass M, and
the right plot shows redshift z and primary mass. The least-massive sources in this sample include NSBH events GW200105 and
GW200115.

(i)

merge, occupying a previously unexplored region in
the mass and merger rate parameter space. NSBHs
form a distinct population from the BNS and most
BBHs, motivating the detailed multicomponent
analyses pursued in Sec. IV. For the first time, we
are able to present rates for a BN'S, NSBH, and BBH
inferred jointly from an analysis of all observations.
The NSBH merger rate is substantially larger than
the BBH merger rate. As a result, our joint analyses
produce a marginal mass distribution p(m;) which
differs substantially from our previous work, and
from analyses in this work based solely on BBHs:
The NSBH merger rate overwhelms the BBH rate at
low mass.

Lower mass gap. We identify a relative dearth of
observations of binaries with component masses
between approximately 2 and 5My. This under-
abundance is visible in the spectrum of observed
primary masses plotted in Fig. 1. GW and
Galactic observations through O3a were consis-
tent with a mass gap for compact objects between
the heaviest NSs and the least-massive BHs [80—
83]. The gap was thought to extend from roughly
3 to 5M, potentially due to the physics of core-
collapse supernova explosions [84-88]. Both
Galactic and GW observations made contempo-
raneously with O3 challenge this assumption
[7,89,90]. Most notably, the secondary in
GW190814 sits just above the maximum mass
that the dense-matter equation of state is ex-
pected to support [7]. The primary of GW200115
[3,18] may also lie above the maximum NS mass
but below 5M. Because of considerable uncer-
tainty in their mass ratio, several binaries’ sec-
ondaries may also hail from this gap region
between 3 and 5M . We investigate the prospect

(iii)

@iv)

011048-6

of a mass gap in Sec. IV C, treating all compact
objects equivalently.

NS mass distribution. The observation of NSBH
binaries enables a detailed study of the observed
mass distribution of NSs, combining results from
both BNSs and NSBHs. We discuss this in detail in
Sec. V, comparing source classifications informed
by the NS equation of state (EOS) as well as the
inferred location of the lower mass gap. The inferred
NS mass distribution, albeit based upon a limited
sample of observations, does not exhibit a peak at
1.33M ; in contrast, radio observations of Galactic
BNSs favor such a peak [91-93]. We investigate
the impact of outliers in the mass distribution
in Sec. V C, particularly GW190814 whose secon-
dary mass lies above the otherwise inferred NS
mass range.

Additional substructure in the BBH mass distribu-
tion. The observed masses of BBH binaries are
clumped. This is most visible on the central panel in
Fig. 1, where overdensities in the chirp-mass dis-
tribution from 8 to 10M and around 30M are
visible. In Fig. 2, we show the one-dimensional
chirp-mass distribution for BBH events. The top
panel shows the observations for individual events
overlaid with the observed distribution. The obser-
vations cluster in chirp mass, with about one-eighth
of observed events having chirp masses within
8-10.5M . Compared to chirp-mass accuracy for
these events (S1M; see, e.g., Ref. [3]), this region
is well separated from the next most massive
binaries in chirp mass. There is also a significant
overdensity at M =~ 30M and a weaker feature at
15M . These features were previously identified
using only GWTC-2 [94-97]. In the bottom panel
of Fig. 2, we show the inferred astrophysical
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Ilustrating substructure in the source chirp-mass distribution for a BBH (with FAR < 1 yr~!, excluding GW190814, as in

Sec. VI). All event inferences shown adopt the same fiducial PE priors shown in Fig. 1 and described in the text. Top: the individual-
event observations versus chirp mass (gray) and an inferred distribution of the observed chirp-mass distribution (black solid) using an
adaptive kernel density estimator [115,116]. The kernel bandwidth is optimized for the local event density and a 90% confidence interval
(black dashed) is obtained by bootstrapping [117]. Bottom: the solid curve is the predicted underlying source chirp-mass distribution
obtained using the flexible mixture model framework (FM); see Sec. III for details. Unlike the top panel, this panel accounts for our
selection effects. The distribution shows three clusters at low masses and a relative deficit of mergers in the chirp-mass
range 10 — 12M .

)

distribution of chirp mass, as recovered by the
same FLEXIBLE MIXTURES (FM) approach that
first identified these modulations [94,98]. The
features in the observed distribution are mirrored
in the astrophysical one. In Sec. VI we show that
these features are robustly identified by several
independent analyses, and demonstrate that the
observed structure in the mass distribution is
highly significant. Since strong features correlated
with chirp mass, but independent of mass ratio,
are a priori astrophysically unlikely, these sig-
nificant overdensities suggest the two-dimensional
marginal distribution of the BBH population
should also have significant substructure and
localized overdensities. We explore this in detail
in Sec. VIB

BBH rate evolution with redshift. We find that the
merger rate density increases with redshift. The right

(vi)

011048-7

plot in Fig. 1 shows the distribution of events as a
function of redshift. While there is a clear evolution
of the observed mass distribution with redshift, this
arises from the detectors’ greater sensitivity to
higher-mass systems. Consequently, from Fig. 1
alone, we are not able to draw inferences about
the evolution of the population or merger rate
with redshift. We explore these issues in detail in
Sec. VI D, where we show that there is no evidence
for the evolution of the mass distribution with
redshift. However, the merger rate density does
increase with redshift. Modeling the rate as
« (1 +z)%, we find that x = 2.97]7. Our analysis
strongly disfavors the possibility that the merger rate
does not evolve with redshift.

Low BBH spins. The BBH detections exhibit
effective inspiral spins distributed about a mean
value y. =~ 0.06, with the highest inferred spins
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below 0.6. The spread is consistent with expect-
ations from GWTC-2. As identified in GWTC-2 [5],
the majority of effective inspiral spins are positive,
but we additionally infer the presence of events
with Neff < 0.

III. METHODS

A. Data and event selection

We consider candidate events identified by our
search analyses for compact binary coalescences
using archival data comprising results from the
GsTLAL [99-101], PYCBC [102-107], and MBTA
[108] analyses using template-based matched fil-
tering techniques, and the cWB [109,110] analysis
using an excess-energy search that does not as-
sume a physically parametrized signal model.
Details of these analyses and the configurations
used for O3 data are given in our previous work
[3,5,6]. Out of the thousands of candidates pro-
duced, only a small minority correspond to astro-
physical merger signals, most being caused by
instrumental noise. While methods are emerging
for performing a joint population analysis includ-
ing both signal and noise events [70,111-113],
here we largely follow a simple procedure [20,114]
of imposing a significance threshold to identify
events for our population analysis and implicitly
treating all events passing the threshold as true
signals. The choice of threshold will then limit the
expected level of noise contamination.

The analyses calculate a ranking statistic for all candi-
date events, which is used as the basis for estimating
the events’ FARs. The ranking statistic allows for
sources over a broad parameter space of binary
component masses and spins to be detected, without
making strong assumptions on the form of the source
distribution (except in the case of PYCBC-BBH,
specialized for comparable-mass BBH mergers).
The analyses additionally calculate an estimate of
the probability of astrophysical (signal) origin (p o)
using analysis-specific assumptions on the form of the
signal distribution [3,6]. Since, in this work, we
explore a range of different assumptions and models
for the binary merger population, we define our event
set by imposing a threshold on FAR values, rather than
on Pagyro [20].

Our searches and event validation techniques for
GW transients have so far identified 76 candidates with
FAR below 1 yr~! in LIGO and Virgo data through
0O3. Table I presents these events. In our analysis
here, we remove candidates with probable instrumental
origin (e.g., 200219_201407 [3]). Assuming our analy-
ses produce noise triggers independently, we expect
> « RT; ~4.6 false events in our sample, where R is

the false alarm rate and 7 is an estimate of the time
examined by the kth search. For the population studies
presented here, the event list can be further restricted by
additional FAR thresholds to identify a high-purity list
of candidates and to assess the stability of our results to
changes in threshold. The choice of FAR threshold to
achieve a given level of noise contamination will depend
on the number of significant event candidates (and
hence, likely signals) considered for an analysis. The
most prominent difference concerns analyses for bina-
ries with one or more NS components, in Secs. IV
and V, as opposed to analyses which consider only BBH
systems, in Secs. VI and VII. While our dataset contains
many tens of confidently detected BBH mergers, there is
only a handful of comparably significant BNS or NSBH
events. This leads us to impose a more stringent
threshold of FAR < 0.25 yr~! for all analyses consid-
ering NS systems.

Because population reconstruction requires careful
understanding of search selection biases, we do not
include candidates identified by independent analyses
[71-75,118,119] of the publicly released LIGO and
Virgo data [120,121]. Previous studies [112,113] suggest
that our results are unlikely to change significantly with
the inclusion of these events. Future analyses may be
able to include events from multiple independent catalogs
with a unified framework for calculating event signifi-
cance independent of specific search methods [122,123].
In addition, from our intermediate mass black hole
(IMBH) search focused on the detection of binaries
with a total mass 100M, or more [124,125], and a
search of O2 data aimed at the detection of binaries on
eccentric orbits [126], none of the additional candidates
produced are significant. Thus, our assessment in the
chosen mass range, or assumption on binary orbits to be
only quasicircular, is expected to have a limited impact
on our inference on the bulk of the binary black hole
population.

Parameter estimation results for each candidate
event [5] are obtained using the LALINFERENCE [127],
RIFT [128,129], or BiLBY [130,131] analyses. The param-
eter estimation analyses use Bayesian sampling methods to
produce fair draws from the posterior distribution function
of the source parameters, conditioned on the data and a
given model for the signal and noise [132]. Unless
otherwise noted, we use previously published samples
for each event through GWTC-2.1 [4-6]. For GW200105
and GW200115 [18], we use the inferences reported in
GWTC-3 [3]. For previously reported events through
GWTC-2, we adopt the same parameter and event
choices reported in our previous population study [20].
For Ol events, we use published samples which
equally weight analyses with SEOBNRv3 [133,134]
and IMRPhenomPv2 [135] waveforms, and for new
events reported in the GWTC-2 update [5], we use
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published samples with higher-order modes selected by
equally weighting all available higher-order mode analy-
ses (PrecessingIMRPHM). The higher-mode analyses
associated with GWTC-2 do not include calibration
uncertainty. Regarding new events presented in GWTC-
2.1, we use the fiducial analysis reported in that work
(unless otherwise noted) comprised of merged posterior
samples equally drawn from SEOBNRv4PHM [136,137]
and IMRPHENOMXPHM [138]. Both models implement
precession and include beyond-quadrupole radiation for
asymptotically quasicircular orbits. For events from the
second half of O3 (O3b), newly reported in GWTC-3,
we use the publicly released CO01:Mixed samples [3],
which equally weigh two analyses with the models
SEOBNRv4PHM [137] and IMRPhenomXPHM [138].
These samples lack the impact of calibration error on the
SEOBNRv4PHM analyses for GW200316, GW200129,
and GW200112. A more complete description of the
parameter estimation methods and waveform models
used can be found in Sec. V of Ref. [5]. To avoid
ambiguity where multiple versions of these samples exist,
our input posterior samples adopt the D? prior on
luminosity distance D; and have reference spins specified
at 20 Hz. In the case of the BNS events GW170817 and
GW190425 and the NSBH events GW200105 and
GW200115, two versions of the samples are available:
one that assumes component spins y;, < 0.05 for
putative NSs, and a less restrictive but event-dependent
bound otherwise (e.g., y;, < 0.99 for GW200105 and
GW200115). We use the samples with the less restrictive
spin assumption for all BNS and NSBH events consid-
ered here.

The transfer function between the observed strain
and astrophysical strain is subject to a systematic
calibration uncertainty. Our parameter inferences incor-
porate our best estimates of calibration uncertainty, as
reported in previous work. Since calibration uncertainty
has been incorporated independently for each event, we
have implicitly assumed any consistent systematic bias
applied to all events is small; we estimate less than
0.54% (1.74%) effect for LIGO (Virgo), respectively
[139,140]. For O3a, the amplitude uncertainty was
<3% [141]. Because we assume the secular calibration
error is much smaller than the calibration error envelope
applied when analyzing individual events, we do not
incorporate this calibration uncertainty into our esti-
mates of network sensitivity. In O3, this calibration
uncertainty implies <10% systematic uncertainty in the
sensitive spacetime volume and the inferred merger
rate, which is subdominant to our uncertainties from
Poisson counting error for most source classes and
mass regions.

Each foreground event in O3 has been rigorously
validated [3]. Out of the 108 triggers examined in O3

(including events not included in the final search results for
this or our companion papers), only four were rejected due
to the presence of instrumental noise artifacts. The number
of vetoed events is comparable to or less than the expected
number of false events for our fiducial analysis threshold,
and far smaller than the number of events examined in
this study.

B. Population analysis framework

To infer the parameters describing population models,
we adopt a hierarchical Bayesian approach, in which we
marginalize over the uncertainty in our estimate of indi-
vidual-event parameters; see, e.g., Refs. [142—-144]. Given
a set of data {d;} from N gravitational-wave detections,
we model the total number of events as an inhomogeneous
Poisson process, giving the likelihood of the data given
population parameters A as [142,143,145]

E({d}v Ndet|Av Nexp)
Nde(
X NNdele_Nexp

L(d|0)z(0|A)do.  (3)

Here, N, is the expected number of detections over the
full duration of an observation period for the population
model A, N = N.,/5(A) is the expected number of
mergers over the observation period, with &(A) the
fraction of mergers that are detectable for a population
with parameters A. The term £(d;|0) is the individual-
event likelihood for the ith event in our dataset that is
described by a set of parameters 6. The conditional prior
n(0|A) governs the population distribution on event
parameters 6 (e.g., the masses, spins, and redshifts)
given a specific population model and set of hyper-
parameters A to describe the model. Constraining the
population hyperparameters describing the distribution
of gravitational-wave signals according to different
models is one of the primary goals of this paper. A
notable simplification results if a log-uniform prior is
imposed on N = N.,/&(A), the total number of events
(detectable or not): One can then marginalize Eq. (3) over
N to obtain [143,144,146]

LUAYA) o ﬁfﬁ (d, |9 77(0|A) @

Our various population algorithms employ one or the
other of these two expressions, Eqgs. (3) and (4).

To evaluate the single-event likelihood L£(d;|0), we
use posterior samples that are obtained using some
default prior z4(0). In this case, we can calculate the
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integrals over the likelihood with importance sampling
over the discrete samples where we denote weighted
averages over posterior samples as (...). Equation (4), for
example, becomes

crom by ()

where the factor of 7zy4(6) serves to divide out the
prior used for initial parameter estimation. The like-
lihoods are implemented in a variety of software includ-
ing GWPoOPULATION [147,148], PopPMODELS [149],
Sopapop [150], and Vamana [98]. Each code evaluates
one of the likelihoods described above for population
models, building a posterior with one of the EMCEE,
DYNESTY, or STAN packages [151-154].

In order to calculate £(A), we simulate a reference
population of compact binary mergers and reweight
those that pass our detection threshold to the population
described by 7z(6|A) (see Appendix A for a technical
description of this procedure). These injections cover a
component mass range from 1 to 100M g and redshifts up
to z=1.9. The spins of the injections are sampled
isotropically in orientation and uniform in magnitude.
This is in contrast to the sensitivity injections we used in
our previous analysis [20], which assumed an aligned-spin
distribution. By fully accounting for the effects of spins on
our sensitivity, we can now draw conclusions about the
astrophysical distribution of BBHs which were not able to
be drawn from our previous analyses. We find that this
new treatment of selection effects is responsible for our
new constraints on the inferred spin and redshift distri-
butions. In particular, we find that this change gives us
relatively higher sensitivity at low redshifts and relatively
lower sensitivity at high redshifts with respect to the
sensitivity estimates used in our previous work [20].
Additionally, Ref. [155] showed that this treatment of
spin selection effects is responsible for the new spin
distribution constraints rather than the inclusion of new
events.

The above likelihood formulation includes uncertainty
due to the finite number of samples € per event used in
the Monte Carlo integration (see, e.g., Refs. [156,157]).
For details of how we alter the likelihood to mitigate
this source of uncertainty, see Appendix B. In this
paper, we refer to both the astrophysical distribution of
a parameter—the version as it appears in nature—and
the observed distribution of a parameter—what appears
in our detectors due to selection effects. The posterior
population distribution for a given model represents our
best guess for the astrophysical distribution of some
source parameter ¢, averaged over the posterior for
population parameters A,

Pa(6) = / #(6A) p(Al{d})dA. (6)

The subscript A indicates that we marginalize over pop-
ulation parameters. Meanwhile, the posterior predictive
distribution refers to the population-averaged distribution
of source parameters € conditioned on detection.

C. Population models used in this work

In this section, we briefly summarize some of the tools
and ingredients we use to generate the phenomenological
models z(@|A) in this work. Appendix B provides a
comprehensive description of the population models used
in this work, including their functional form and prior
assumptions.

1. Parametric mass models

Neutron star mass models.—In the analyses that focus
exclusively on the NS-containing events, we model the NS
mass distribution as either a power law or a Gaussian with
sharp minimum and maximum mass cutoffs. The latter
shape is inspired by the Galactic double NS mass distri-
bution [91-93]. In both models, which we call POWER and
PEAK, respectively, we assume that the components of
BNSs are drawn independently from the common NS mass
distribution. For NSBHs, we assume a uniform BH mass
distribution and random pairing with NSs.

Fiducial population mass and redshift analysis.—In the
fiducial power law plus peak [POWER LAW+PEAK (PP)]
model [146,158], the mass-redshift distribution (per unit
comoving volume and observer time) is assumed to be of
the form p(my,q,z) « ¢’p(m;)(1 + 2)<~!, with p(m;) a
mixture model containing two components: a power law
with some slope and limits, and a Gaussian with some
mean and variance. (In practice, this model as applied to
GWTC-2 [5] also usually included additional smoothing
parameters for the upper and lower limit of the power law.)
The merger rate normalization is chosen such that the
source-frame merger rate per comoving volume at redshift
z is given by

AN
“wva
= Ro(1 +2)~, (7)

R(z)

where R is the local merger rate density at z = 0 and « is
a free parameter governing the evolution of R(z) with
higher redshift. The corresponding redshift distribution of
BBHs (per unit redshift interval) is [146]

1 dv,
14z dz

p(zlr) o (I+2)" (8)

where the leading factor of (1 + z)~! converts time incre-
ments from the source frame to the detector frame. Past
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TABLE IL

Merger rates in Gpc— yr~! for the various mass bins, assuming merger rates per unit comoving volume are redshift

independent. BNS, NSBH, and BBH regions are based solely upon component masses, with the split between the NS and BH taken to
be 2.5M . We also provide rates for binaries with one component in the purported mass gap between 2.5 and 5M . For all but the last
row, merger rates are quoted at the 90% credible interval. For the last row, we provide the union of 90% credible intervals for the
preceding three rows, as our most conservative realistic estimate of the merger rate for each class accounting for model systematics.
The PDB (pair) model is distinct from the other three models due to its use of a pairing function [161] and is therefore excluded from the
union of credible intervals in the final row. In Sec. VI we estimate the merger rate for BBHs alone, accounting for variation in merger rate

versus redshift.

BNS NSBH BBH NS gap BBH gap Full
my € [1,25]|My m; € 2.5,50)My m, € 2.5,100)My m, € [2.5,5|My m; € [2.5,100)]My m, € [1,100]M,
my € [I,ZS]MG m, € [],ZS]MQ my, € [25, 100}M® my € [],ZS]MO m, € [25’5]MO my € [], 100}M®

PDB (pair) 170279 27+ 25119 19128 9.31137 2401370

PDB (ind) 4412 7387 22780 12558 9.74113 1507370

MS 660715° 497% 37 3.737° 0.127343% 7701150

BGP 98.07520.0 32.0°510 33.05189 17590 524120 180.0°7/00

MERGED 10-1700 7.8-140 16-61 0.02-39 9.4 x 107° - 25 72-1800

analyses generally fixed the redshift distribution of binaries,
assuming a source-frame merger rate that is constant and
uniform-in-comoving volume; this choice corresponds to
k = 0. Our previous population studies [20,114] additionally
considered an evolving merger rate with variable «.
PowerR LAwW+DIP+BREAK model (PDB).—To fit the
distribution of BH and NS masses, we use a parametrized
model consisting of a broken power law with a notch filter
[159,160]. The variable depth of this notch filter allows for
a dearth of events between two potential subpopulations at
low and high mass. It also uses a low-pass filter at high
masses to allow for a potential tapering of the mass
distribution at high BH masses. The component mass
distribution is then
p(m|) = n(m|MED, MED  A) X 1(m| )

low?

a gap
m*  if m < Mhigh,
PR gap
x§ m® if m > Mg, 9)
0 if m < mpyy,.

Here, [(m|my,y,n) is the low-pass filter with power-law 5
applied at mass My, and n(m|M,50, M5 A) is the notch

filter with depth A applied between M(0 and M5 . In this

low
model, the primary and secondary masses are fit by the
same parameters and are related by a pairing function
[161,162]. Two pairing functions are considered. The first
is random pairing: Primary and secondary masses take
independent values so long as m, < m;. This model takes
the form

p(my,my|A) o p(m = my|A)p(m = my|A)®(my < my),
(10)

where O is the Heaviside step function that enforces that
primary masses are greater than secondary masses and A is
the full set of eight hyperparameters. The second is a
power-law-in-mass-ratio pairing function, as in Ref. [161].
The full mass distribution in the power-law-in-mass-ratio
model is thus described by

p(my,my|A) o p(m=m|A)p(m= m2|A)CIﬂ@(m2 <my).
(11)

Previous studies of the BBH population have shown
that BBHs prefer a power-law-in-mass-ratio pairing func-
tion as in Eq. (11) [161]. We find that applying this model
to the full mass spectrum causes the BBHs to dominate the
inference on the value of the pairing exponent . However,
low-mass events such as BNSs and NSBHs have a pairing
function that deviates significantly from that of BBHs
[160]. BBHs prefer a steep positive power law as a pairing
function, whereas the low-mass pairing function is best
described by a shallow positive power law, though it is still
consistent with random pairing. Ideally, one would intro-
duce additional parameters in the model to allow for
separate pairing functions [160]. However, this adds
unwarranted complexity, as we find that the choice of
pairing function only minimally impacts the rate of BBH
mergers and overall shape of the mass distribution above
approximately 10M . On the other hand, the morphology
of the low-mass end of the mass distribution is noticeably
impacted by the pairing function, as are the rates of BNS
and NSBH mergers. Because of these considerations and
the fact that the low-mass pairing function has been found
to be consistent with random pairing [160], we highlight
the results from the random pairing model [Eq. (10)] in the
remainder of this work. However, we provide results from
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fits to both the independent and power-law pairing models
in the data release as well as in Table II.

2. Spin models

Fiducial population spin analyses.—Compact binary
spins may be parametrized in several different ways. In
addition to the dimensionless spin magnitudes y;
(i € {1,2}) and the polar tilt angles 6; between each spin
vector and a binary’s orbital angular momentum [163], we
often appeal to the effective spin parameters y.¢ and y,.
The effective inspiral spin y.; characterizes a mass-
averaged spin angular momentum in the direction parallel
to the binaries orbital angular momentum. The effective
precessing spin y,, meanwhile, corresponds approximately
to the degree of in-plane spin, and phenomenologically
parametrizes the rate of relativistic precession of the orbital
plane [164]:

3+4
Xp = Max [;(1 sin @, (41—32) gy, sin 92} . (12)

We leverage these two descriptions to explore the nature
of BBH spins in two complementary ways. First, we use the
DEFAULT spin model [165] to directly measure the dis-
tribution of BBH component spin magnitudes and tilts. We
model component spin magnitudes as being independently
and identically drawn from a Beta distribution [164], with

p(rila,. B,) o 22 (1 = yi)P~1. (13)

Values of the shape parameters a, and f3, are restricted to
a, > l and §, > 1 to ensure a nonsingular component spin
distribution. We describe component spin tilts, in turn, via a
mixture between two subpopulations, one with isotropi-
cally oriented tilts and another with tilts preferentially
concentrated about 8; = 0 [165]:

pleosb;|C.0,) =5 (1 =) + CN - yy(cos O 1.0,).  (14)

N —

Here, NV_; j)(cos6;;1,0,) is a normal distribution trun-
cated to the interval —1 < cos#; < 1, centered at 1 with a
standard deviation o,. The mixing parameter { governs the
relative fraction of systems drawn from each subpopula-
tion. The form of Eq. (14) is motivated by a desire to
capture the behavior of BBHs originating from both
dynamical and isolated evolution channels, which are
expected to yield preferentially isotropic and aligned-spin
orientations, respectively. Perfect spin-orbit alignment
across the BBH population would correspond to { =1
or o, = 0, which our prior analysis on GWTC-2 ruled out
at high confidence [20]. This default spin model is
characterized by two parameters characterizing the
spin-magnitude distribution (e.g., @, f) and two param-
eters characterizing the spin misalignment mixture model

(i.e., &,0,). In part because this parametrization
approaches isotropy in two independent limits (6, = o
or { = 0), it assigns high prior weight to nearly isotropic
spin distributions.

Gaussian spin model.—Our second approach is to
instead seek to measure the distribution of effective spin
parameters y.¢ and y,,. In this case, we phenomenologically
model the joint y.+ — y,, distribution as a bivariate Gaussian
[166,167]:

p()(eff’)(pWeff’ Oeffs Hp>Op> I") & N()(eff’)(pw’ 2) (15)

centered at g = (fefr, #,,) and with a covariance matrix

2
O asiia
eff eff V4
T = < ) ) (16)
rUeffO'], o

P

Equation (15) is truncated to the intervals —1 < y 4 <1
and 0 < y, < 1 over which the effective spin parameters are
defined. This second model has five parameters for spin:
two mean values and three parameters describing the
covariance.

3. Multisource mixture model

MULTI SOURCE model (MS).—MS models all source
categories in a mixture model, with one subpopulation for
each class (BNS, NSBH, and BBH). The BBH subpopu-
lation follows the MULTISPIN model introduced in our
previous work [20]. This model features a power-law
continuum qﬁm‘l’ plus a peak modeled as a bivariate
Gaussian in m;, m,. Consequently, the mass distribution
is similar to the PP model. However, the spin distribution in
the power-law and Gaussian subpopulations is indepen-
dent, as are the primary and secondary spins, with each of
the four scenarios following the DEFAULT spin model,
with { = 1.

New to MS are two additional bivariate Gaussian
subpopulations characterizing BNS and NSBH mergers.
The BH component of NSBH follows an independent
Gaussian mass distribution. As with BBHs, these BHs
follow an independent DEFAULT spin model with { = 1. All
three types of NSs (two in BNS and one in NSBH) are
assumed to follow the same Gaussian mass distribution.
Each type of NS follows an independent DEFAULT spin
model, except here the spin magnitudes are scaled down to
Fmax = 0.05, and ¢ = 0 since tilts are not well measured.

4. Nonparametric models

POWER LAW+SPLINE model (PS).—The PS model para-
metrizes perturbations to a simpler phenomenological
primary mass model that is modeled as a cubic spline
function

pes(mi A {fi}) & p(my|A) explf (mi[{f:})]. (1)
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Here, f(m|{f;}) is the perturbation function interpolated
from a set of n knots fixed uniformly in log m; space, and
with heights {f;} [95]. In this work, we choose as a base
model a truncated power law [20,168] with a low-mass
taper, similar to our fiducial model but lacking a Gaussian
peak in p(m;). This model has all the parameters of the
truncated model in mass and spin, as well as an additional
parameter that characterizes the low-mass tapering and n
more describing the heights of the cubic spline knots.

FLEXIBLE MIXTURES model (FM).—Vamana, the FM
model, characterizes the population as a mixture model,
summing over individually separable components describ-
ing the distribution of chirp mass, mass ratio, and compo-
nents of the spin angular momenta parallel to the orbital
angular momentum direction [98]. Each component is
composed of a Gaussian to model the chirp mass, another
Gaussian to identically model the aligned spins, and a
power law to model the mass ratio distribution. The weights
follow a uniform prior and are proposed using a Dirichlet
distribution. We choose 11 components. This choice max-
imizes the marginal likelihood; however, our results are
robust against selecting different numbers of components.

BINNED GAUSSIAN PROCESS model (BGP).—We also
model the two-dimensional mass distribution as a binned
Gaussian process [169,170]. In this approach, while the
redshift and spin distribution are fixed (here, to uniform-in-
comoving volume and isotropic and uniform in magnitude,
respectively), we assume the merger rate over distinct mass
bins is related via a Gaussian process that correlates the
merger rates of neighboring bins. We use conventional
techniques provided by pyMc3 [171] to explore the hyper-
parameters of the Gaussian process, in particular, its
covariance, to optimally reproduce our data.

IV. BINARY MERGER POPULATION ACROSS
ALL MASSES

In this section, we jointly analyze the masses of all events
in Table I for several reasons. First, it allows for the
inclusion of all events regardless of their inferred source
type. This eliminates issues of ambiguity in source clas-
sification for a number of events in O3. Second, it makes
possible the detection and characterization of additional
features such as a lower mass gap between the lowest-mass
objects (likely though not necessarily a NS) and the
more massive BH populations [159], or multiple subpo-
pulations [170]. Third, it facilitates a self-consistent cal-
culation of merger rates in different regions of the mass
spectrum without explicitly counting the number of events
in each category [70,172]. Last, it naturally produces an
overall rate of compact binary coalescences that does not
require combining rates produced by disjoint models which
may have differing systematics. We choose a detection
threshold of FAR < 0.25 yr~! which reduces the like-
lihood that subpopulations and features driven by a few
events are contaminated by our background.

When searching for features in the population of
compact binary coalescences, we want to draw robust
conclusions, stable to different choices of model and
approach. We, therefore, fit three independent population
models described in Sec. III. The PDB model uses a
parametrized dip in the mass distribution to characterize
modulations of a simple broken power law at low mass.
The BGP model is a nonparametric method allowing
considerable flexibility in the mass distribution, con-
strained only weakly by certain smoothness priors. The
BGP and PDB models assume an isotropically oriented,
uniform-in-magnitude spin distribution for simplicity. For
most merging binaries and particularly those with compo-
nent masses below 10M , spin effects have a subdominant
impact on our sensitivity and thus on our inferences about
the compact binary merger rate distribution versus mass, as
shown in Appendix C 1. The MS model uses a multi-
component mixture model, treating the mass, rate, and spin
parameters of each component almost entirely independ-
ently. However, to be directly comparable to the BBH-only
analyses presented in Sec. VI, our MS analysis omits the
outlier event GW190814, whereas PDB and BGP include
it. To ensure consistent estimates of spin selection effects,
the MS analysis presented here employs only O3 events;
however, in Appendix C, we demonstrate that our many
analyses produce comparable results when including or
excluding pre-O3 results.

A. Merger rates

Models spanning all source classifications allow us to
self-consistently measure the merger rates for all detected
CBCs, both overall and subdivided into astrophysically
interesting mass ranges, assuming they are independent of
redshift. Moreover, because events can be classified into
each category using mass limits with relatively high
confidence, this approach also provides our fiducial
BNS, NSBH, and BBH merger rates. Specifically, taking
NS masses to lie between 1 and 2.5M 5 and BH masses to
be between 2.5 and 100M, and taking the lowest 5% and
highest 95% credible interval out of all three models, we
infer merger rates between 10 and 1700 Gpc~> yr~! for
BNS, 7.8 and 140 Gpc—yr~! for NSBH, and 16 and
61 Gpc? yr~! for BBH. Our choice of 2.5My as a
boundary between the BH and NS, albeit different than
the nominal threshold of 3My adopted in GWTC-3, is
consistent with our subsequent classification based both on
EOS and mass spectrum features. Table II provides the rate
estimates obtained for the three models used in this section
and, in addition, shows the rates for events in the mass gap,
as discussed in detail in Sec. IV C.

For most categories, our merger rate estimates are
consistent with previously published estimates. For exam-
ple, following GWTC-2 we infer a BBH merger rate to be
23.97442 Gpc=3 yr~!. Our knowledge of the coarse-grained
mass spectrum has not significantly evolved since our
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previous analysis, and we find the inferred BBH rate is
consistent with our previously reported rate [20], which
also omitted GW190814.

We previously reported a BNS merger rate of
3201330 Gpc3yr~! [16]. With data from GWTC-3, in
addition to inferring the BNS merger rate by fitting various
population models, we also make an estimate by fixing the
mass, spin, and redshfit distributions under simple assump-
tions. For this rate estimate, we assume the masses of NSs
in merging binaries are uniformly distributed between 1
and 2.5M and the merger rate is constant in comoving
volume out to a redshift of z =0.15. We also model
component spin magnitudes distributed uniformly below
0.4, consistent with assumptions made in our previous
analysis [6]. Under these assumptions, we infer a BNS
merger rate of 105.5743%% Gpc™ yr~!. This estimate tends
to be lower than that which is made using the flexible
population models used in this paper, as the latter use
some information from the nearby BBH and NSBH
regions of the mass distribution, allowing for ambiguity
in source classification and uncertainty in the rate in these
regions to contribute to a higher inferred rate in the BNS
population. Additionally, this estimate does not include
uncertainty in (VT) from the population, as the popula-
tion distribution is fixed. The Poisson variance associated
with the number of BNS observations (two events in
GWTC-3) is therefore the main contribution to the rate
uncertainty.

For BNSs, the inferred merger rate depends on the
presumed mass distribution. With few observations to pin
down their behavior at low mass, the three approaches
adopted in this section arrive at different compact binary
mass distributions between 1 and 2.5M. Because the
merger rate in this region scales o (VT)~! ~ (M13/6)~1
[173] (where VT denotes the sensitive 4-volume for a
specific binary and the angled brackets denote averaging
over objects less than 2.5M, the upper boundary used in
this section for NS masses), the three methods used in this
section arrive at merger rates within each others’ uncer-
tainty but with medians differing by factors of up to
approximately 15.

For NSBHs, we previously inferred a merger rate of
4577 Gpc3yr ! assuming the observed NSBHs are
representative of the population or 130745 Gpe™ yr~!
assuming a broad NSBH population [18]. In this
work, each of our joint analyses recovers and adopts
different mass spectra, producing a broadly consistent rate
(between 7.8 and 140 Gpc= yr~!, including systematics).
Combined, our results for the NSBH and BNS merger
rates highlight the important role of modeling systematics
when drawing inferences about populations with few
confident members.

To further highlight the impact of model systematics on
inferred merger rates, in Table II, we present our deduced
merger rates across the mass space using all three models

presented in this section. For simplicity, we label mass bins
with NS and BH based solely on a boundary at 2.5M 5. We
also provide a rate for events in the mass gap between 2.5
and 5My in a binary with either a NS or BH. The bin
intervals here are chosen for ease of use to roughly capture
features in the mass spectrum but do not reflect our
methods for event classification or our inference on features
such as the maximum NS mass or edges of any potential
mass gaps.

The models used in this section do not model the redshift
evolution of the merger rate, and instead report a constant in
comoving volume merger rate density, i.e., k = 0 in Eq. (7).
For most of the mass intervals considered, our surveys to
date extend to only modest redshift, so rate evolution versus
redshift can be safely neglected. However, for high-mass
BBHs, our network has cosmologically significant reach,
over which the merger rate may evolve. Furthermore, as
discussed in Sec. II, we observe structure in the mass
distribution for BBHs. Therefore, in Sec. VI we provide a
more detailed description of BBH merger rates, incorpo-
rating both redshift and mass dependence.

B. Identifying subpopulations of CBCs

As discussed in Sec. II, electromagnetic observations had
previously suggested a mass gap between BHs and NSs. On
the one hand, astrophysical EOS inferences limit nonrotat-
ing NS masses to be below the Tolman-Oppenheimer-
Volkoff (TOV) mass M. tov ~ 2.2-2.5M [22-25,69],
and studies of GW170817’s remnant limit them to <2.3M
[174-179]. On the other hand, until recently [7,89,90], BHs
had not been observed below approximately 5M. The
sparsity of observations between approximately 2.5 and
S5M suggested a potential lower mass gap [80-83].

Figure 3 shows the two-dimensional merger rate versus
component masses for the three models used in this section,
as well as the results of FM model applied to BBHs. This
representation emphasizes the importance of asymmetric
binaries to the overall merger rate dR/dm; for masses
between 1 and 10M . The inferred merger rates further
illustrate a falloff in event rate at masses above the BNS
scale, with additional peaks associated with both unequal
mass binaries consistent with NSBH systems as well as
approximately equal-mass BBH binaries. The rate of events
with at least one component between 2.5 and SM, (i.e., in
the purported mass gap) is constrained to be lower than the
rate of BNS-like events, but is consistent with the rate of
BBH-like events. As further emphasis, Fig. 4 shows the
merger rate versus mass for all binaries and also restricting
to binaries with ¢ ~ 1 (e.g., the diagonal bins in the BGP
model). The rate for approximately equal-mass binaries is
significantly lower. In other words, because asymmetric
mergers like NSBH occur at a much higher rate than BBH
but a much lower rate than BNS, in a joint analysis they
significantly impact the marginal merger rate dR/itdm, at
the lowest masses.
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FIG. 3.

Rate density versus component masses for different models inferred from events with FAR < 0.25 yr~!, illustrating consistency

on large, coarse-grained scales, but some disagreement and systematics in areas with few observed events. Top left panel: rate density
computed with the FM model assuming no redshift evolution, for BBHs only. Modulations along lines of constant chirp mass are apparent.
Top right panel: rate density inferred with the BGP model using all compact objects. This model can reproduce observations with localized
regions of relatively enhanced rate density. In the BBH region, some regions of enhanced density are commensurate with the FM result.
Bottom left panel: rate density inferred with MS. For mergers involving NSs, this model reproduces observations with broad distributions,
consistent with smoothing the BGP result. For mergers involving typical BHs, this model strongly favors equal-mass mergers. Bottom
right panel: rate density inferred with PDB. This model is also consistent with smoothing the FM result, producing features similar to MS,
albeit with less structure in the mass ratio distribution for BBHs, and by construction lacking a peak near 30M .
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FIG. 4. Impact of asymmetric binaries on the primary mass
distribution, illustrating how the depth and extent of a mass gap in
any one-dimensional distribution depends on the choice of slicing or
marginalization over the remaining dimension. Differential merger
rate as a function of primary mass for the BGP model when
considering only the diagonal ¢ ~ 1 bins in Fig. 3, i.e., m;dN/
dmdqdV .dt|,., and the population of compact binaries across all
mass bins. The rate for approximately equal-mass binaries is
significantly lower highlighting the contribution of asymmetric
mergers like NSBHs to the marginal distribution over primary mass.
The plot uses the BGP population model inferred from events
passing a FAR threshold of < 0.25 yr~!. Solid curves represent the
median rate densities and shaded areas denote 90% credible regions.

This result highlights another feature. The compact
binary population has (at least) three dominant popula-
tions: BNS-like systems, significantly asymmetric bina-
ries with small m, comparable to the typical masses of
NSs (i.e., including NSBHs as well as GW190814), and
the main BBH population with ¢ preferentially more
symmetric than 1/4 (i.e., including GW190412 but not
GW190814).

For binaries containing lower mass-gap-scale objects,
our inferences about the merger rate and its dependence
on mass are consistent despite considerable modeling
uncertainty. For binaries containing objects between 2.5
and 5Mg and having massive BH-scale primaries
(> 5Mg), the mass distribution and merger rate is
informed by a few events (GW190814 in particular),
thus subject to considerable uncertainty in the inferred
component mass distributions. Removing GW190814
from the PDB and BGP analyses increases the statistical
uncertainty in the region between 2.5 and 5My. In
particular, leaving out GW190814 decreases the lower
bound on the merger rates in the BH-gap and NS-gap
categories but does not affect the upper bounds, as might
be expected.
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Likewise, for binaries containing objects between 2.5
and 5M , and having NS-scale companions, the merger rate
is marginally informed by a few events that may not be
associated with this region (i.e., GW200115), exacerbating
uncertainty in the inferred NS and BH mass distributions.
Providing multiple results for these two source classes
explores systematic uncertainty due to potential model
misspecification. The models presented in this section are
subject to different sources of systematic uncertainty. For
example, MS employs a Gaussian distribution to model
components in BNSs, whereas PDB uses a single power
law with a sharp turn-on at low masses to model all objects
below the inferred lower edge of the mass gap. These
differences result in considerably different BNS rates due
to the limited number of detections in the NS mass range.
In particular, differences in the pairing function shift the
rate inference and add statistical uncertainty in the BNS
region. MS and PDB (pair) both assume independent
pairing of component masses [Eq. (10)]; PDB (ind)
models the pairing of component masses as a power
law in mass ratio [Eq. (11)], and BGP uses a piecewise-
constant Gaussian process over both component masses
[Eq. (B11)]. We can therefore directly compare PDB (ind)
and PDB (pair) to understand the impact of assuming
independent pairing. Independent pairing implies an equal
number of equal-mass and asymmetric mass mergers,
while there have been relatively few unequal-mass obser-
vations. Thus, a large fraction of PDBs (ind) assumed
population has gone undetected, resulting in low overall
rate. On the other hand, PDB (pair) finds more support for
equal-mass binaries than asymmetric binaries and there-
fore produces a higher rate. Thus, while assuming inde-
pendent pairing of component masses may seem benign, it
can lead to noticeable systematic errors in the inferred
merger rate if the assumption is invalid.

C. Characterizing suppressed merger rates between NS
and BH masses

Figures 3 and 4 show a reduction in the rate above NS
masses. It was shown using GWTC-2 that the merger rate
between 3 and 7M, is suppressed relative to an unbroken
power law extending from higher masses [20]. With addi-
tional observations, as well as models and sensitivity
estimates that span the full mass range of CBCs, we can
now produce a comprehensive perspective on merger rates
versus mass throughout the low-mass interval 1-10M . In
so doing, we find a dropoff in merger rates above NS-scale
masses. As a result, in the detection-weighted population,
objects with NS-scale mass components are well separated
from objects with BH-scale masses. However, we are
unable to confidently infer an absence or presence of a
subsequent rise in merger rates from lower mass-gap
objects. The purported lower mass gap [80-83] between
the NS and BH populations would produce an extended
local minimum in the merger rate versus mass, implying
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FIG. 5. Differential merger rate as a function of component

mass for the PDB, MS, and BGP models. Three independent
methods with different modeling assumptions agree on the
merger rate versus mass, while illustrating the importance of
modeling systematics on the overall rate for objects with NS-
scale masses. Shaded areas denote 90% credible regions, while
vertical black lines denote the median (solid) and 90% credible
intervals (dashed) of the lower boundary of the mass gap M{. in
the PDB model rate dropoff location.

such a rise at the upper edge of the gap. We therefore
neither find evidence for nor rule out the existence of a two-
sided lower mass gap.

Figure 5 shows the differential rate as a function
of component mass inferred from all three models. The
PDB model infers the location of this dropoff to occur at
MEP = 2.1708M, as shown by black vertical lines. While
the other models do not explicitly infer the location of the
dropoff, they do clearly show a reduction in the rate at a
similar location. The prominence of this dropoff can be
characterized by comparing the rate of mergers with both
masses below 2.5M 5 (BNS) to that of mergers with at least
one component mass between 2.5 and 5M (in the mass
gap). For this comparison, we find that the differential
merger rate of systems with at least one component in the
mass gap is 1 to 2 orders of magnitude lower than the BNS
rate. Thus, even in the absence of any prior knowledge of
the difference between NSs and BHs, the gravitational-
wave data suggest two distinct populations of compact
objects. This is consistent with results initially found for
GWTC-1 [159] and GWTC-2 [160].

The PDB model explicitly parametrizes the mass gap
with both low- and high-mass transitions M0 . and a
gap depth A (where A = 0 corresponds to no gap and A =
1 to a lower mass gap containing no events). While the
posterior on A peaks around 0.77, i.e., corresponding
to a relatively empty mass gap, it has broad support
between O and 1, indicating an inability to unambiguously
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differentiate between the presence or absence of a lower
mass gap. Additionally, the Bayes factors for models with
no gap (A = 0) or a completely empty gap (A = 1), relative
to the parametrized model, are 0.073 and 1.4, respectively.
This lack of clear preference indicates an inability to
resolve the absence or existence of a clear gaplike feature
in this part of the mass spectrum.

A subsequent rise in the mass distribution at M7 is also
less clear to discern. The models infer mass distributions
with similar support for both a mildly pronounced gap and
a flat transition above My . Both of these are consistent

with the finding in our previous analyses [20] of a deviation
from a single power law below primary masses of approx-
imately 7M.

We find that if a lower mass gap does exist, it may
not be totally empty. While the merger rates show a
falloff above around 2.5M in Fig. 5, the rate does not
fall to zero. Furthermore, the component masses of six
events have at least 5% posterior support between
M, and Migh when using a population-informed prior
[160]. GW190814 stands out as having considerable
support for its secondary being within the mass gap or
below the dropoff in the rate at My.: P(msgwioosi4 €

[Mige. Mig,]) = 0.76. This event has a mass ratio ¢ =

0.1125006 [7], hinting at either a potential subpopulation
of low-¢g, low-m, BBHs, or a handful of NSBHs with
high NS masses. The former possibility is examined in
Sec. VIE, and the latter is discussed in Sec. V C. For both
the NSBH systems, there is an approximately 10%
probability of the secondary lying in the mass gap and,
for GW200115 the primary has a 70% probability of
my < My, . Finally, for GW190924_021846, which is the

BBH event with the lowest total mass, we find roughly
equal support for the secondary being either within
(m, < Mﬁf‘gph) or above (m, > Mﬁf‘gph) the mass gap.

The inferred depth of the gap does depend heavily on the
assumed pairing function: A model in which objects are
randomly paired with other objects regardless of mass ratio
predicts a more prominent gap than one with a power-law-
in-mass-ratio pairing function as in Eq. (11). Similarly, a
change of the pairing function will impact the classification
of various components as below, in or above the mass gap.
Consequently, we do not rely on this methodology for event
classification in Sec. V, and instead use EOS-informed
limits on the maximum allowed NS mass, and perform
leave-one-out analyses with respect to known subpopula-
tions. The lower mass-gap-related results stated here are
obtained using a random pairing model.

Though we report on our analysis with FAR < 0.25 yr~!,
to assess the stability of our results to threshold choices we
repeat our analyses using all events with previously
reported parameter inferences below 1 yr~! (i.e., excluding
GW190531). Even though such an analysis includes all five
candidate NSBHs, our key conclusions remain largely

unchanged: The derived merger rates versus mass are
consistent with the error bars shown in Figs. 4 and 5,
and the merger rates reported in Table II are consistent. In
particular, we draw similar conclusions about the merger
rate between 2 and 10M: suppressed but likely filled,
without evidence for or against a true two-sided mass gap.

V. MASS DISTRIBUTION OF NEUTRON
STARS IN BINARIES

In this section, we characterize the astrophysical pop-
ulation of NSs using data from the gravitational-wave
events that are likely to contain at least one NS.
Because of the paucity of low-mass compact binary
mergers observed to date, and the difficulty in ascertaining
the presence of a NS in these systems, modeling the NS
population observed in gravitational waves has been
challenging. In our previous population analysis through
GWTC-2 [20], the rate density of BNS and NSBH mergers
was estimated, but the shape of the mass distribution of the
NSs in these compact binaries was not inferred. The BNS
events GW170817 and GW 190425 were included in a joint
study [180] of the Galactic and gravitational-wave pop-
ulations of BNSs which linked the two observed popula-
tions via a bimodal birth mass distribution. The confident
BNS and NSBH detections made to date were analyzed in a
study of the gravitational-wave population in [150], which
found the observed NS masses to be consistent with a
uniform distribution.

We begin by classifying the observed low-mass compact
binaries as BNSs, NSBHs, or BBHs. The classifications are
based on a comparison of their component masses with an
EOS-informed estimate of the maximum NS mass, and are
corroborated against the location of the lower mass gap
between NSs and BHs as inferred in the previous section.
Then, adopting these source classifications as definite and
considering the BNS and NSBH detections below a FAR
threshold of 0.25 yr~!, we infer the shape of the NS mass
distribution in compact binaries. In contrast to Sec. IV, we
do not attempt to determine the overall rate of such
mergers, nor do we attempt to infer the mass distribution
of BHs in coalescing NSBH systems. Our analysis makes a
comparison with the observed Galactic population of NSs,
and we additionally investigate the impact on the popula-
tion of the event GW190814, a lower mass-gap merger
whose secondary may possibly be a NS, but is more likely a
low-mass BH.

A. Events containing NSs

The gravitational-wave signal of a compact binary
merger involving a NS differs from that of a BBH due
to matter effects in the waveform, most notably the phasing
of the gravitational waveform during the inspiral due to the
tidal deformation of the NS [181]. Since none of the
observations in O3b [3] yield an informative measurement
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TABLEIII. Classifications for low-mass events from Table 1. The probability that a component is compatible with a NS is measured by
the fraction of its mass posterior lying below an estimate [25] of the maximum nonrotating NS mass, M.« tov = 2.21f8"f§M °
marginalized over statistical uncertainties. We adopt a 50% threshold for classification as a NS, assuming a clean separation between NS
and BH mass spectra. Probabilities are reported relative to a uniform prior on the component mass. They refer to the secondary
component of all events except GW 170817 and GW 190425, in which case the secondary is securely below the maximum NS mass and
the probability for the primary is given. The probabilities are similar and the classifications are unchanged when the component masses
are compared to My = 2.170-8 M, the location of the lower mass gap between NSs and BHs inferred from Sec. IV’s PDB analysis of

the FAR < 0.25 yr~! events.

Name FAR,;, (yr™)) P(m < My tov) P(m < M) Classification
GW170817 <1x107 0.99 0.97 BNS
GW190425 3.38 x 10792 0.67 0.71 BNS
GW190814 <1x1073 0.06 0.24 BBH
GW200105 2.04 x 107! 0.94 0.73 NSBH
GW200115 <1x107 0.93 0.96 NSBH
GW190426 9.12 x 1070 0.82 e NSBH
GW190917 6.56 x 107! 0.56 NSBH

of tidal deformability, the gravitational-wave data do not
identify which sources contain a NS. Nonetheless, we can
establish whether their components are consistent with NSs
by comparing their masses to the maximum NS mass,
M ., following the method described in Ref. [68].

The precise value of M, is unknown because of
uncertainty in the NS EOS. Mass measurements for the
heaviest known pulsars [182,183] set a lower bound of
approximately 2M 5 on M., while basic causality con-
siderations imply that M, <3Mq [184,185]. While
individual nuclear theory models for the EOS can produce
maximum masses as large as approximately 3M, astro-
physical inferences of the EOS generally predict that the
maximum mass of a nonrotating NS, the TOV mass
M ax.ToV- 18 between 2.2 and 2.5M, [21-25]. Similarly,
studies of GW170817’s merger remnant suggest that
M axtov S 2.3Mg [174-179]. Rapid rotation can sustain
a maximum mass up to approximately 20% larger than
M ax.Tov [186]. However, the astrophysical processes that
form compact binaries may prevent the EOS-supported
M .x from being realized in the population; see, e.g.,
discussion of how supernovae engines and binary evolution
may [41,187] or may not [84,188,189] populate the upper
edges of the NS mass distribution.

We can therefore identify objects as NS candidates based
on their mass using estimates of M,,., as long as we
assume a clean separation between the NS and BH mass
spectra. Of the events with FAR less than 0.25 yr~!, five
have at least one component mass with a 90% credible
lower bound below 3M, making them potentially con-
sistent with a BNS or NSBH merger. These events are listed
in Table III, and their component mass posteriors are
compared to two estimates of M, in Fig. 6.

For each of these observed low-mass events, we calcu-
late in Table III the probability that at least one of the
component masses is less than the maximum NS mass,
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FIG. 6. Masses for events with at least one candidate neutron
star. Upper panel: one-dimensional posterior distributions for the
masses of the candidate NSs, as compared to estimates of the
maximum NS mass based on the dense-matter EOS [25]
(M nax Tov) and on the inferred location of the lower mass gap
in Sec. IV’s PDB analysis (M{."). Primary components are shown
dash-dotted. GW190814’s secondary component lies above both
estimates of the maximum NS mass. Lower panel: two-dimen-
sional 50% (shaded) and 90% (unshaded) credible regions for the
binary masses of each candidate NS merger. The marginal events
GW190426 and GW190917 are shown dotted. The 90% credible
intervals of the maximum NS mass posterior inferred from the
EOS and from the lower mass-gap location are also plotted.
GW190814 occupies a distinct region of the m;-m, plane
compared to the events deemed BNSs or NSBHs.
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marginalizing over statistical uncertainties and assuming a
uniform component mass prior. We adopt a threshold
probability of 50% for classification as a NS. Our fiducial
maximum NS mass estimate is taken to be M. tov
from an EOS inference which is based on pulsar timing,
gravitational-wave and x-ray observations of NSs [25].
That study finds M., toy = 2.211“8_‘ng®, and the corre-
sponding posterior distribution is shown for comparison in
Fig. 6 (previous EOS inference [25] quoted the highest-
posterior-density interval of 2.00-2.52M , while we quote
the corresponding symmetric credible interval calculated
from the released posterior samples [190]). Four of the
FAR < 0.25 yr~! events have P(m < M, tov) > 0.5 for
at least one component, and we deem them either BNSs if
m; < M .c1ov or NSBHs if only m; < M. toy. The
fifth event, GW190814, has P(m < M ,,x tov) = 0.06 and
is therefore classified as a BBH. These source classifica-
tions do not change if, instead of M, oy, We compare
against the rotating NS maximum mass, M. (y), as
calculated from an empirical relation involving the TOV
mass and the component spin y [191]. This allows for the
possibility that one or more of the low-mass components is
rapidly rotating.

We draw similar conclusions about each event if we
interpret the sharp decrease in merger rate near 2.5M  seen
in the PDB analysis as the separation between NS and BH
mass ranges. (This interpretation does not imply that
M paxtov and M need to agree: Myr could be below
M . Tov if the heaviest NSs the EOS can support are not
realized in nature, or M h could be above M., tov if the
lower mass gap occurs within the BH mass spectrum.)
Following Ref. [160], we compare the component mass
measurements against the inferred M{." parameter from the
PDB model, as shown in Fig. 6, and list the probabilities
P(m < M{3Y) in Table III. The same four events are
consistent with BNSs or NSBHs.

Figure 6 also plots the component mass posteriors
for two FAR < 1 yr~! events from Table I that may contain
NSs, if astrophysical in origin. In particular, GW190426
and GW190917 have masses consistent with NSBH sys-
tems [5,6]. This classification is confirmed by the P(m <
Mpactov) and P(m < Mir) probabilities calculated for
them in Table IIL

B. Mass distribution

Using the FAR < 0.25 yr~! events classified as BNSs or
NSBHs in Table III, we infer the mass distribution of NSs
in merging compact binaries. We adopt the POWER and
PEAK parametric mass models described in Sec. III and
implement a selection function based on a semianalytic
approximation of the integrated network sensitivity V7,
fixing the redshift evolution of the population and ignoring
spins when estimating the detection fraction. The popula-
tion hyperparameters are sampled from uniform prior
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FIG. 7. Inferred neutron star mass distribution. The median

mass distribution (solid) and 90% credible interval (shading)
inferred for the POWER (respectively, PEAK) population model is
shown in blue (orange), as compared to the mass distribution of
NSs in Galactic BNSs [92] (dot-dashed black) and the mass
distribution of all Galactic NSs [192] (solid black). The inferred
gravitational-wave population has a greater prevalence of high-
mass NSs, although the Galactic population of NSs extends to
masses above those detected in gravitational waves thus far. The
inset shows the posterior distribution for the maximum mass in
the NS population for both models, as compared to the Galactic
M- The EOS-informed m,,, prior, which is proportional to the
cumulative distribution function of M, toy. is also shown in the
inset (dashed). It enforces m < M, toy using the maximum
Tolman-Oppenheimer-Volkoff mass estimate from Ref. [25]. The
maximum mass in the gravitational-wave population is as large as
M .x Toy Within statistical uncertainties.

distributions, subject to the condition mi;, < p < My,
in the PEAK model, except that we assume that the
maximum mass in the NS population m,,,, does not exceed
M nax Tov- This is consistent with our use of the nonrotating
maximum NS mass to classify the events, and amounts to
an assumption that the NSs observed via inspiral gravita-
tional waves are not rotationally supported. In practice, this
means imposing a prior proportional to the cumulative
distribution function of M, oy, as shown in the inset of
Fig. 7 and detailed in Appendix B 1.

The inferred mass distributions for these two models are
plotted in Fig. 7. The posterior population distribution for
the POWER model has a = —2.1‘_?.'92, consistent with a
uniform mass distribution, although the median distribution
is a decreasing function of mass. The power-law hyper-
parameter is most strongly constrained relative to the flat
a € [—12,4] prior on the low end. The two bumps in the
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90% credible interval visible in Fig. 7 correspond, respec-
tively, to the minimum and maximum mass cutoffs of the
population model realizations with @ < 0 and @ > 0. The
median inferred PEAK distribution is relatively flat, and
the peak width and location are almost entirely uncon-
strained relative to the prior: ¢ = l.lfg_'gMo and p =
1.5594My for a uniform o € [0.01,2.00)/M, and u €
[1,3]M prior subject to mpy;, < p < mp,. Thus, the
gravitational-wave observations to date do not support a
NS mass distribution with a pronounced single peak. This
contrasts with the Galactic BNS subpopulation, whose
mass distribution is sharply peaked around 1.33 £ 0.09M
[91-93,193], as shown for comparison in Fig. 7. (We plot
the best-fit Gaussian from Ref. [92]; Ref. [193] estimates
statistical uncertainties of £0.03M, in the Gaussian
parameters at the 68% credible level.) The mass distri-
bution of NSs observed in gravitational waves is broader
and has greater support for high-mass NSs; indeed, more
than 93% of the mass distribution realizations from the
posterior are broader than the Galactic BNS mass spec-
trum. The gravitational-wave population also has a greater
prevalence of high-mass NSs compared to the Galactic NS
population as a whole, whose mass distribution has a
double-peaked shape [192,194,195].

The minimum NS mass in the gravitational-wave pop-
ulation is inferred to be 1.27)5 and 1.1707M, in the
PowEeR and PEAK models, respectively. The lower bound
on mp,;, is a prior boundary motivated by the sensitivity
model, as the gravitational-wave searches target sources
above 1M . The maximum mass in the population is found
to be 2.0703 M, for the POWER model and 2.07)3M, for
the PEAK model, relative to the EOS-informed m,,,, prior.
These values are consistent with the maximum mass
inferred from the Galactic NS population 2.2705M
[192], as can be seen in the inset of Fig. 7. The maximum
mass is the best-constrained hyperparameter in the pop-
ulation models. Its upper bound is more tightly constrained
than the Galactic m,,,, in Fig. 7 as a result of the imposed
Mmax < Miax Tov Prior, which begins tapering above 2M g,
and the strong selection bias of gravitational-wave obser-
vations toward heavier masses, which renders the non-
observation of heavier NSs informative. Nonetheless, the
statistical uncertainty in m,, remains large, and it is
expected that approximately 50 BNS detections will be
needed before the maximum mass in the merging NS
population can be measured to within 0.1M g [196].

The m,,,, value inferred from gravitational waves is also
as large as M, roy Within statistical uncertainties. This
would not be the case if, for instance, the astrophysical
processes that form coalescing compact binaries prevented
2M 4 NSs from pairing with other compact objects. Such a
scenario is compatible with the EOS-informed m,,,, prior
that we impose. However, we find that the difference
between my,, and the M, toy is consistent with zero

at the 90% credible level. Hence, there is no evidence that
NSs as heavy as can be supported by the EOS cannot end
up in merging compact binaries.

Moreover, we infer a consistent maximum mass if we
adopt a uniform m,,,, prior instead of the EOS-informed
one. This relaxes the assumption that the observed NS
masses must be below the nonrotating maximum mass, and
accounts for the possibility that rapid rotation may cause a
NS’s mass to exceed Mrqy. Specifically, we find m,,, =
2.170% M, in the POWER model and 2.0705M, in the PEAK
model. The upper error bar on m,,,, extends to much higher
values in this case because it is no longer subject to the
tapering EOS-informed prior, which has little support
above 2.5M,. We also obtain consistent results if we
expand the event list to include the two marginal NSBH
detections listed in Table 111, as described in Appendix C 2.

C. Outlier events

The mass-based event classification carried out above
deemed GW 190814 to be a BBH merger on the basis of the
maximum NS mass the EOS can support. We now further
demonstrate that it is an outlier from the population of
BNSs and NSBHs observed with gravitational waves. We
also comment on how the interpretation of GW190814 as a
NSBH merger would change the inferred NS mass
distribution.

If we dispense with its M., toy-based classification,
and include GW190814 as a NSBH in the population
analysis, the inferred maximum mass in the population is
shifted up to m,, = 2.81”8’22Mo in the POWER model and
Mipay = 2.7703M in the PEAK model. These values are
obtained relative to a uniform m,,,, prior, since we are no
longer consistently enforcing m < M .« Tov; all results in
this subsection refer to this prior. The m,,,, posterior has
support up to 3M, where the prior truncates and the
models’ fixed BH mass distribution begins. The inferred
NS mass distributions with GW190814 are similar, but
flatter and broader, than those depicted in Fig. 7.

To test whether GW 190814 hails from the same pop-
ulation as GW170817, GW190425, GW200105, and
GW200115, we examine the PEAK model’s posterior
predictive distribution for secondary masses with and
without GW190814 in the event list. Figure 8 compares
GW190814’s measured m, = 2.597008 M, against the
prediction for the largest observed secondary mass,
maxs(m,), after two BNS observations and three NSBH
observations (i.e., after a sequence of observations similar
to GW170817, GW190425, GW190814, GW200105, and
GW200115). That is, we draw two pairs of masses from the
posterior predictive distribution for BNSs and three sec-
ondary masses from the posterior predictive distribution for
NSBHs, take the largest of the five secondaries, and build
up the plotted distributions by performing this procedure
repeatedly. The probability of observing a secondary mass
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FIG. 8. Comparison between GW190814’s secondary compo-

nent and the largest secondary mass in the observed BNS and
NSBH population. The PEAK model is fit to the population
including (respectively, excluding) GW190814. The predicted
distribution of the largest secondary mass maxs(m,) observed
after five detections—two BNSs and three NSBHs—is shown in
orange (blue). The shaded region represents the 90% credible
interval of the posterior distribution for the mass of GW190814’s
secondary component. GW190814’s m, is a 0.2%-level outlier
from the rest of the observed population of NS secondaries.

at least as large as the mean of GW190814’s m, in the
population is only 0.2% according to the PEAK model fit
that excludes GW190814; we characterize GW190814’s
m, by its mean, since it is measured so precisely. The
equivalent probability relative to the PEAK model fit that
includes GW190814 is 3.3%; we expect a rigorous,
fully self-consistent calculation of a p-value to lie between

these two numbers [197]. Hence, GW190814’s secondary
component is an outlier from the secondaries in BNS
and NSBH systems. In the next section, we also establish
GW190814 as an outlier from the BBH population
observed in gravitational waves, corroborating our previous
analysis [20]. These findings reinforce that it represents a
distinct subpopulation of merging compact binaries.

VI. MASS DISTRIBUTION OF BLACK HOLES
IN BINARIES

We find two key new conclusions about the black hole
mass distribution using the GWTC-3 dataset to infer a
population: that the mass distribution has a substructure
reflected in clustering of detected events, and that obser-
vations are consistent with a continuous, monotonically
decreasing mass distribution at masses > 50M, providing
inconclusive evidence for an upper mass gap. Adopting
previous coarse-grained models, we find conclusions
consistent with our analysis of GWTC-2 [20]. For the
purposes of this section, given our large BBH sample, we
adopt a FAR threshold of 1 yr~!, but we do not include the
previously identified outliers GW 190917 (likely a NSBH)
and GW190814 (a ¢ ~ 0.11 binary) in the BBH population
unless otherwise noted [6,7]. Additionally, unlike the
redshift-independent results described in Sec. IV, the
new analyses described in this section all account for a
redshift-dependent BBH merger rate according to Eq. (7).
Specifically, in this section we present results for the PP
model to broadly characterize the mass spectrum and
corroborate results found in GWTC-2, as well as the PS
model and the BGP, as both can capture smaller-scale
features in the mass distribution. All three models are
described in detail in Sec. III C. We report on the same BGP
analysis as performed in Sec. IV, with FAR < 0.25 yr~!
and without allowing for redshift dependence; by contrast,
the PS, PP, and FM models allow for redshift dependence
and use FAR < 1 yr~!'. Table IV summarizes our results

TABLE IV. Merger rates in Gpc™ yr~! for BBH binaries quoted at the 90% credible interval, for the PP model and for three
nonparametric models (BINNED GAUSSIAN PROCESS, FLEXIBLE MIXTURES, POWER LAW+SPLINE). Rates are given for three ranges of
primary mass m, as well as for the entire BBH population. Despite differences in methods, the results are consistent among the models.
BGP assumes a nonevolving merger rate in redshift. The merger rate for PP, FM, and PS is quoted at a redshift value of 0.2, the value

where the relative error in merger rate is smallest.

m; € [5,20]|M¢ m; € [20,50]M m, € [50, 100]M,

m, € [5,20]|M m, € [5,50]M my € [5,100]M All BBHs
PP 23.6%5% 45117 0.270 28.3%57°
BGP 20.0745° 6.3739 0.75% 04 33.05189
FM 2117346 43530 0.2507 26.574 ¢’
PS 2733 3.5509 0.195948 31553
MERGED 13.3-39 2.5-6.3 0.099-0.4 17.9-44
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FIG. 9. The empirical cumulative density function ¥ = >_, P,(x)/N of observed binary parameter distributions [derived from the
single-event cumulative distributions Pj(x) for each parameter x] are shown in blue for primary mass (left), effective inspiral spin
(center), and redshift (right). All binaries used in this study with FAR < 0.25 yr~! are included, and each is analyzed using our fiducial
noninformative prior. For comparison, the gray bands show the expected observed distributions based on our previous analysis of
GWTC-2 BBH [20]. Solid lines show the medians, while the shading indicates a 90% credible interval on the empirical cumulative
estimate and selection-weighted reconstructed population, respectively. GW190814 is excluded from this analysis.

models used in our previous work. For this reason, we begin
by presenting the inferred coarse-grained mass distribution of
black hole binaries, making use of the PP model [20] which
best fits the population from GWTC-2.

Figure 10 shows our inference on the astrophysical
primary mass (left) and mass ratio (right) distributions,
using the fiducial mass model, compared to what was

for the overall BBH merger rate, as well as merger rates
over restricted mass intervals.

A. Broad features of the mass spectrum

The events from GWTC-3 are broadly consistent with
the previously identified population [20]. Figure 9 com-
pares some of the expectations from our previous analysis

of GWTC-2 BBHs with the comprehensive sample of
GWTC-3 BBH events. The panels compare the observed
and expected fractions of all events detected below a
threshold in primary mass m;, effective inspiral spin
Xeit» Or source redshift z. The panels also show the
Wilson score interval [198], a frequentist estimate of the
uncertainty in the cumulative distribution F, which is
approximately +1.68/F(1 — F)/Ny, when F is signifi-
cantly different from O or 1.

All the cumulative distributions in Fig. 9 are broadly
consistent with our prior expectations based on coarse-grained
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previously found in GWTC-2 (black). We find a power-
law slope for the primary mass, a = 3.570% (2.6107 in
GWTC-2), supplemented by a Gaussian peak at 34ﬁ_'gM ®
(331’;‘_'0 in GWTC-2). On the upper end, the mass of the 99th
percentile mggq, is found to be 44J_r59:12M o- The mass ratio
distribution is modeled as a power law g” with 8 = 11:137 .

In contrast to our GWTC-2 population fit, the inferred
mass spectrum decays more rapidly; the mggq, is consid-
erably lower than 6Of11§ M, as was found with GWTC-2.
These results are expected, given that the new observations
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FIG. 10. The astrophysical BBH primary mass (left) and mass ratio (right) distributions for the fiducial PP model, showing the
differential merger rate as a function of primary mass or mass ratio. The solid blue curve shows the posterior population distribution
(PPD) with the shaded region showing the 90% credible interval. The black solid and dashed lines show the PPD and 90% credible
interval from analyzing GWTC-2 [20]. The vertical gray band in the primary mass plot shows 90% credible intervals on the location of
the mean of the Gaussian peak for the fiducial model.
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FIG. 11. The differential merger rate for the primary mass predicted using three nonparametric models compared to the fiducial PP

model. Solid curves are the medians and the colored bands are the 90% credible intervals. These models offer increased flexibility
compared to phenomenological models in predicting the population. The PS applies a perturbation to the primary mass in a modified
version of our fiducial PP model that does not include the Gaussian peak. FM models the chirp mass, mass ratio, and aligned-spin
distribution as a weighted sum of mixture components. Both of these models incorporate a single-parameter redshift evolution of the
merger rate described in Eq. (7). The BGP models the two-dimensional mass distribution as a binned Gaussian process which is
piecewise constant in log m;, illustrating the same analysis as presented in Sec. IV with FAR < 0.25 yr~!. All three models infer a local
maxima in the merger rate at around 10 amd 35M . In addition, FM and PS models are consistent with a feature around 17M, but with

a limited confidence.

in GWTC-3 contain a greater fraction of lower mass
systems (see, e.g., Fig. 1). The fraction of BBH mergers
with primary masses within the Gaussian component of the
fiducial model is found to be 2 = 0.0387 058 (0.110,7, in
GWTC-2), but still rules out zero. This result further
highlights that the fraction of higher-mass binaries has
decreased in GWTC-3. Both the mean and the standard
deviation of the Gaussian component are consistent with
previous inferences. Furthermore, the inferred mass ratio
distribution is less peaked toward equal-mass binaries
(B, = 1.11]) compared to GWTC-2 (8, = 13179), a
result driven by the discovery of binaries with support
for substantially unequal masses (see, e.g., Fig. 9).

We previously used several other phenomenological
models to interpret sources in GWTC-2. Using this broader
suite of models, we draw similar conclusions to those
presented above: The mass distribution is inconsistent with
the single power law and has a feature at approximately
35-40M. The peak’s location is also well separated
from the largest black holes predicted by the other compo-
nent: The overdensity and maximum mass are still not
associated. The odd ratios discriminating between these
models are modest, of order 1 in 3 to 1 in 10. Though we
present an updated PP mass distribution derived from
GWTC = 3 toillustrate consistency with the corresponding
PP results obtained with GWTC-2, we cannot decisively
differentiate between a peak near 35M versus a more
generic transition toward a lower merger rate at higher mass;
see Appendix D 1 for details.

In Table IV, we provide BBH merger rates for the full
population, as well as split based upon the primary mass at

my < 20My, m; € [20,50]M g, and m; > 50M, to cap-
ture the broad features of the mass spectrum: the high rate at
low masses, a peak around 35—40M ; and the falling merger
rate at high masses.

B. Mass distribution has substructure

With new discoveries in O3, we are now confident the
mass distribution has substructure, with localized peaks in
the component mass distribution. For example, we find
overdensities in the merger rate (> 99% credibility) as a
function of primary mass, when compared to a power law,
atm; = 1070 Mg and m; = 35,9 M. At best, we have
modest confidence (less than 10:1 odds) in additional
structure. These signs of substructure were identified in
03a [94] and are corroborated by consistent observations
in O3b.

We arrive at these conclusions through multiple inde-
pendent analyses. Each of these model agnostic approaches
attempts to reconstruct the mass distributions with minimal
constraints imposed. Specifically, we employ a flexible
mixture model (introduced in Sec. IIIC and labeled
FM in tables and figures), a PS, and a BGP. Figure 11
shows the inferred rate dR/dm; as a function of primary
mass for each of the nonparametric models. There is a
clear presence of structure beyond an unbroken single
power law found when using these more flexible models,
with a global maximum of the merger rate at larger masses
at around 10M, followed by a falloff to lower rates.
Modulating this extended decline, the PS, FM, and
even BGP show indications of additional structure. As
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FIG. 12. The cubic spline function f(m;) describing the
perturbations to an underlying power law inferred with the PS
model. The thin gray lines show 1000 draws from the posterior
while the black lines show the knot locations (vertical) and the
90% credible region of the posterior. The dashed blue lines mark
the 90% credible bounds of the Gaussian priors (centered on zero)
imposed on each knot’s height. The shaded region covers any
masses less than the 95th percentile of the marginal posterior
distribution on m;,. Because the low-mass region of the mass
distribution is cut off and there are no observations there, the
posterior in this region resembles the prior of the cubic spline
function.

the BGP likely cannot resolve small-scale features, we
assess these features’ details and significance with the
remaining two models.

Figure 12 shows the results of the spline perturbation
model, where 1000 posterior draws of the spline function
f(my) are illustrated, where exp f(m;) modulates an
underlying power-law distribution. The inferred perturba-
tion f(m,) strongly disfavors zero at both the 10 and 35M
peak, finding f <0 at 0.216%, and < 0.0325% credibil-
ities, respectively. Additionally, for the drop in merger rate
at 14M, the PS model finds f < 0 at 96.1% credibility.

C. Inconclusive evidence for upper mass gap

Stellar evolution models predict a lack of black holes
with masses from SOfng o to approximately 120M, due
to pair production instability [199-205]. The high-mass
event GW 190521 could have one or both components lying
within this mass gap [17,206]. Other analyses of this event
with independent parameter inferences have argued this
event could have both components with masses outside
of this range [207-209]. We define a gap as a rapid decline
to zero in merger rate at some mass, followed by a rapid
rise in the distribution at a higher mass. Repeating similar
analyses with the full O3 dataset, we find no evidence
for such a gap starting at masses < 75M. Following
Ref. [209], we extend the PP mass model to allow for
masses > 100M, and to include a zero-rate mass interval
parametrized with the lower edge and width of the gap.
Because of the uncertain origin of the previously reported
peak at approximately 35M , we do not enforce the start of

the gap to be immediately following the peak in the
model, which would be expected if this feature was the
pileup caused by pulsational pair-instability supernovae
[203,210]. With this extended model, we find minimal
posterior support for the gap to start at < 75Mg (3.1%
credibility). In the region where there is posterior support
for a gap starting at < 75M, the gap width is constrained
to be <35Mg, lower than the expected gap width of
approximately 50My [211]. The majority of the posterior
support has the gap start above 75M,, consistent with the
inferred maximum mass cutoff from the PP model without
including a gap. A mass gap at that range would allow both
component masses of the most massive BBH in the catalog,
GW190521, to fall below the cutoff; thus, we are not able to
determine whether or not the mass distribution exhibits a
rise again at higher masses. We find a slight preference
(In B = 0.06) for the PP model without a gap over one with
the gap included. We report inconclusive evidence for a
zero-rate upper mass gap, challenging the classical expect-
ations for the pair-instability mass gap. Our results are
consistent with either a pair-instability mass gap that starts
at or higher than the upper bound of the observed catalog
(i.e., > 75M), or the possibility that a non-negligible
fraction of the high-mass binaries in the catalog were
formed in a way that avoids pair instability [162,212-214].

D. Evolution of rate with redshift

The observation of BBH mergers offers us the means of
not only measuring the local merger rate per comoving
volume but also the evolution of this merger rate as we look
back toward larger redshifts z. Given the limited range of
redshift to which our searches are sensitive, we parametrize
the merger rate per comoving volume as a simple power
law, with R(z) « (1 + z)* [146].

In our previous study [20], the redshift distribution was
weakly constrained, exhibiting a preference for a rate that
increased with redshift but still consistent with a non-
evolving merger rate. Here, in addition to new events
observed in O3b, we leverage updated pipelines and our
improved sensitivity models to update our inference of «.
As we discuss further in Appendix C 5, these sensitivity
model refinements indicate a lower search sensitivity to
high-redshift BBH mergers than previously concluded. We
now confidently claim to see evolution of the BBH merger
rate with redshift in our population with a FAR < 1 yr~!,
inferring that x > 0 at 99.6% credibility. While the exact
distribution of x does depend on the chosen mass model, we
can rule out a redshift-independent merger rate at similar
credible levels when adopting any of the parametrized mass
distribution models used in Ref. [20].

Figure 13 shows the marginal posterior on x given
GWTC-3 in blue, obtained while using the PP and
DEFAULT mass and spin models. The dashed distribution,
meanwhile, shows the previously published measurement
of k obtained with GWTC-2. In Fig. 13 we also show our
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FIG. 13. Constraints on the evolution of the BBH merger rate
with redshift. Top: posterior on the power-law index x governing
the BBH rate evolution, which is presumed to take the form
R(z) « (1 +z)X. The blue histogram shows our latest con-
straints using GWTC-3 (x =2.9"|J), while the dashed
distribution shows our previous constraints under GWTC-2.
Bottom: central 50% (dark blue) and 90% (light blue) credible
bounds on the BBH merger rate R(z). The dashed line, for
reference, is proportional to the rate of cosmic star formation
[215]; we infer that R(z) remains consistent with evolution
tracing star formation.

corresponding constraints on R(z) itself as a function of
redshift. The dark blue line traces our median estimate on
R(z) at each redshift, while the dark and light shaded
regions show central 90% and 50% credible bounds. Our
best measurement of the BBH merger rate occurs at 7 = 0.2,
at which R(z = 0.2) = 1942 Gpc~> yr~!. For compari-
son, the dashed black line in Fig. 13 is proportional to the
Madau-Dickinson star formation rate model [215], whose
evolution at low redshift corresponds to xkggg = 2.7. While
the rate evolution remains consistent with the Madau-
Dickinson star formation rate model, it is not expected for
these two rates to agree completely due to the time delays
from star formation to merger [35,216-223].

In most plausible formation scenarios (e.g., if BBHs
arise from stellar progenitors), we do not expect R(z) to

continue growing with arbitrarily high z. Instead, we
anticipate that R(z) will reach a maximum beyond which
it turns over and falls to zero. Even in cases where the peak
redshift z, at which R(z) is maximized lies beyond the
LIGO-Virgo detection horizon, a sufficiently tight upper
limit on the stochastic gravitational-wave background
due to distant compact binary mergers [224-226] can be
leveraged to bound z, from above, potentially yielding a
joint measurement of x and z, [227]. As demonstrated
in previous analysis [228], our current instruments are not
yet sensitive enough to enable a meaningful joint constraint
on k and Zp, even with the inclusion of new events in
GWTC-3.

As heavy BBHs are primarily believed to arise from
low-metallicity stellar progenitors [31,63,229], one might
wonder if more massive BBHs are observed at system-
atically higher redshifts than less massive systems.
Moreover, any metallicity dependence in the physics of
stars, such as the maximum black hole mass imposed by
pair-instability supernovae (PISN) [199,201,210], could
yield redshift-dependent features in the black hole
mass distribution [230,231]. Such a redshift dependence
would confound efforts to leverage the PISN mass gap as
a probe of cosmology. Previous investigations [232]
demonstrated using GWTC-2 that redshift dependence
of the maximum BBH mass would be required to fit
the observations if the BBH mass distribution has
a sharp upper cutoff. However, if the distribution decays
smoothly at high masses, for example, as a power law, the
data are consistent with no redshift dependence of the
cutoff location.

We revisit this question using the latest BBH detections
among GWTC-3, finding that these conclusions remain
unchanged. Specifically, by modeling the high-mass tail of
the distribution with a separate power-law index, we find no
evidence that the distribution is redshift dependent, sug-
gesting that the high-mass structure in the BBH mass
distribution remains consistent across redshift.

E. Outliers in the BBH population

Several systems lie at the boundary between the BH
and NS categories [7,197]. So far, we have simply
excluded these events from our BBH analysis. To dem-
onstrate that this choice is internally self-consistent and
well motivated, we show that these events are outliers
from our recovered BBH population. Specifically, we
repeat the population analysis using the PP model,
highlighting the extent to which the population changes
when including these events.

For a population consisting of all potential BBH events
in O3, including GW190917 and GW190814, the mass
distribution must extend to lower masses. In Fig. 14 we plot
the recovered distribution for the minimum BH mass, m1,,;,,
that characterizes the primary mass scale above which
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FIG. 14. The posterior distribution on the minimum mass
truncation hyperparameter m,,;, inferred with the PP model.
The posteriors are shown both including and excluding the two
BBH mergers containing low-mass secondaries, GW190814 and
GW190917. The cutoff at m;;, = 2M, corresponds to the lower
bound of the prior distribution. The inclusion of either of these
two events significantly impacts the distribution. The shaded
regions indicate the 90% credible interval on the m, posterior
distribution for the two outlier events GW190814 (purple) and
GW190917 (gray).

black holes follow the parametrized power-law distribution.

The minimum mass is My, = 2.3f8"§;Mo, with an

extremely sharp turn-on of §,, = 0.397}3. M. By contrast,
if we remove the two low-mass events, we find a minimum
BH mass of my,;, = 5.07%36M, which is consistent with a
mass gap, and a broader turn-on of J,, = 4.9f§’4‘§Mo. Itis
the secondary masses m, of these events that are in tension
with the remainder of the population, as demonstrated in

- GWTC-2

0.0 0.2 0.4 0.6 0.8 1.0

FIG. 15.

Fig. 14 where the secondary masses are shown by the
shaded regions. A single minimum mass is imposed upon
all BHs; therefore, the secondary masses of low mass or
asymmetric binaries have the strongest impact on our
inference of m;,.

These analyses imply two key results about the compact
binary population. First, the binary black hole population
excluding highly asymmetric systems such as GW 190814 is
well defined, and the analyses carried out in this section are
well suited to characterizing the bulk of the BBH population.
Second, the detection of GW 190814 implies the existence of
a subpopulation of highly asymmetric binaries disconnected
from the BBH population but potentially connected to the
recently identified population of NSBHs. We reach the
conclusion that the subpopulation is most likely connected
to the recently identified population of NSBHs because
GW190814 would be an outlier in the BBH population
given the inferred value of m,. Different physical possibil-
ities can potentially account for the existence of such a
subpopulation of asymmetric binaries [233-236].

VIIL. SPIN DISTRIBUTION OF BLACK HOLES IN
BINARIES

Our previous work indicated that black hole spins are
small in magnitude and preferentially aligned with their
orbital angular momenta [20]. Here, we find two new key
conclusions for black hole spins: that the spin distribution
broadens above 30M , and that the mass ratio and spin are
correlated. Adopting previous coarse-grained models, we
find consistent conclusions as our analysis of GWTC-2;
notably, we still conclude that a fraction of events probably
have negative y.g-.

p(cosé

The distributions of component spin magnitudes y (left) and spin-orbit misalignment angles € (right) among binary black hole

mergers, inferred using the DEFAULT component spin model described further in Sec. 2 a; e.g., both spin magnitudes are drawn from the
same distribution. In each figure, solid black lines denote the median and central 90% credible bounds inferred on p(y) and p(cos )
using GWTC-3. The light gray traces show individual draws from our posterior distribution on the DEFAULT model parameters, while the
blue traces show our previously published results obtained using GWTC-2. As with GWTC-2, in GWTC-3 we conclude that the spin-
magnitude distribution peaks at y; = 0.13f8"1112, with a tail extending toward larger values. Meanwhile, we now more strongly favor
isotropy, obtaining a broad cos 6; distribution that may peak at alignment (cos §; = 1) but that is otherwise largely uniform across
all cos 6.
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FIG. 16. Left panel: inferred distribution of y.s for our latest full analysis in black. For comparison, the blue distribution and interval
shows our inferences derived from GWTC2. Right panel: corresponding result for y,. While both panels in this figure are derived using
the Gaussian spin model, we find similar conclusions with the other spin models used to analyze GWTC-2.

The component spins of binary black holes may offer
vital clues as to the evolutionary pathways that produce
merging BBHs [237-244]. The magnitudes of BBH spins
are expected to be influenced by the nature of angular
momentum transport in stellar progenitors [61-63], natal
kicks experienced upon core collapse [239,243-248],
processes like tides [65,243,249] and mass transfer that
operate in binaries, and the environment in which the
binary itself is formed. Their directions, meanwhile, may
tell us about the physical processes by which binaries are
most often constructed; we expect BBHs born from isolated
stellar evolution to possess spins preferentially aligned with
their orbital angular momenta, while binaries that are
dynamically assembled in dense environments are pre-
dicted to exhibit isotropically oriented spins [237,239].

Figure 15 illustrates our constraints on the component
spin magnitudes (left) and spin tilts (right) of BBHs under
the DEFAULT spin model. Using GWTC-3, we make similar
conclusions regarding the spin-magnitude distribution as
made previously with GWTC-2. In particular, spin mag-
nitudes appear concentrated below y; < 0.4, with a pos-
sible tail extending toward large or maximal values. Our
understanding of the spin-tilt distribution, in contrast, has
evolved with the addition of new BBHs in GWTC-3. As
in GWTC-2, we again exclude the case of perfect spin-
orbit alignment (corresponding to { = 1 and ¢, = 0). With
GWTC-3, however, we more strongly favor a broad or
isotropic distribution of spin tilts. This shift is seen in
the right-hand side of Fig. 15: Whereas the cos@ dis-
tribution inferred from GWTC-2 was consistent with tilts
concentrated preferentially around cosf = 1, evidence
for this concentration is now diminished, with O3b
results preferring a flatter distribution across cos®@.
Under the DEFAULT model, we infer 447% % of black
holes in merging binaries to have spins inclined by greater
than 90°.

Figure 16 illustrates our updated constraints on the y.g
and y,, distributions under the GAUSSIAN spin model. As
above, our previous results obtained with GWTC-2 are
shown in blue, while black curves show our updated
measurements with O3b. Measurement of the y. distri-
bution with GWTC-2 suggest an effective inspiral spin
distribution of nonvanishing width centered at y. ~ 0.05,
while the y, distribution appears incompatible with a
narrow distribution at y, = 0, bolstering the conclusion
above that the BBH population exhibits a range of non-
vanishing spin-tilt misalignment angles. These conclusions
are further strengthened when updating our analysis with
GWTC-3. We again infer a y ¢ distribution compatible with
small but nonvanishing spins, with a mean centered at
O.O6f(()).'(())g1 . This inferred distribution extends also to negative
values of y g, with 291”1135% of binaries having y.¢; < 0.

Our updated constraints on the effective precession spin
distribution reaffirm the need for nonvanishing y, among
the BBH population. The y, measurements made previ-
ously with GWTC-2 were consistent with both a broad
underlying distribution or a narrow distribution centered at
Xp ~ 0.3; this latter possibility is the source of the apparent
jaggedness seen in the GWTC-2 result. We draw similar
conclusions with GWTC-3, finding that Xp Mmeasurements
can be explained either by a broad distribution centered at
Xp = 0, or a narrow distribution centered at y, ~ 0.2. If we
include GW190814 in our sample (which is otherwise
excluded by default from our BBH analyses), support for

this second mode is diminished, leaving a zero-centered y,,

distribution with standard deviation 0.1670}2.

In addition to the distributions of effective inspiral spins
and component spins of BBHs, respectively, we also
explore the distributions of the more and less rapidly
spinning components among the BBH population [250].
For a given binary, we define y, = max, (x1,x2) and
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X

FIG. 17. Distribution of magnitudes of the most (y,) and least
(yp) rapid component spin among BBHs in GWTC-3. Traces
show individual draws from our posterior on the spin population
under the DEFAULT model, while dark curves indicate 90%
credible bounds on p(y,) and p(yp).

X = minj,| (x1.X2) as the component spins with the larger
and smaller magnitudes, respectively. As discussed in
Sec. IX, some models for stellar evolution and explosion
predict that isolated black holes are born effectively non-
rotating and that binary black hole systems primarily
acquire spin through tidal spin-up of the secondary com-
ponent by the first-born (nonspinning) black hole. If this is
the case, then we expect to observe a nonvanishing
distribution of y, but a distribution of yp concentrated
at or near zero. Figure 17 shows the resulting distributions
of these spin-sorted magnitudes y4 (blue) and y (green), as
implied by the DEFAULT model constraints on component
spin magnitudes and tilt angles. Light traces show indi-
vidual posterior draws on these distributions, while dark
traces mark our central 90% credible bounds.

The y, distribution, by definition, is concentrated at
larger values than the peak seen in Fig. 15 (at y ~0.13).
Across the BBH population, these more rapidly spinning
components exhibit a distribution that likely peaks near
24~ 0.4, with first and 99th percentiles at 0.07%)0; and
0. J_’g;ggs, respectively. Less rapidly spinning components,
meanwhile, are centered at or below yp < 0.2, with 99% of
values occurring below 0.5470%.

One significant question noted above and explored in our
previous study [20] is the degree to which BBHs exhibit
extreme spin-orbit misalignment, with tilt angles exceeding
0 >90° and thus negative effective inspiral spins. Such
steeply tilted spins are unlikely for BBH formation from
isolated stellar progenitors unless black holes experience
stronger-than-expected natal kicks upon formation
[239,243-248], and hence might indicate the effects of
dynamical interactions during BBH evolution. [As a
representative example, one study [66] found a fraction
3%—T7% of binaries formed by isolated-binary evolution
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FIG. 18. Cumulative probability (top) and probability density
(bottom) of the minimum truncation bound on the y.g distribu-
tion as inferred using GWTC-2 and GWTC-3. When modeling
the effective inspiral spin distribution as a Gaussian truncated on
Keft.min < Xett < 1, we infer using GWTC-2 that y,e < O at
99.1% credibility, and hence that the data support the existence of
BBH mergers with negative effective inspiral spins. Using
GWTC-3, this same analysis more strongly infers that
Imineft < 0, now at 99.7% credibility. As we discuss further
below, evidence for negative effective inspiral spins is diminished
under an expanded model that allows for a subset of BBHs to
possess vanishing effective inspiral spins. When instead model-
ing the y.q distribution as a mixture between a broad Gaussian
and a narrow Gaussian subpopulation centered at y.; = 0 (e.g.,
the second consistent with zero spin), we infer y i, <O at
92.5% credibility.

will have y 4 < 0, substantially less than the fraction
estimated here.] Our GWTC-2 study [20] interpreted the
results of the DEFAULT and GAUSSIAN spin analyses as
indicating the presence of extremely misaligned spins. As
seen in Fig. 15, the component spin-tilt distribution is
nonvanishing below cos & = 0. Similarly, in Fig. 16 the y.¢
distribution has significant support at y. < 0. To check
whether this requirement for negative y.;; was a true feature
of the data or an extrapolation of the Gaussian population
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model (which assumes the existence of extended tails),
we extend the Gaussian model to truncate the effective
inspiral spin on the range yepmin < Yerr < 1 (rather than
—1 <y £ 1) and hierarchically measure the lower trun-
cation bound Yefr min. We find yeprmin < 0 at 99.1% cred-
ibility, concluding that the data require the presence of
negative effective inspiral spins. We obtain consistent
results if we perform an identical check with GWTC-3;
Fig. 18 illustrates our updated posterior on ye yin, NOW
inferred to be negative at 99.7% credibility.

This interpretation was challenged in other work
[251,252], which argued that no evidence for extreme spin
misalignment exists if BBH spin models are expanded to
allow the existence of a secondary subpopulation with
vanishingly small spins. Other avenues of investigation are
also in tension with the identification of extreme spin-orbit
misalignment. When the y.q distribution is allowed to
correlate with other BBH parameters, like the binary mass
ratio (see Sec. VIIB), evidence for negative y.; values
diminishes [253]. Motivated by the concerns raised else-
where [251,252], we repeat our inference of yeg i, but
under an expanded model that allows for a narrow
subpopulation of BBH events with extremely small effec-
tive inspiral spins:

p()(eff|/4eff’O'eff,)(eff,min) = CbUIKND(eff.miml] ()(eff|/4eff’0'eff)
+ (1= Coui) NV 1.1 (Xeir[0,0.01).
(18)

Here, (i is the fraction of BBHs in the wide bulk
population, truncated above g min, While (1 — Cpuy) is
the fraction of events residing in the vanishing spin
subpopulation, which formally extends from —1 to 1.
When repeating our inference of y i, under this
expanded model, our data still prefer a negative yefr min
but with lower significance. As seen in Fig. 18, we now
infer that y.g i, < 0 at 92.5% credibility. This expanded
model allows us to additionally investigate evidence for the
existence of a subpopulation of BBHs with vanishingly
small spins. GWTC-3 prefers but does not require such a
subpopulation to exist. We measure (i = 0.54f8_'§66, with
Couk > 0.2 at 99% credibility, but also find that our
posterior remains consistent with (. = 1.

A. Spin distribution consistent as mass increases

Our previous analysis adopted the same spin distribu-
tion at all masses: Given this assumption, the recon-
structed spin distribution is dominated by binaries in
the bulk of the detected mass distribution. However, both
our individual-event parameter estimates and astrophysi-
cal formation scenarios suggest possible correlations
between black hole masses and spins; such correlations
may arise both from isolated binary and dynamical
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FIG. 19. The dependence of aligned-spin magnitude on the
chirp mass. The light (dark) shaded regions are the aligned-spin
magnitude at a credibility 90% (50%). The distribution is
consistent with small values for lower chirp-mass binaries;
however, the spin magnitude is less tightly constrained for chirp
masses of 30M and higher.

formation [63,254]. In GWTC-3, binaries with the
most extreme values of spins have heavier masses:
Observations GW170729, GW190517, GW190519,
GW190620, GW190706, GW190805, and GW191109
constitute 70% of the binaries with moderate to high
spins. This preponderance of massive binaries with large
spin suggests that spin distributions are not independent of
black hole mass; conversely, such a trend in the detected
events may also be due to a higher influence of spin on
search sensitivity at the highest masses.

Using the FM model that identically models the aligned
spins p(y.), we reconstruct the trend of |y.| versus mass,
accounting for selection effects. Figure 19 shows the
aligned-spin-magnitude distribution versus binary chirp
mass. At low masses, the aligned spin is consistent with
(and well constrained to be close to) zero, (i.e., maximum
aligned-spin magnitude averaged over chirp masses 30M
or less is 0.38 at 90% credibility). At heavier masses, the
aligned spin is still consistent with zero, albeit with larger
dispersion (i.e., maximum aligned-spin magnitude aver-
aged over chirp masses 30M, or more is 0.5 at 90%
credibility). This trend is qualitatively consistent with the
relative proportion of events versus chirp mass: Very few
observations have high chirp masses, providing relatively
little leverage to constrain spins. At high chirp masses, the
spin distribution is poorly constrained by only a handful of
measurements, closer to our broad prior assumptions, in
contrast to the better-constrained distribution at low mass.
We have no evidence to support or refute a trend of aligned
spin with chirp mass.

Figure 19 suggests the aligned-spin magnitude remains
constrained to be close to zero independent of the most
well-identified peaks in the mass distribution, contrary to
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FIG. 20. Posterior constraints on the mean (top) and standard
deviation (bottom) of the y.s distribution as a function of mass
ratio g. At 97.5% credibility, we find that the mean of the y.g
shifts toward larger values for more unequal-mass systems. The
gray region in the lower panel shows the area artificially excluded
by our prior on the parameters o, and f3; see Eq. (20).

what would be expected from hierarchical formation
scenarios for these peaks [34,162,254-257].

B. High spin correlates with asymmetric binaries

BBHs may exhibit an anticorrelation between their mass
ratios and spins, such that binaries with g ~ 1 favor effective
inspiral spin parameters near zero, while binaries with more
unequal-mass ratios exhibit preferentially positive y.g
values [253]. To evaluate the degree to which ¢ and y.
are (or are not) correlated, following prior work [253] we
adopt a Gaussian model for the y. distribution with a mean
and standard deviation that are allowed to evolve with ¢:

Plral) wexp |- LMD )

with
1(q) = po +alg = 1), (20a)
logig0(q) = logigoo + (g —1). (20b)

The new hyperparameters @ and f measure the extent to
which the location or width of the y ¢ distribution changes as
a function of mass ratio.
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FIG. 21. Posteriors on the mass ratios and effective inspiral
spins of BBHs in GWTC-3, reweighted to a population-informed
prior allowing for a correlation between ¢ and y.¢. We infer that
the mean of the BBH y. distribution shifts toward larger values
with decreasing mass ratios. Accordingly, reweighted events shift
considerably, such that events with g ~ 1 contract about y.¢ = 0
while events with ¢ <1 shift toward larger -effective
inspiral spins.

We repeat hierarchical inference of the BBH population,
adopting the fiducial model for the primary mass and
redshift distribution. At 97.5% credibility, we constrain
a < 0, indicating that more unequal-mass binaries prefer-
entially possess larger, more positive y.;. Figure 20 illus-
trates our constraints on the mean and standard deviation of
the y. distribution as a function of mass ratio. Each light
trace represents a single sample from our hyperposterior,
and the solid black lines denote the median values and
central 90% bounds on p(q) and ¢(q) at a given value of g.
If we adopt these hierarchical results as a new, population-
informed prior, Fig. 21 shows the resulting reweighted
posteriors for the BBHs among GWTC-3. Each filled
contour bounds the central 90% region for a given event
in the g-y.¢ plane, while black points mark the events’ one-
dimensional median ¢ and y.; measurements.

VIII. COMPARISON WITH OTHER GW
CATALOGS

In this paper, we present population inferences based
upon events identified by the LIGO Scientific, Virgo, and
KAGRA Collaborations in data taken by the Advanced
LIGO and Advanced Virgo instruments during their first
three observing runs [3-5]. We impose a FAR threshold of
< 0.25 yr~! across all analyses incorporating NS binaries
and a lower threshold FAR < 1 yr~! for BBH analyses.
This excludes several events which pass the threshold of
Pastro > 0.5 for inclusion in GWTC-3. In addition, a
number of analyses of the public GW data from O1, O2,
and O3a [71-76] have identified additional candidate
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FIG.22. The measured properties of the BBH candidates not included in the population study presented in this paper (shaded regions),
compared to the inferred population from the PP model presented in Sec. VI A (black contours). These include both events which fall
below our FAR threshold as well as events identified by other groups. The events are color coded based upon the search which first
identified them: catalogs from O1 and O2 [72-74] in red, events from the third Open Gravitational-Wave Catalog (3-OGC) (which
incorporates events in O1-03a) [76] in green, and from GWTC-3 with FAR > 1 yr~! threshold in blue.

binary merger events. In the remainder of the paper, we
restrict the primary analysis to events included in GWTC-3.
The overriding reason for this is that differences in the
analysis methods prevent a detailed evaluation of search
sensitivity, as described in Sec. III, which is critical to
interpreting the population. In this section, we investigate
the consistency of the remaining GWTC-3 events and
additional non-GWTC events with the population models
inferred in this paper.

For concreteness, when referring to results reported by
external groups, we include all events identified as GWs in
their catalogs. In OI, there is one additional event,
GW151216, identified in the O1 Institute for Advanced
Study (IAS) catalog [72]. The additional events from O2
are GW170304, GW170425, and GW170403 which are
identified in the O2 IAS catalog [73,74], and GW 170121,
GW170202, and GW170727 which were also then inde-
pendently found in the second Open Gravitational-Wave
Catalog (2-OGC) [75]. In O3, we include 16 additional
events. These include GW190916_200658 and GW 190926 _
050336 which were originally identified in the third Open
Gravitational-Wave Catalog (3-OGC) [76] and independently
identified in Gravitational-Wave Transient Catalog 2.1
(GWTC-2.1) [6]; GWI190403_051519, GW190426_
190642, and GW190514_065416 which are included in
GWTC-2.1 but have a FAR below our < 1 yr~! threshold;
GWI191113_071753, GWI191126_115259, GW191204_
110529, GW191219_163120, GW200208_222617,
GW200210_092254, GW200220_061928, GW200220_
124850, GW200306_093714, GW200308_173609, and
GW200322_091133 which are included in GWTC-3 but again
have a FAR below our < 1 yr~! threshold.

In Fig. 22, we show the additional gravitational-wave
events which are not included in the sample used in this
paper. The additional events are broadly consistent with the
population presented here although several events lie at the
boundaries of the identified population. Specifically, two of

the events have effective inspiral spins that lie outside the
inferred population. These are GW151216 with a mean
Yot = 0.82 and GW170403 with a mean y.; = —0.58. The
analysis in Ref. [74] used a prior which is constant in .
which is significantly different from the uniform in the
spin-magnitude prior used in the GWTC papers. A rean-
alysis of GW151216 and GW170403 [258] leads to
inferred y.; distributions that are more consistent with
the population inferred here. Specifically, this gives y.; =
0.5102 for GW151216 and yor = —0.243% for GW170403.
In addition, the subthreshold events from GWTC-3 extend
the distribution to both higher masses and more asymmetric
mass ratios. However, only low-significance events cur-
rently populate these regions. Additional observations in
future runs will allow us to determine whether these low-
significance events were the first hints of a broader
population in the mass space.

With regard to events potentially containing NSs,
GWTC-3 contains several candidates that do not satisfy
our FAR < 1 yr! threshold but do have m, potentially
consistent with NS masses, namely, GW191219 and
GW200210. Both events are inferred to have highly
asymmetric masses and could possibly be an indication
of additional NSBH sources, or asymmetric BBHs similar
to GW190814. Further observations in future runs will
again allow us to investigate these interesting regions of the
binary parameter space in greater detail.

IX. ASTROPHYSICAL INTERPRETATION

A. Implications for binary black hole formation
1. Mass distribution

The statistical distribution of BH source properties such
as their mass, spin, and redshift can be used to probe the
astrophysics of BH binary formation and evolution
[28,34,36,63,144,162,164,240,243,244,247,256,259-266].
The analysis performed in Sec. VI identifies structures in the
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mass distribution of BBHs that go beyond a standard power-
law model and can help to shed light on formation
processes. These features were previously identified in an
analysis of GWTC-2 [94], but we are now more confident
that they are statistically significant (see Sec. VI).

The underlying mass distribution of BBHs inferred in this
paper peaks at a primary mass of approximately 10 M g, with
the majority of BBHs having a primary BH with a mass
lower than this value (e.g., Fig. 11). Formation in globular
clusters has been long recognized as an important channel
for merging BBHs [267-275]. In this scenario, BBHs are
assembled during three-body dynamical interactions in a
low-metallicity environment. The resulting BH mass dis-
tribution is generally predicted to peak at > 10M. Three
recent studies of globular cluster formation find that the
BBH merger rate is severely suppressed where we observe a
peak: One study [35] finds that the BBH merger rate is
severely suppressed below about m ~ 13M with a corre-
sponding realistic merger rate at this mass value of approx-
imately 0.5 Gpc =2 yr~! Mg! (their Fig. 2); another recent
study [32] finds similar results, with a peak in their mass
distribution at about m ~ 15-20M, (their Fig. 5); a third
analysis [275] finds the peak at m ~20M . Taking these
results at face value, the inferred high merger rate of sources
with <10M ; may suggest that globular clusters contribute at
best subdominantly to the detected population. Current
models also disfavor dynamical formation in young clusters
to explain the whole BH population at m ~ 10M . Under the
assumption that BHs receive the same kicks as NSs lowered
by the fraction of fallback mass, lighter BHs are ejected by
supernova kicks and do not participate in the dynamical
evolution of the cluster [276-278]. However, the parameter
space relevant for merging BHs in dense stellar environ-
ments still needs to be fully explored.

Galactic nuclei can produce a BBH population with a
much wider mass spectrum than both young and globular
clusters [279-285]. Because of their high metallicities and
escape velocities, nuclear star clusters can form and retain a
significant number of lighter BHs, which can then pair and
merge. BBH formation near an active galactic nucleus
(AGN) disk can produce a significant population of BBH
mergers with a wide mass spectrum [34,221,254,286,287].
In such scenarios, the observed low-mass overdensities
without counterparts in spin could be reflections of super-
nova physics; by contrast, in these hierarchical formation
models no evident mechanism can impart them without a
corresponding signature in spin. If the BBHs are formed near
an AGN disk, this process might select heavier BHs,
hardening the BBH mass function and driving the peak
of the mass distribution toward values higher than
observed [288].

Isolated binary evolution models often predict a peak
near m=~10Mg [26,63,289-291]. Recent population
models find component masses of merging BBHs
that peak at 8 — 10My and come from approximately

20 —30M, progenitors [31,63,290]. The overall
merger rate normalization of the peak remains, however,
poorly constrained. Moreover, the peak of the mass
distribution can shift significantly depending on the
adopted supernova, natal kick, mass transfer, and wind
prescriptions, and star formation history of the Universe
[26,31,84,223,276,292,293].

The analysis in Sec. VI suggests the existence of addi-
tional peaks in the chirp-mass and primary mass distribu-
tions. Assuming these peaks exist, an explanation
consistent with our constraints on BH spins is that they
originate either from the initial BH mass function, or that
they are produced by different populations formed by
separate physical processes or formation channels.

The other feature of the inferred BH mass distribution
that is shown in our analysis is the apparent lack of
truncation at m ~ 40M 4, which confirms our results based
on GWTC-1 and GWTC-2 [4,114]. A mass gap between
approximately 50729M, and approximately 120M is
predicted by stellar evolution models as the result of the
pair-instability process in the cores of massive stars [199—
205]. However, due to our limited knowledge of the
evolution of massive stars, the formation of BHs heavier
than approximately 40M from stellar collapse cannot be
fully excluded [63,205,211,212,294,295]. The location of
the mass gap is sensitive to the uncertain '°C(a,y)'°0
reaction rate, which governs the production of oxygen at
the expense of carbon [201,211,296]. Moreover, BHs
formed from progenitor stars at low metallicities
(Z/Z5 <0.1) might avoid altogether the mass limit
imposed by pair instability [230,294,295]. The lack of a
sharp truncation at high masses might indicate a dynamical
process, such as the hierarchical merger of BHs
[32,162,206,214,255-257,280,284,297-300]  or  stars
[301-304] in dense clusters or in the gaseous disk sur-
rounding a massive BH [261]. In a hierarchical scenario we
would expect the more massive BHs to also have the larger
spins [255,256]. While we do observe such a mass-spin
correlation above m ~ 40M, (Fig. 19), the binaries with a
signature that y.; is not zero all prefer y.; > 0 (see
Table IV), while hierarchical formation in dynamical
environments would lead to isotropically oriented spins.
Massive mergers with positive y.; can be obtained through
classical isolated-binary evolution [305] if the carbon
fusion reaction rate is highly uncertain and allowed to
vary to values much lower than typically assumed in binary
population codes [211]. BHs can also increase their birth
mass beyond the pair-instability mass gap through the
efficient accretion of gas from a stellar companion or from a
surrounding gaseous disk, although this might be unlikely,
as this would require hypercritical accretion (many orders
of magnitude grater than the Eddington limit) [67,213,306—
308]. Highly coherent accretion on one of the BHs could
also explain the negative correlation between y.; and ¢
shown in Fig. 20, although accretion in gas-free scenarios
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should be highly super-Eddington in order to impart
significant spin [67,213]. Alternatively, primordial BHs
can have masses above the pair-instability mass threshold,
although this most likely requires efficient accretion before
the reionization epoch in order not to violate current
constraints [309].

2. Redshift distribution

In Sec. VI we show that the BBH merger rate increases
with redshift, as (1 + z)*, with k = 2.97J. Although error
bars are large, current data prefer a model in which the
merger rate evolves steeply with redshift and at a rate
that is consistent with the growth in star formation. For
binary formation in the field, the predicted value of « is
sensitive to the assumed efficiency of common envelope
ejection: Values between x = 0.2 and 2.5 are all possible,
although relatively small values k~1 are preferred
[31,222,223,276,310]. Delay times in the field are also
dependent upon stability of mass transfer [311]. Similarly,
k < 2 is often found in models of BBHs formation in open
and young clusters [278,312]. Formation through chemi-
cally homogeneous evolution predicts a steep redshift
dependence k ~ 3 [313]. Dynamical formation in globular
clusters predicts x <2 [218,314]; e.g., one study of
globular cluster models [35] finds k = 1.6f8:é , and shows
that the most important parameter affecting the value of x in
the globular cluster scenario is the initial cluster half-mass
density, p;,,, while uncertainties in other model parameters
(e.g., natal kicks, black hole masses, metallicity) have a
small effect. Only models in which globular clusters are
formed with a high half-mass density, p, > 10°My pc~>,
lead to « 2 2 [35]. While uncertainties are large, improved
constraints on the merger rate evolution have the potential
to unveil important information about the physics of
massive binaries [26,63,146,310] and the initial conditions
of clusters across cosmic time [218,266,314].

3. Spin distribution

We observe evidence that the spin distribution requires
both spin-orbit misalignment and also includes events with
antialigned spins [cos(@) < 0]. BBHs with a large spin-
orbit misalignment can be formed in dynamical environ-
ments such as globular, nuclear, and young star clusters, or
active galactic nuclei [239,257,280,283]. In these systems,
two single BHs are paired together during a three-body
interaction and/or undergo a number of subsequent
dynamical interactions before merging. Their spins have
directions that are therefore uncorrelated with each other
and with the orbital angular momentum of the binary,
leading to an isotropic spin-orbit alignment [237,239]. The
evolution of BH spins in AGN disks depends on several
uncertain factors, such as the importance of accretion and
dynamical encounters, the initial spin orientation, and the
efficiency of migration [34,315]. If radial migration of BHs

is inefficient, the distribution of y.; skews toward higher
values because scattering encounters that randomize spin
directions become less frequent. On the other hand,
efficient migration would imply more frequent dynamical
encounters, producing a y.q distribution centered on zero
[315]. However, the dispersion of the y.q distribution also
increases characteristically with mass, as with other hier-
archical formation scenarios [34,162,254].

Formation from field binaries is thought to
produce components with preferentially aligned spins
[237,239,243], although y. can extend to negative values
with the typical fraction of detectable binaries with negative
effective spins ranging from 3% to 10% [243]. Such an
alignment, however, is not certain. In fact, all population
models of isolated binaries customarily start with the stellar
progenitor spins initially perfectly aligned with the orbital
angular momentum of the binary. This assumption is made
due to simplicity and partly because tidal interactions are
thought to quickly remove any spin-orbit misalignment prior
to BH formation. On the other hand, there is observational
evidence of close and noninteracting or detached massive
binaries with highly inclined spin axes, suggesting that
massive binaries can form with misaligned spins [316-319].
Other explanations for the misalignment include that tides
might not in all cases be able to realign the spins [316-319].
A large spin-orbit misalignment can also be produced if a
binary is the inner component of a triple system [314,320—
323], where the tertiary component can be either a star,
another BH, or even a massive BH [282,324-326]. In this
triple scenario, the secular gravitational interaction of the
binary with an external companion can randomize the orbital
plane of the binary. The complex precessional dynamics of
the BH spins in triple systems also changes the spin
orientation and leads to a distribution of y. peaked near
zero, although with a marginal preference for aligned spins
[320,321]. The spin-orbit misalignment found in BH bina-
ries might be explained by a stable episode of mass transfer
prior to the formation of the BHs [327]. Finally, the
asymmetric mass and neutrino emission during core col-
lapse can also lead to a large spin tilt, possibly probing any
value of spin-orbit misalignment (i.e., up to 180°) [246,328].
The magnitude of the tilt and the fraction of misaligned
systems depend on the assumed natal kick velocities and
directions, which remain poorly constrained observationally
[329-331]. Even under optimistic assumptions, however,
natal kicks are unlikely to produce a large misalignment for a
significant fraction of the population and account for the
more isotropic distribution of spin-orbit angles shown in the
right panel of our Fig. 15 [242,247,332]. We conclude that
the presence of systems with misaligned spins is not in
contradiction with a scenario in which the majority of, if not
all, BBHs form in the field of galaxies. On the other hand, the
fact that the y ¢ distribution is not symmetric around zero,
if confirmed, can be used to rule out a model in which all
BBHs are formed through dynamical encounters in star
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clusters [251,262]. Finally, an asymmetric distribution of
Xefr can also be produced through three-body encounters of
tidally spun-up binaries in young star clusters, although this
process can explain only the spin-orbit misalignment of
about 10% of the population [333].

Corroborating our previous conclusion based on GWTC-
2 [20], we find that the BH population is typically described
by small spins. Predictions for BH spin magnitudes vary
depending on the assumptions about stellar winds and their
metallicity dependence, tides, and are particularly sensitive
to the efficiency of angular momentum transport within the
progenitor star [61,62]. If the stellar core remains strongly
coupled to the outer envelope during the stellar expansion
off the main sequence, then a significant amount of spin can
be carried from the core to the envelope. In this case, a BH
formed from stellar collapse may be born with nearly zero
spins. This implies that the first-born BH will essentially be
a Schwarzschild black hole. Nevertheless, isolated-binary
evolution can also lead to primary BHs with high spins if
both stars have similar masses and both are subject to tidal
spin-up or due to mass ratio reversal caused by the Roche-
lobe overflow [66]. The second-born BH can more com-
monly form with significant spin as tidal interactions may
realign and increase the spin of its stellar progenitor in
between the two supernova explosions [64,334]. If the
binary undergoes chemically homogeneous evolution
[313,335], its components may both be tidally spun up
to near break-up velocity, and keep this rotation rate
throughout main sequence evolution, evolving into BHs
with large and aligned spins. Black holes that form during
the quantum chromodynamic phase transition in the early
Universe will all have essentially zero natal spins
[336,337]. However, a significant spin can be attained
through subsequent gas accretion [309]. Finally, if BBHs
are formed or migrate within the accretion disk of a
supermassive BH, they can accrete from the surrounding
gaseous environment and spin up [315].

We observe neither evidence for nor against an increase
in spin magnitude for systems with higher masses
[261,338,339] and more unequal-mass ratios [253].
Current stellar evolution models suggest that larger BH
masses should correlate with smaller spins because larger
BHs originate from more massive stars which undergo
more extensive mass loss, carrying away most of the
angular momentum and producing BHs with small spins
[63,64,243]. A consequence of this should be either a
decrease in spin magnitude (and y.y) with mass above
approximately 20M  or no correlation, where the predicted
trend depends on the specific stellar evolution models
adopted [63,243]. Predictions remain uncertain and are
strongly dependent on modeling assumptions about the
angular momentum transport within the star, spin dissipa-
tion during the supernova, and the treatment of binary
interaction prior to BH formation. If future observations
identify such a trend, then an increase in spin magnitude

with mass might suggest a hierarchical formation scenario.
However, as mentioned above, this scenario seems cur-
rently at odds with the fact that binaries with more unequal-
mass ratios and massive components exhibit preferentially
positive y.s.

B. Implications for neutron stars

One result from GW observations is in tension with the
strong preference for 1.33M, mass objects which has
been recovered in Galactic BNSs [92]. Instead, conserva-
tively assuming all objects below the maximum neutron
star mass are neutron stars, our unmodeled analysis of the
lowest-mass compact objects is consistent with a broad
unimodal Gaussian, allowing for highly asymmetric
binaries. Our analysis of all individual low-mass (assumed
NS) objects suggests a wide NS mass distribution, without
the bimodal structure seen in the Galactic NS population.
The GW-observed population of low-mass mergers is still
small. If this tension persists, however, several avenues
exist to explain a discrepancy between Galactic and GW
observations, including but not limited to additional
formation channels for GW systems, strong observational
selection effects, like those used to explain GW 190425
[16,340,341] and the smaller body in GW200105, or the
prospect that BHs form from nonstellar processes during
the quantum chromodynamic phase transition in the early
Universe [56,309,342,343].

Our conclusions about the compact object mass spec-
trum in general and the mass spectrum of NSs in particular
will have substantial impact on the understanding of the
stellar explosions that generate such compact objects
[43,44,84] and the binary interactions that carry these
objects toward merger, assuming a stellar origin for low-
mass binary mergers.

Our analyses show no evidence for or against the
presence of a mass distribution feature closely correspond-
ing to the maximum neutron star mass. Rather, the shape of
the neutron star mass distribution, the existence of
GW190814, and our results for the mass distribution for
compact objects between 3 and 7M , may instead suggest a
continuous mass spectrum, albeit strongly suppressed
above the masses of known NSs.

Fortunately, the comparatively high prevalence of
objects close to the maximum NS mass suggests that we
will likely observe several objects near this region in the
future. By differentiating objects containing NSs from
those without, e.g., through their electromagnetic emission,
we will be able to provide several avenues to connect
features in the NS mass distribution to fundamental nuclear
physics. Our analysis of NSs in merging binaries alone
suggests the NS mass distribution likely extends up to the
maximum mass M .,toy expected from studies of
the EOS.

Our analyses are also consistent with both symmetric
(¢ ~0.8) and significantly asymmetric (¢ < 0.8) binaries
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containing NSs in BNSs, and modestly (¢ € [0.5,0.8]) to
highly (g <0.5) asymmetric binaries in NSBHs.
Compared to equal-mass mergers [344,345], modestly
asymmetric NS mergers (with either NS or BH counter-
parts) are potentially strong candidates for multimessenger
counterparts [346], since an asymmetric merger can eject
more mass [347], produce a larger remnant disk [348,349],
and potentially produce significant associated gamma ray
burst emission [350-352]. For BNSs, our analyses are
consistent with a significant fraction of highly asymmetric
events. For NSBHs, the discovery of GW200105 and
GW200115 demonstrate the existence of asymmetric
binaries containing NSs with a range of mass ratios.
Based on these events, our inferences about the low-mass
compact object distribution suggests that electromagneti-
cally bright NSBH mergers could occur at a small fraction
of the overall NSBH rate [353,354].

Generally, a broad mass ratio distribution suggests
modestly more favorable prospects for electromagnetic
follow-up observations. Conversely, a broad mass ratio
distribution complicates simple efforts to interpret existing
GW observations which were developed under the
assumption that low-mass binary mergers are very fre-
quently of comparable mass [355].

Finally, our analyses here leave GW190814 as an outlier
both from BBH systems and from systems that contain a
likely NS. Neither component of this binary has excep-
tional masses; for example, the secondary component could
easily be produced from conventional supernova engines
[84]. However, based on the merger rates versus mass
identified in our study, this system (and the larger sample of
asymmetric binaries available at a lower threshold) may
require a different formation pathway in order to simulta-
neously explain the mass ratio, secondary mass, and merger
rate [236,283,356].

X. THE GW BACKGROUND FROM BINARY
MERGERS

The observation of binaries with masses in the NSBH
range allows us to provisionally complete a census of the
different classes of compact binaries that contribute to an
astrophysical gravitational-wave background, assuming
our existing surveys are sensitive to all relevant sources
(i.e., not accounting for frequent subsolar mass mergers).
We have previously predicted the contributions of BBH and
BNS mergers to the gravitational-wave background, based
on the compact binary population observed in GWTC-2
[228]. In Fig. 23, we update this forecast with our latest
knowledge of the BBH and BNS population and the newly
measured rate of NSBH mergers.

The shaded bands on the left side of Fig. 23 show
estimates of and uncertainties on the dimensionless energy-
density spectra

1 dp
Q(f)*pcdlnf

(1)

of gravitational waves radiated by each class of compact
binary. In Eq. (21), dp is the gravitational-wave energy
density per logarithmic frequency interval d In f, while p,
is the critical energy density required to close the Universe.
We adopt the same model for the merger history of compact
binaries used previously [228,358], assuming that compact
binary formation rate traces a metallicity-weighted star
formation rate model [359-361] with a p(z,) o ;' dis-
tribution of time delays 7, between binary formation and
merger. Time delays are restricted to 20 Myr < ¢, <
13.5 Gyr for BNS and NSBH mergers and 50 Myr < ¢, <
13.5Gyr for BBHs [31,362], with binary formation
restricted to redshifts below z;., = 10. The birth rate of
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FIG. 23.

Forecast of astrophysical gravitational-wave background due to binary mergers following O3. Left: the individual

contributions expected from BNS, NSBH, and BBH mergers. While uncertainties on the energy density due to BNS and NSBH are due
to Poisson uncertainties in their merger rates, our forecast for the stochastic background due to BBHs additionally includes systematic
uncertainties associated with their imperfectly known mass distribution. Right: estimate of the total gravitational-wave background
(blue), as well as our experimental current sensitivity (solid black) [228,357]. For comparison, we additionally show the expected
sensitivities of the LIGO-Virgo network at design sensitivity, as well as that of LIGO’s anticipated A+ configuration.
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BBH progenitors is further weighted by the fraction of star
formation at metallicities Z < 0.1Z5 [229,363]. We note
that, rather than assuming a form for the binary merger rate
R(z) to predict the gravitational-wave background, one
could alternatively leverage constraints on the background
to infer R(z); see Sec. VID for further details.

Within Fig. 23, the stochastic energy density due to
BBHs has been marginalized over our uncertainty on both
the local merger rate and mass distribution of the BBH
population, as measured using the PP mass model. At
25 Hz, we estimate the energy density due to BBHs to be
Qpgi (25 Hz) = 5.0 x 10719, To estimate the contribu-
tion due to BNS systems, we adopt the simple rate
measurement presented in Sec. IVA under a fixed mass
distribution, and correspondingly assume a uniform dis-
tribution of neutron star masses between 1 and 2.5M,
giving Qpng(25 Hz) = 0.67)7 x 1070, The contribution
due to NSBH systems, meanwhile, is estimated using the
BGP rate reported in Table II. For simplicity, we again
assume a uniform distribution of neutron star masses
between 1 and 2.5M and a logarithmically uniform
distribution of black hole masses between 5 and 50Mg
among NSBH mergers. Under these assumptions, we
find Qugpy (25 Hz) = 0.9722 x 10710,

The blue band on the right side of Fig. 23 denotes the
our estimate of the total gravitational-wave background
due to the superposition of these three source classes; we
expect a total energy density of Q(25Hz) =6.9730 x 1071,
For comparison, the solid black curve marks our
present sensitivity to the gravitational-wave background
[228,357]. Although our estimate for the background
amplitude lies well below current limits, it may be
accessible with future detectors, such as the planned A+
LIGO configuration.

XI. CONCLUSIONS

The third LIGO-Virgo-KAGRA Gravitational-Wave
Transient Catalog (GWTC-3) [3] has increased our census
of the population of compact mergers by nearly a factor
of 2 compared to our analysis of the first half of O3 [20].
We simultaneously employ all observations with
FAR < 0.25 yr~! to infer the merger rate versus both
component masses across the observed mass spectrum.
For NSs, we find a broad mass distribution extending up to
2.0703M, in contrast to the narrow mass distribution
observed for Galactic BNSs. We find the BBH mass
distribution is nonuniform, with overdensities at BH
masses of 10 and 35M . These overdensities may reflect
the astrophysics associated with generating coalescing
binaries, potentially reflecting properties of stellar physics
or astrophysical environments. These features may
assist future applications of gravitational-wave astronomy.
As an example, these sharp features could be redshift
independent and, if so, used as standard candles for

cosmology [364,365]. We find that the compact object
mass distribution exhibits an interval between 2.2 and
6.1M 4 where merger rates are suppressed, which could be
consistent with past x-ray observations suggesting a mass
gap [80-83]. Our analysis lacks sufficient sensitivity to
probe the structure of the mass distribution at the highest
masses m; > 70M in detail; however, so far, we find no
evidence for or against an upper mass gap.

We find that observed BH spins are typically small (half
less than 0.25). We still conclude that at least some of these
spins exhibit substantial spin-orbit misalignment. We
corroborate a correlation between BBH effective inspiral
spins and mass ratio.

Using parametric models to infer the distribution of BBH
merger rate with redshift, we find the BBH merger rate
likely increases with redshift; we cannot yet assess more
complex models where the shape or extent of the mass
distribution changes with redshift.

Analyses presented in our previous work [20] and in a
companion paper [366] employ coarse-grained models for
the BBH population, smoothing over some of the subtle
features identified above. We find that these coarse-grained
models draw similar conclusions on current data to our
previous studies; see Sec. VI A. Applications that focus on
large-scale features of the mass distribution (e.g., the
stochastic background, as described in Sec. X) require
only these coarse-grained results. Nonetheless, the mass
distribution remains a critical source of systematic uncer-
tainty in any merger rate integrated over any mass interval,
particularly in mass intervals with few observations. We
specifically find the BNS and NSBH merger rates exhibit
considerable uncertainty in the mass distribution, with
relative merger rate errors within (and between) models
far in excess of the expected statistical Poisson error
associated with the count of these events. These systematics
propagate directly into our most conservative estimates for
their merger rates.

The next GW survey could have a BNS detection range
increased by approximately 15%-40% [367]. Even without
allowing for increased merger rates at higher redshift, the
next survey should identify roughly 3 times more events of
each class than used in this study, including several new
events from the BNS and BHNS category. We continuously
revise our assessment of future observing prospects [367].
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APPENDIX A: SENSITIVITY ESTIMATION

A key ingredient in Egs. (3) and (4) is the detection
fraction £(A), which estimates the fraction of systems that
we expect to successfully detect from some prior volume
that extends past our detectors’ reach. The detection
fraction quantifies selection biases, and so it is critical to
accurately characterize. For a population described by
parameters A, the detection fraction is

EA) = / Paa(0)2(01A)d6. (A1)

Here, P4 (0) is the detection probability: The probability
that an event with parameters & would be detected by a
particular search. The detection probability depends on the
sky position and orientation of the source binary, and
crucially for our purposes, on the masses and redshift of a
system, and, to a lesser degree, on the spins.

Given the nonideal nature of the detector data, the
variation in network sensitivity over time, and the complex-
ity of both the signal waveforms and the search pipelines,
an accurate estimate of Py (6) and &(A) requires empirical
methods, specifically the use of a large suite of simulated
signals added to the data: injections. For analyses that focus
on the BBH subpopulation in Sec. VI, we simulate compact
binary signals from a reference BBH population and record
which ones are successfully detected by the PYCBC,
GSTLAL, or MBTA search pipelines. We omit the cWB
search from our volume estimate, since at present any
detection of a binary merger was corroborated by a
detection in the remaining pipelines. In addition, we also
simulate compact binary signals from reference BNS,
NSBH, and IMBH populations. These injections include
binaries with component masses in the range 1 — 600M,
have spins that are isotropic in orientation, and are uniform-
in-comoving volume. Spins are drawn from a distribution
that is uniform in the dimensionless spin magnitude up to a
maximum of y,,« = 0.998 for black holes and y,,, = 0.4
for neutron stars. To control computational costs, the
expected network signal-to-noise ratio (SNR) of each
injection is computed using representative detector power
spectral densities for O3. Injections with expected SNR
below 6 are assumed not to be detected, and are thus
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removed from the set analyzed by the search pipelines.
A thorough description of the injections and their under-
lying probability distribution is available as part of our
companion data release [368]. These injections are then
combined into a single dataset as a mixture model [3,368]
in order to assess sensitivity across the entire parameter
space and subpopulations. Our analyses in Sec. IV make
use of these injections to estimate sensitivity.

Unlike previous synthetic simulation sets used in our
population analysis following GWTC-2 [20], the injections
used here model spins that are isotropically distributed in
orientation and hence allow for orbital precession. Further,
the maximum spin magnitude we assume for NS compo-
nents, 0.4, is significantly larger than for previous injection
sets used to estimate BNS merger rates [16]. That said, our
injections have an effective y.; distribution that is narrow
and centered at O while analyses using BNS populations
with small NS spins inherently have y.; =~ 0. Because
the merger rate depends on spins primarily through the
system’s y., the specific assumptions made about the spin
distribution at low mass have modest impact on the inferred
low-mass merger rate.

Following Refs. [144,145,156,369], the point estimate
for Eq. (A1) is calculated using a Monte Carlo integral over
found injections:

1 Niound 75(9J‘|A)
Ninj j=1 pdraw(ej)’

&) = (A2)

where Njy; is the total number of injections, Nyqypg are the
injections that are successfully detected, and py,,, iS the
probability distribution from which the injections are
drawn. When using this approach to estimate sensitivity,
we marginalize over the uncertainty in (A) and ensure
that the effective number of found injections remaining
after population reweighting 1is sufficiently high
(Negr > 4N4.) following Ref. [156]. We also compute
(and some analyses like MS employ) semianalytic
approximations to the integrated network sensitivity
VT(0.x) = [didzdV./dz/(1 + 2)(Pye (0, 2)) (1 + 2)* for
fiducial choices of k, appropriate to characterize sensi-
tivity to a population with a fixed redshift evolution.
For the O3 observing period, we characterize the found
injections as those recovered with a FAR below the
corresponding thresholds used in population analyses
described in this paper (1 and 0.25 yr™!) in either
PYCBC, GsTLAL, or MBTA. For the Ol and O2
observing periods, we supplement the O3 pipeline injec-
tions with mock injections drawn from the same distri-
bution py, above. For the mock injections, we calculate
Pge(my,my, 2, x1 .. x>..) according to the semianalytic
approximation used in our analysis of GWTC-2 [114]
based on a network signal-to-noise ratio threshold p = 10
and representative strain noise power spectral densities

estimated from data recorded during the Ol and O2
observing runs. We combine O1, O2, and O3 injection
sets ensuring a constant rate of injections across the total
observing time [370].

APPENDIX B: POPULATION MODEL DETAILS

In this appendix we provide details about the low-
dimensional parametrized population models described
above in Sec. III. Each subsection includes a table with
a summary of the parameters for that model and the prior
distribution used for each parameter. The prior distributions
are indicated using abbreviations: For example, U(0, 1)
translates to uniform on the interval (0,1), LU(107°,10%)
translates to log-uniform on the interval 107, 10°, and
N(0, 1) translates to a Gaussian distribution with mean 0
and standard deviation of 1.

Using Monte Carlo summations over samples from each
event’s posterior distribution to approximate the integral in
the likelihood given in Eq. (4) results in statistical error in
the likelihood estimates [156,157]. In order to avoid
including relics from unconverged Monte Carlo integrals
in the posterior distribution, we introduce a data-dependent
constraint on the prior determined by the number of
effective samples used in the Monte Carlo integral. We
define the effective number of samples as

(B1)

where w; is the weight for the ith event in the Monte Carlo
integral.

For the TRUNCATED, POWER LAW+PEAK, POWER Law
+SPLINE, POWER LAW+DIP+BREAK, DEFAULT, GAUSSIAN,
and POWER LAW population models, we assign only non-
zero likelihoods to points in parameter space with an
effective sample size of at least the number of observed
events in our event list. This is similar to the convergence
constraints we enforce when computing sensitivity (see
Appendix A) [156].

1. Details of mass population models
a. TRUNCATED mass model

The TRUNCATED mass model serves as the primary
component for some of our mass models. The primary
mass distribution for this model follows a power law with
spectral index a, and with a sharp cutoff at the lower end
mmin and the upper end of the distribution m1,,,,:

—a
m] Mpin < My < Mppax,

ﬂ(ml @, Mpyin, mmax) x { (B2)

0 otherwise.

Meanwhile, the mass ratio ¢ = m,/m, follows a power-law
distribution with spectral index ﬁq,
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TABLE V. Summary of TRUNCATED model parameters.

Parameter Description Prior
a Spectral index for the power law of the primary mass distribution U(-4,12)
By Spectral index for the power law of the mass ratio distribution U(-2,7)
Muyin Minimum mass of the power-law component of the primary mass distribution U(2M, 10M )
Mpax Maximum mass of the power-law component of the primary mass distribution U(30Mg, 100M )

@l My, < my < my, S(m|mupin, 6)

”(mﬂq’mmin’ml) & . (B3)
0  otherwise. 0 (m < myn),
= [f(m_mminvﬁm)"i_l]_l (mminsm<mmin+5m>7
1 (mzmmin+5m)’

The parameters for this model are summarized in Table V.
For this model, as well as further mass models where a prior (BS)
on the total merger rate is not specified, the rate prior is
proportional to 1/R, or equivalently to 1/N in the notation
of Egs. (3) and (4).

with

m' =65,

O Om
F(m'.3,) = exp (; + —) (B6)
b. POWER LAW+PEAK mass model

This model is equivalent to Model C from our GWTC-1
analysis [114]. The primary mass distribution is a truncated
power law, with the addition of tapering at the lower mass 5
end of the distribution and a Gaussian component: 7(q|. my. Mumin, 8,) o< GP4S(grm, [1in: S)-

The conditional mass ratio distribution in this model also
includes the smoothing term:

(B7)
The parameters for this model are summarized in Table VI.

7(my | Apeak> @ Mains Gy s Minas s Opy) c. POWER LAW+SPLINE mass model

=1[(1- gpeak)P(md —a, M) The POWER LAW+SPLINE mass model explicitly applies
a perturbation to a modified version of the fiducial POWER

+ peak G (111 i 0, )IS (11 [ Minin, 61n)- - (B4) Law+PEAK model that does not include the Gaussian peak
[95]. Let p(m|a, My, Mmax, 6,,) be the modified POWER
LAw+PEAK model without the Gaussian, then the primary
mass distribution for the POWER LAW+SPLINE model is

Here, P(m;| — a, my,y) is a normalized power-law distri- :
given as

bution with spectral index —a and high-mass cutoff m,,,,.
Meanwhile, G(m|u,,,0,,) is a normalized Gaussian dis-
tribution with mean y,, and width o,,. The parameter Ay 7 ps (71|, Mumin, Mina, Os {fi})

is a mixing fraction determining the relative prevalence of = kp(my|a, Myin, Mmax, 6,,) explf (m[{f:})]. (B8)
mergers in B and G. Finally, S(m;, my;,, 5,,) is a smooth-

ing function, which rises from O to 1 over the interval Above, k is a normalization factor found by numerically
(Mupin, Mupin + 6, integrating ppg over the range of allowed primary masses,

TABLE VI. Summary of POWER LAW+PEAK model parameters.

Parameter Description Prior

a Spectral index for the power law of the primary mass distribution U(-4,12)

By Spectral index for the power law of the mass ratio distribution U(-2,7)
Miin Minimum mass of the power-law component of the primary mass distribution UM, 10M )
Minax Maximum mass of the power-law component of the primary mass distribution U(30Mg. 100M )
Apeak Fraction of BBH systems in the Gaussian component U(,1)

o Mean of the Gaussian component in the primary mass distribution U(20M g, 50M )
Opm Width of the Gaussian component in the primary mass distribution U(1Mg, 10M )
O Range of mass tapering at the lower end of the mass distribution U(OMy, 10M )
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TABLE VII. Summary of POWER LAW+SPLINE model parameters.

Parameter Description Prior

a Spectral index for the power law of the primary mass distribution U(-4,12)

By Spectral index for the power law of the mass ratio distribution U(-2,7)

Muyin Minimum mass of the power-law component of the primary mass distribution U(2M, 10M )

Mpax Maximum mass of the power-law component of the primary mass distribution U(30Mg, 100M )
m Range of mass tapering at the lower end of the mass distribution U(0Mg, 10My)
{fi} Spline perturbation knot heights N(0,1)

f(my|{f;}) is the perturbation function we model with
cubic splines, and {f;} are the heights of the n knots from
which f is interpolated. The n knot locations are fixed,
spaced linearly in logm,; space from 2 to 100M . We
additionally restrict the perturbations to converge to the
underlying distribution at the boundary nodes by fixing
both f, and f,_; to be 0. We choose n = 20 to be the
optimal number of knots for this analysis following the
same procedure in Ref. [95], which adds a total of 18
additional parameters describing the perturbations to the
underlying model. In addition to the primary mass, the
conditional mass ratio distribution follows the same form as
the POWER LAW+PEAK model defined in Eq. (B7). For each
mass distribution inference with the POWER LAW+SPLINE
model, we simultaneously fit the spin distribution with the
DEFAULT model and the redshift evolution of the merger
rate with the POWER LAW evolution model. The parameters
and chosen prior distributions for the POWER LAW+SPLINE
model are summarized in Table VII.

d. FLEXIBLE MIXTURES model

The FLEXIBLE MIXTURES model, Vamana, predicts the
population using a sum of weighted components. Each
component is composed of a Gaussian, another Gaussian,
and a power law to model the chirp mass, the mass ratio,
and the components of the spin angular momenta parallel to
the orbital angular momentum, respectively. The model is
defined as

N

p(Mv 4,81z s2z|l) = Z WiG(Mlﬂ.iM’ O-QM)G<SIZ

i=1
X G(s2,|ui™, 077)Plglad. g™, 1),
(B9)

SZ SZ
K50 )

where G is the normal distribution and P is the truncated
power law. For the presented analysis we use N = 11
components. This choice maximizes the marginal like-
lihood; however, the predicted population is robust for a
wide range of N. For a detailed description of this model,
see Ref. [98]. The FLEXIBLE MIXTURES model uses a power
law to model the redshift evolution of the merger rate, as
described in Appendix B 3. The merger rate has a uniform-
in-log-distributed prior; the prior distributions for param-
eters in Eq. (B9) are summarized in Table VIIIL.

e. BINNED GAUSSIAN PROCESS model

The BINNED GAUSSIAN PROCESS models the rate densities
mmydR'/dm,dm, = n' as a binned Gaussian process
where the index i denotes a particular bin in the two-
dimensional log m; —log m, parameter space [169,170].
The bin edges in the analysis presented in the paper are
located at [1,2,2.5,3,4,5,6.5,8, 10, 15, 20, 30, 40, 50, 60,
70,80, 100]M with the assumption that m, < m;. The
probabilistic model for the logarithm of the rate density in
each bin is defined as

TABLE VIII. Summary of FLEXIBLE MIXTURES model parameters. All rates are in Gpc™ yr~!.

Parameter Description Prior

w; Mixing weights Dirichlet(a),
.y = 1 / N

uM Mean of the normal distribution modeling the chirp mass LU(5.2M ¢, 65M,)

oM Scale of the normal distribution modeling the chirp mass U(0.02 uM, 0.18 p*)

ui Mean of the normal distribution modeling the aligned-spin distribution U(-0.5, 0.5)

oi* Scale of the normal distribution modeling the aligned-spin distribution U(0.05,0.6)

gmin Minimum value of the mass ratio U(0.1,0.95)

al Slope of the power law U(-7,2)

R Merger rate LU(1, 100)
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TABLE IX. Summary of BINNED GAUSSIAN PROCESS model
parameters.

Parameter Description Prior

u Mean log(rate) in each bin N(0,10)

o Amplitude of the covariance kernel ~ N(0, 10)
log(1) log(length scale) of the N(—0.085,0.93)

covariance kernel

log n' ~N(u, %), (B10)
where u is the mean of the Gaussian process and X is the
covariance matrix that correlates the bins. Each element of
the covariance matrix X is generated using a squared-
exponential kernel k(x, x") which is defined as

k(x,x") = % exp <—(x2;12x’)2> .

(BI1)
For the specific analysis here, we take x, x’ to be the bin
centers in log m. The parameter ¢ models the amplitude of
the covariances while / is a parameter that defines the length
scales over which bins are correlated. The prior distribution
chosen here for the length scale is a log-normal distribution
with a mean that is the average between the minimum bin
spacing

Anin = min A log m, (B12)

my,my

and the maximum bin spacing
AL« = maxA log m, (B13)

ny,ny

with a standard deviation of (A, — Apin/4). This con-
strains (at “2¢” in the prior) the correlation length for the GP
to lie between “one bin” and “all the bins.” For our analyses
presented in the paper, the mean and standard deviation are
—0.085 and 0.93, respectively. The BINNED GAUSSIAN
PROCESS model assumes a redshift distribution such that
the overall merger rate of compact binaries is uniform-in-
comoving volume. The spin distributions for each compo-
nent are isotropic in direction and uniform in the spin
magnitude with a maximum spin of 0.998 for BHs and
0.4 for NSs; the prior distribution for the relevant parameters
in Egs. (B10) and (B11) is summarized in Table IX.

f. POWER LAW+DIP+BREAK model

The POWER LAw+DIP+BREAK model explicitly searches
for separation in masses between two subpopulations by
employing a broken power law with a dip at the location of
the power-law break [159,160]. The dip is modeled by a
notch filter with depth A, which is fit along with the other
model parameters in order to determine the existence and

depth of a potential mass gap. No gap corresponds to
A =0, whereas A =1 corresponds to precisely zero
merger rate over some interval. POWER LAW+DIP
+BREAK also employs a low-pass filter at high masses
to allow for a tapering of the mass spectrum, which has the
effect of a smooth second break to the power law.

The PDB model assumes a merger rate that is uniform-
in-comoving volume. It also assumes a spin distribution
with isotropically oriented component spins and uniform
component spin magnitudes.

The joint mass distribution in this model has the form:

p(my,my) o p(my)p(my)(my/my)P, (B14)
p(m) o pyi(m)n(m)¢(m), (B15)
A
B O L (R I M
(B16)
£(m) = L (B17)

1 (m/myng )"

where p,(m) is a broken power law with exponents a;
between my;, and MY and a, between MY and nip,,.

The parameters for this model are summarized in Table X.

g. Neutron star mass models

The mass models adopted for the BNS and NSBH events
in Sec. V assume a basic mass distribution that is common
to all NSs, with random pairing into compact binaries. The
basic mass distribution is taken to be either a power law or,
inspired by the shape of the Galactic BNS mass distribution
[91-93], a Gaussian. The BH mass distribution is fixed to
be uniform between 3 and 60M ;. The NS mass distribution
analysis assumes definite source classifications for the
events. Thus, the joint mass distribution takes the form

p(my)p(my) if BNS,

. (B18)
U(3My.60M)p(m,) if NSBH,

p(ml,mz)oc{

with p(m) either a power law with exponent a, minimum
mass mp,;, and maximum mass m,,,, or a Gaussian with a
peak of width ¢ at g, plus sharp minimum and maximum
mass cutoffs m;,, M. We call these models POWER and
PEAK, respectively. Their hyperparameters and the choices
for their prior distributions are listed in Table XI. We
additionally impose the constraint m;, < u < my,, on the
PEAK model. Besides the flat m,,, prior described in the
table, for the analyses excluding GW190814 we use a prior
proportional to the cumulative distribution function of
Mmax,TOV’ Le., p(mmax) X fr;?nax deax,TOVp(Mmax,TOV)'
This enforces our expectation that the NS masses in the
gravitational-wave population should not exceed M .« Tov-
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TABLE X. Summary of POWER LAW+DIP+BREAK model parameters. The first entries describe the mass distribution parameters, and

the last two entries describe the spin distribution parameters.

Parameter Description Prior

a Spectral index for the power law of the mass distribution at low mass U(-8,2)

a Spectral index for the power law of the mass distribution at high mass U(-3,2)

A Lower mass gap depth U(o,1)
ME? Location of lower end of the mass gap U(1.4My,3M )
ngﬂaé)h Location of upper end of the mass gap U(3.4M,9M ©)
Mow Parameter controlling how the rate tapers at the low end of the mass gap 50

Mhigh Parameter controlling how the rate tapers at the low end of the mass gap 50

n Parameter controlling tapering the truncated power law at high mass U(-4,12)

p Spectral index for the power-law-in-mass-ratio pairing function U(-2,7)
Muyin Minimum mass of the power-law component of the mass distribution U(IMy, 1.4M)
Miax Maximum mass of the power-law component of the mass distribution U(35M¢. 100M )
Amax NS Maximum allowed component spin for objects with mass < 2.5M 0.4

Amax BH Maximum allowed component spin for objects with mass > 2.5M 1
TABLE XI. Summary of POWER and PEAK NS mass model parameters.

Parameter Description Prior

a Spectral index for the power law in the POWER NS mass distribution U(-4,12)
Myin Minimum mass of the NS mass distribution U(1.0My, 1.5Mg)
M Maximum mass of the NS mass distribution U(1.5M,3.0Mg)
U Location of the Gaussian peak in the PEAK NS mass distribution U(1.0M,3.0Mg)
o Width of the Gaussian peak in the PEAK NS mass distribution U(0.01M,2.00M)

2. Details of spin population models

a. DEFAULT spin model populations [165]:

This model was introduced in Ref. [114]. Following
Ref. [164], the dimensionless spin-magnitude distribution
is taken to be a beta distribution,

7(z

.0,) =G (zlo;) +

and assume that z is distributed as a mixture of two

(1-0)3(z).  (B20)

”(X1,2|a ’IB)() = Beta(a)ﬂﬂ){)’ (Blg)

where @, and f3, are the standard shape parameters that
determine the distribution’s mean and variance. The beta
distribution is convenient because it is bounded on (0,1).
The distributions for y; and y, are assumed to be the same.
We define z; = cos 0; as the cosine of the tilt angle between

component spin and a binary’s orbital angular momentum,

TABLE XII. Summary of DEFAULT spin parameters.

Here, S(z) is an isotropic distribution, while G,(z|s,) is a
truncated two-dimensional Gaussian peaking at z =0
(perfect alignment) with width o,. The mixing parameter
¢ controls the relative fraction of mergers drawn from the
isotropic distribution and Gaussian subpopulations. The
isotropic subpopulation is intended to accommodate
dynamically assembled binaries, while G, is a model for
field mergers. The parameters for this model and their
priors are summarized in Table XII. Additional constraints
to the priors on y, and af are applied by setting a,, , > 1.

Parameter Description Prior

Hy Mean of the beta distribution of spin magnitudes U(,1)

oy Variance of the beta distribution of spin magnitudes U(0.005,0.25)
¢ Mixing fraction of mergers from truncated Gaussian distribution U(o,1)

o, Width of truncated Gaussian determining typical spin misalignment U(0.1,4)
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TABLE XIII.  Summary of GAUSSIAN spin parameters. The y. i, and £ parameters appear only in variants of the GAUSSIAN model, as
we discuss below.

Parameter Description Prior

Ueft Mean of the y.q distribution U(-1,1)
Ot Standard deviation of the y. distribution U(0.05,1)
Hp Mean of the y, distribution U(0.05,1)
o, Standard deviation of the y,, distribution U(0.05,1)

p Degree of correlation between y . and y, U(-0.75,0.75)
Xeff.min Lower truncation bound on y.g U(-1, pesr)

¢ Nonvanishing mixture fraction in Eq. (18) U(0,1)

b. GAUSSIAN spin model

In addition to the distribution of component spin
magnitudes and tilts, we explore the distribution of the
effective inspiral spin parameter y.s and the effective
precession spin parameter y,. In particular, we wish to
measure the mean and variance of each parameter, and so
model the joint distribution of y.; and y, as a bivariate
Gaussian:

”(){effv)(p“’leffv Oeffs Hp, Op> p) x G()(eff’)(p |ﬂ’ E) (B21)
The mean of this distribution is g = (uer. pp,), and its
covariance matrix is

/)O'effﬁp) (B22)

2
Octr
Z —
o 2
POett0p Op

The population parameters governing this model and
their corresponding priors are shown in Table XIII.
Equation (B21) is truncated to the physically allowed
range of each effective spin parameter, with y. €
(=1.1) and y, € (0, 1). All results in the main text using
the GAUSSIAN model are obtained while simultaneously
fitting for the BBH mass distribution, assuming the POWER
LAW+PEAK model, and the evolving redshift distribution
model in Appendix B 3 below.

Two variants of this model are additionally discussed in
Sec. VIL. In the first, Eq. (B21) is modified such that the
effective inspiral spin parameter is truncated not on the
interval (—1, 1), but on (Yt min, 1), Where yegr min is another
parameter to be inferred by the data. The second variant
inspired by analysis of GWTC-2 [251,252] and defined in
Eq. (18), alternatively treats the y.; distribution as a
mixture between a bulk component with a variable mean
and width and a narrow zero-spin component centered on
Yeit = 0. In this second variant, we measure only the
marginal y.y distribution, implicitly assuming that the
remaining spin degree of freedom is distributed uniformly
and isotropically. As y. is the primary spin measurable, we
do not expect this implicit prior to have a strong effect.

3. Redshift evolution model

The POWER LAw redshift evolution model parametrizes
the merger rate density per comoving volume and source
time as [146]

R(z) = Ro(1+ 2)*, (B23)

where R, denotes the merger rate density at z = 0. This
implies that the redshift distribution is
dN dv,
2 elle
dz dz

(1+ 7)1, (B24)

where dV ./ dz is the differential comoving volume, and C is
related to Ry by

ch Zmax dVC -1
Ry=C [/ dz—=(1+ 21 .
dz | Jo dz

We adopt z,,,,, = 2.3 as this is a conservative upper bound
on the redshift at which we could detect BBH systems
during O3, for both detection thresholds used in this work.
We employ a uniform prior on « centered at « = 0. We take
a sufficiently wide prior so that the likelihood is entirely
within the prior range, x € (-6, 6).

(B25)

4. Models with multiple independent components
a. MULTI SOURCE model

The MuLTI SOURCE model [371] extends the MULTISPIN
BBH model [20] to include additional subpopulations for
BNS and NSBH systems. Each subpopulation (two for
BBH, one for BNS, and one for NSBH) is assumed to have
an independent rate parameter. Priors for all parameters are
given in Table XIV.

The BBH subpopulation is itself a mixture of two
subpopulations, (i) a power-law mass distribution m%¢”
truncated to a range [y, BBH» Mmax.geH] Which is inferred
from the data, and (ii) a Gaussian in (m;,m,) with
independent mean and standard deviation parameters
Hm, BBH> Hm, BBH> Om, BBH> Om, BBH- BOth subpopulations
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TABLE XIV. Summary of MULTI SOURCE model parameters. All rates are in Gpc™ yr~!, and all masses in M. Rate, mass, and spin
hyperparameters are separated by horizontal lines.

Parameter Description Prior
Ry pi Local merger rate for the BBH power-law subpopulation U(0,1000)
RggH,g Local merger rate for the BBH Gaussian subpopulation U(0,1000)
Rgns Local merger rate for the BNS subpopulation U(0,2000)
RnseH Local merger rate for the NSBH subpopulation U(0,500)
a Primary mass spectral index for the BBH power-law subpopulation U(-4,12)
s Mass ratio spectral index for the BBH power-law subpopulation U(-4,10)
Mymin BBH,pl Minimum mass of the BBH power-law subpopulation U(2,10)
Mimax, BBH,pl Maximum mass of the BBH power-law subpopulation U(30, 100)
Hm, BBH,g (Hm, BBH,g) Centroid of the primary (secondary) mass distribution for the BBH Gaussian U(20,50)
subpopulation
Om, BBH,g (Om, BBH.¢) Width of the primary (secondary) mass distribution for the BBH Gaussian U(0.4,20)
subpopulation
U NSBH Centroid of the BH mass distribution for the NSBH U(3,50)
0,n.NSBH Width of the BH mass distribution for the NSBH U(0.4,20)
Hm NS Centroid of the NS mass distribution U(1,3)
OGNS Width of the NS mass distribution U(0.05,3)
Mimax NS Maximum mass of all NSs U(2,3)
Hy, BBHpl (Hy, BBH pI) Mean of the beta distribution of primary (secondary) spin magnitudes for the BBH U(o,1)
Gaussian subpopulation
6;%1 BBH,pI (sz.BBH,p]) Variance of the beta distribution of primary (secondary) spin magnitudes for the BBH U(0,0.25)
Gaussian subpopulation
64, BBH,pl (04, BBH,p1) Width of truncated Gaussian, determining typical primary (secondary) spin U(0,4)
misalignment for the BBH Gaussian subpopulation
My, BBH.g (Hy, BBH,g) Mean of the beta distribution of primary (secondary) spin magnitudes for the BBH U(o,1)
Gaussian subpopulation
051 BBH,g (O’;ZBBH, ) Variance of the beta distribution of primary (secondary) spin magnitudes for the BBH U(0,0.25)
Gaussian subpopulation
04, BBH,g (01, BBH,g) Width of truncated Gaussian determining typical primary (secondary) spin U(0,4)
misalignment for the BBH Gaussian subpopulation
My NSBH Mean of the beta distribution of spin magnitudes for the BH in the NSBH U(o,1)
subpopulation
ajNSBH Variance of the beta distribution of spin magnitudes for the BH in the NSBH U(0,0.25)
subpopulation
O/ NSBH Width of truncated Gaussian determining typical primary (secondary) spin U(0,4)
misalignment for the BH in the NSBH subpopulation
My NSBH Mean of the beta distribution of spin magnitudes for the NS in the NSBH U(0,0.05)
subpopulation
ajNSBH Variance of the beta distribution of spin magnitudes for the NS in the NSBH U(0,0.0125)
subpopulation
Hy, BNs (Hy, BNS) Mean of the beta distribution of primary (secondary) spin magnitudes in the BNS U(0,0.05)
subpopulation
U;I.BNS (GEZ.BNS) Variance of the beta distribution of primary (secondary) spin magnitudes in the BNS U(0,0.0125)

subpopulation

and both binary components within them follow indepen-
dent DEFAULT spin models, with { = 1.

Two more bivariate Gaussians in m;, m, are used to
model BNSs and NSBHs. The BHs in NSBHs follow a
Gaussian mass distribution, with free parameters y,, NspH»
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o, nseu- As with BBHs, these BHs follow an independent
DEFAULT spin model with { = 1. All three types of NSs
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My ns (the minimum mass is assumed to be 1M).
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Each type of NS follows an independent DEFAULT spin
model. To stay within astrophysically plausible spins, the
magnitude distributions are scaled down to y.. = 0.05.
Since NS spin tilts are not well measured, we set { =0,
assuming they are isotropic, which has the effect of not
wasting any samples from parameter estimation. In addi-
tion to any mass cutoffs mentioned above, all BHs’
component masses are assumed to lie on the range
[2,100]M, with those in NSBHs further restricted to
[2,50]M due to our limited injections.

APPENDIX C: VALIDATION STUDIES

We employ several methods to validate our calculations,
notably including comparing results from multiple inde-
pendent analyses, reproducing previous work through O3a
[20], assessing the sensitivity of our results to threshold
choices (changing from 1 to 0.2 yr~! for BBH, or from 0.25
to 1 yr~! for analyses containing NSs), and performing
posterior predictive checks as in our analysis of GWTC-2
[20]. Though these specific technical checks will not be
described here, some of these checks can be reproduced
with the data release associated with this paper.

Below, we describe additional validation studies we
perform to assess whether our results for merger rates
are sensitive to the choice of threshold, waveform system-
atics, or updates to our sensitivity model.

1. Effects of the spin distribution on merger
rates across all masses

In principle, the mass, spin, and redshift distributions of
binaries should be fit simultaneously in order to avoid
systematic biases in inferred distribution parameters caused
by correlations between measurements of these intrinsic
parameters [157,372—-378]. However, fixing one or more of
these distributions to a realistic form typically introduces
biases that have little impact on the parameters of interest.
We therefore seek to determine if our choice to fix the spin
distribution for the PDB and BGP models has introduced
any significant biases in our inference of the mass dis-
tribution and overall merger rate.

We compare the PDB analysis presented in Sec. IV with
an analysis that utilizes the same mass and redshift
distribution but fits for the spin distribution rather than
fixing it to one that assumes isotropic and uniformly
distributed component spins. For this, we apply the
DErauULT [165] spin model described in Sec. IIIC2 and
Appendix 2 a. The resulting fit is compared to the fiducial
analysis in Fig. 24.

We find some differences between the fixed-spin and
fit-spin analyses. First, the hyperposterior for the
fit-spin analysis is broader than that of the fixed-spin
analysis, presumably due to an increase in free parameters.
Second, some hyperparameters exhibit a slight shift. The
most notable shifts are in the rate and upper gap edge

parameters. The shift in the rate is to be expected because
the fit to the DEFAULT model favors lower spinning
objects. Since the detectors are slightly less sensitive to
low-spin objects, more support for those objects implies a
higher astrophysical rate. Nonetheless, all hyperposterior
differences are well within statistical uncertainty, so we
conclude that both the fixed-spin and fit-spin cases are
acceptable, and use the fixed-spin case for our fiducial
results for simplicity.

2. NS mass distribution including marginal events

If we loosen the FAR threshold to < 1 yr™! so as to
include the marginal events GW190917 and GW 190426,
and repeat the analysis of Sec. V B, the inferred NS mass
distribution is virtually unchanged. This can be seen in
Fig. 25, which compares the posterior population distribu-
tions inferred with and without the marginal events. Traces
from the posterior population distribution with respect to
the original FAR threshold are also shown. This alternative
analysis strongly suggests that substantial uncertainties in
the merger rate versus mass dominate our error budget; the
handful of observations made to date is not sufficient to
overcome the strong impact of our highly uncertain model
priors. Moreover, the masses of the NS secondaries in the
marginal events are poorly constrained relative to those in
GW170817, GW190425, GW200105, and GW200115,
such that the FAR < 0.25 yr~! events continue to drive
the inference.

We also test the robustness of our inferred NS
mass distribution against assumptions about the BH mass
distribution in NSBHs. In Sec. VB, we fix the mass
distribution of BHs in this subpopulation to be uniform.
If we repeat the inference using instead the m =3 power law
preferred by the fit to all compact object masses from
Sec. 1V, we find little change in the inferred NS mass
distribution; only the maximum mass increases systemati-
cally, but by less than 0.1M, in the median. We attribute
this to the influence of the BNS observations, which are
unaffected by the BH mass model.

3. Merger rates including subthreshold triggers

In the main text, our merger rates were calculated after
adopting a fixed significance threshold to identify confident
events, then fitting population model families to the
recovered events’ posteriors. By design, such an approach
depends on the threshold. Here we employ an alternative
threshold-free method of rate estimation which lacks
potential biases from an arbitrary choice of significance
threshold [70].

We extend methods from GWTC-2.1 [6], also applied to
the discovery of GW200105 and GW200115 [248], to
estimate the event rate from the full set of triggers
(including subthreshold triggers) from a specific binary
merger search: here, GSTLAL [99-101]. In doing so, we
allow for population distributions that fit our observations
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FIG. 24. Corner plot of inferred PDB mass and rate hyperparameters under an analysis that fixes the spin distribution (blue) and
simultaneously fits the spin distribution using the DEFAULT model (orange). The fit-spin hyperposterior is slightly shifted and widened
when compared to the fixed-spin case, but all changes are within statistical uncertainties.

and account for still-considerable uncertainty in the
mass distribution, rather than adopting a fixed population
model with fixed model hyperparameters. Compared to
previous publications, the results presented in this section
update the BBH merger rates presented in GWTC-2.1 by
including O3b events [3]. We also update the NSBH rate
quoted in Ref. [248] by incorporating all O3 triggers,
rather than as previously truncating to the first nine
months of O3.

We use a multicomponent mixture model [172] to
construct the posterior of astrophysical counts of CBC
events by assuming that foreground and background events
are independent Poisson processes. We then estimate the
spacetime volume sensitivity of the pipeline using simu-
lated events which are re-scaled to an astrophysical
population model [369]. We then compute the rates as
the ratio of the counts to V7. In order to marginalize over
population hyperparameters we compute several VT7’s,

011048-46



POPULATION OF MERGING COMPACT BINARIES INFERRED ...

PHYS. REV. X 13, 011048 (2023)

10!
—— Power
Power with marginal events
Z,
£ 10%
p I
SH
|
1071 H . . | . H i
1.0 1.2 1.4 1.6 1.8 2.0 2.2 24
mys (Me)
10!

——— Peak

Peak with marginal events

1071 - - - : - .
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
mys (Mg)
FIG. 25. Inferred neutron star mass distribution with and

without the marginal events GW190426 and GW190917. Top:
median and 90% confidence region of the inferred NS mass
distribution for the POWER model, using the event list at a FAR
threshold of 0.25 yr~!' (blue) and 1 yr~! (orange). Traces from
the posterior population distribution with respect to the stricter
FAR threshold are plotted in gray. Bottom: same as the top panel
but for the PEAK model. The inclusion of the marginal events has
a negligible impact on the inferred mass distribution.

each corresponding to a population hyperparameter sample
drawn from the inferred hyperposterior for the astrophysi-
cal population model. Finally, we integrate over the count
posterior obtained for each of these samples with an
appropriate weight, effectively marginalizing over the
population hyperparameters:

p(RE) = [ p(RIRDp(al{a))dR
= / VT p(N[%)p(VT|A)p(Al{d})d(VT)dA

= ZVTU X p(Nij‘)_E)v

ij

(C1)

where X is the complete set of triggers (including sub-
threshold triggers) and {d} is the set of data from
gravitational-wave detections used in population model
inference, as in Sec. III B. The astrophysical count posterior
is given by p(N|X), where N = R x VT; we evaluate by
sampling via N;; = R x VT;; where VT;; is the ith VT
sample drawn from p(VT|/_\' ;) for the jth hyperparameter
sample 7\]» drawn from the inferred hyperposterior

p(K\{d}) [the extra VT factor in Eq. (Cl1) arises from

the Jacobian dN/dR)]. Following Ref. [172], we take the
distribution p(VT|A;) to be

In VT —In (VT)(A;)]?
262 ’

(€2)

> 1
p(VT|A;) = ———=¢exp |—
(VT1A;) VTV 2r6?

where <VT(/§;->) is calculated by reweighting simulated
sources to an astrophysical population with hyperparameter

A j» and o is the quadrature sum of a calibration error of
10% [141] and Monte Carlo uncertainty.

Using hyperparameter samples from the posterior
inferred using the PP model with data through the end
of 03, as in Sec. VI and imposing a Jeffreys prior o« N~!/2
on the astrophysical counts, we compute a BBH merger
rate of 24.81-63.58 Gpc™> yr~!. A similar calculation for
the BGP model, again with a Jeffreys prior o N~!/2
imposed on the astrophysical counts, yields a NSBH
merger rate of 14.57-187.96 Gpc~> yr~!, which is consis-
tent with 11-140 Gpc=> yr~!, the joint inference for the
NSBH merger rate presented in the main text. We also
compute a BNS merger rate using a fixed population of
BNSs, distributed uniformly in component masses that lie
within 1 to 2.5M . This uses the same multicomponent
mixture model [172] as described above, with the only
difference being, that instead of marginalizing over pop-
ulation hyperparameters like with the BBH and NSBH
merger rates, for BNSs, we use a fixed population. Hence, it
updates the BNS merger rate reported in GWTC-2.1 [6] by
including all of O1 through O3 instead of truncating at O3a.
We report a BNS merger rate of 28.76-462.23 Gpc= yr~!
which is consistent with the GWTC 2.1 rate as well as the
other BNS rates quoted in this paper that were computed
from only high-significance triggers.

4. Effect of waveform systematics on population

All O3b BBH events analyzed in this paper have source
properties inferred using two different waveform models:
SEOBNRvV4PHM [137] and IMRPhenomXPHM [13§],
both of which include effects of higher-order multipole
moments and spin precession. The posterior distribution for
each event is then checked for consistency between wave-
form models before use in our analyses [3].

The event GW200129 is the highest SNR event exhibit-
ing notable inconsistencies between the source properties
inferred with the two waveform models. The event analysis
using IMRPhenomXPHM infers much more support for
unequal masses and precessing spins relative to the analysis
using SEOBNRv4PHM.

To test if the inferred BBH spin population depends on
the waveform model chosen for this event, we repeat our
03 population inference using the PP model for three
different choices of waveform model for GW200129:
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FIG. 26. Inferred differential merger rate as a function of the
cosine of the tilt angle (¢;), where i indexes the body of the binary.
We demonstrate that the differences in the posterior distribution
for GW200129’s spin parameters have a minimal effect on the
inferred spin-tilt population. The population is inferred using
posterior distributions for GW200129 using the IMRPhe-
nomXPHM waveform model (orange), SEOBNRv4PHM model
(blue), and a mixture of both (green). Dashed lines are 90%
credible intervals.

IMRPhenomXPHM, SEOBNRv4PHM, and a mix of the
two. As shown in Fig. 26, the inferred spin population is not
significantly affected by changes in the waveform model
for this event.

5. Impact of sensitivity on redshift evolution inference

Asnoted in Sec. II, one change in the sensitivity estimation
procedure between this work and our previous study of
GWTC-2 [20] is the use of injections that account for the
effect of precession and as well as updates to our detection
pipelines as detailed in Ref. [3]. Since precession was not
included in the injections used in Ref. [20], the full spin
distribution could not be reweighted to calculate the
sensitivity via Eq (A2), and thus, for the purposes of
sensitivity estimation, an approximation was made that
Syy € (0.5,0.5). Since we now use precessing injections,
we do the reweighting procedure including the full spin
distribution as a function of A. To test if this difference in our
sensitivity estimation procedure is responsible for the change
in the inferred redshift evolution, we repeat the population
analysis reported in Sec. VI, using our updated sensitivity
model, but including only events analyzed in the GWTC-2
populations study [20]. From this analysis, we infer « > 0 at
97.6% credibility, as opposed to the 85% credibility reported
previously [20], indicating a much stronger preference for a
merger rate increasing with redshift. We conclude that the
differences between our current results for the evolution of
the BBH merger rate and those reported previously [20] are
due to improvements to our sensitivity model rather than the
presence of the additional events in GWTC-3.

In Fig. 27 we compare the redshift dependence of our
current sensitivity model to that of the sensitivity model

VTnew/ VTold

z

FIG. 27. Comparison of our current BBH merger sensitivity
estimate in the O3a observing run (VT,.,) to that used in
Ref. [20] (VT,4) as a function of redshift, for events with chirp
masses between 20 and 50M . Our current sensitivity model
differs from what was used in Ref. [20] in two important ways:
We use updated detection pipelines relative to those used in our
GWTC-2 [20] and we use injections which include spin pre-
cession. There is a relative increase (decrease) in sensitivity at low
(high) redshift. Computed by reweighting injections to a fiducial
population for each of the two injection sets.

used previously [20]. To make this comparison, we
reweight the injections used previously [20] to the same
spin distribution assumed in that study, and assuming a
fiducial PP and POwer LAw model for the mass and
redshift distributions, respectively. We reweight the current
injections to this same mass and redshift distribution, but
reweight them to the median inferred spin distribution
obtained previously [20] to mimic a astrophysically real-
istic population. Both injection sets cover only the observ-
ing times of the O3a observing run. Taking the ratio of the
corresponding  sensitivities, we find our sensitivity
increases for low-redshift events and decreases for high-
redshift events, relative to the sensitivity model used in our
prior work [20]. We expect to see an increase in sensitivity
between our previous analysis [20] and our current calcu-
lation due to updates to the detection pipelines. The relative
decrease in sensitivity at higher redshifts indicates a bias in
the previous sensitivity estimate, implying that the BBH
merger rate at high redshift was underestimated in our
earlier study [20]. Accounting for the shift in sensitivity as a
function of redshift causes a relative decrease in local BBH
merger rate and a relative increase in high-redshift BBH
merger rate, leading to a higher inferred value for «.

One possible explanation for the shift in sensitivity is that
the use of precession in the injections for sensitivity
estimation caused a nontrivial change in the inferred
sensitive hypervolume, given that we do observe precession
in the BBH population. Our current detection pipelines use
template banks that include only aligned-spin components;
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TABLE XV. Bayes factors for each of the previously used
phenomenological mass models relative to the model with
highest marginal likelihood, POWER LAW+PEAK. The previous
results from GWTC-2 are shown in the second column with the
updated catalog results in the third column.

GWTC-2 GWTC-3
Model log\o B logy B
POWER LAw + PEAK 0.0 0.0
BROKEN POWER LAw + PEAK -0.11 —-0.46
MuLTI PEAK -0.3 -0.22
BROKEN POWER LAw -0.92 -2.0

this can result in up to tens of percent reduced sensitivity to
a population of BBHs with spin precession, depending on
the degree of precession possible [379-381]. The farthest
precessing sources, which, due to their distances, corre-
spond to FARs closest to the detection threshold, are
therefore the most susceptible to dropping below the
detection threshold with our current pipelines, causing us
to see a decrease in sensitivity to a population of BBHs with
precession relative to a strictly nonprecessing population.
Additionally, both the wuse of population-informed
reweighting of the spin distribution to calculate sensitivity
to a population and the incorporation of additional detec-
tion pipelines may have contributed to a more accurate
estimate of our sensitivity across parameter space.

APPENDIX D: ADDITIONAL STUDIES OF THE
BINARY BLACK HOLE DISTRIBUTION

1. Analyses from GWTC-2

We report updated Bayes factor comparisons for these
various models in Table XV, showing that the POWER LAaw

TABLE XVIL

+PEAK model is favored over the other BBH mass
distribution models tested. We highlight the key differences
between the model priors for GWTC-2 compared to
GWTC-3: The prior on f, is changed from U(—4,12)
to U(—2,7), and the main population results now include
an evolving redshift model where the prior on « is changed
from 0 to U(-10, 10).

In addition to these analyses, we use a variation of the
MULTIPEAK model to study the feature in the mass
distribution at approximately 10M . In GWTC-2 the prior
on the mean of the peaks are U(20, 50) and U(50, 100) for
the lower and upper mass peaks, respectively. We modify
these priors to be U(5,20) and U(20, 100). This updated
MULTIPEAK model is the most preferred model with a
log;o B of 1.0 compared to the POWER LAwW+PEAK model.
This further supports our findings of the peaklike feature at
approximately 10M in the mass distribution.

2. Comprehensive BBH merger rates

In Table IV, we evaluate BBH merger rates over targeted
mass subsets of the whole BBH space, using models
specifically targeted to reproduce new features of the
binary black hole mass distribution. For broader context,
Table XVI also provides the corresponding merger rates in
these intervals from all the models presented in this work.

APPENDIX E: POPULATION-WEIGHTED
POSTERIORS

With an increasing number of events, we can use the
distribution of the population of compact binaries to inform
our priors for parameter estimation. By reweighting the
initial analysis of compact binaries with the population

Merger rates in Gpc = yr~! for black hole binaries quoted at the 90% credible interval. Rates are given for three ranges of

primary mass m;, as well as for the entire population. The PDB, MS, and BGP merger rates are derived assuming the merger rate does
not increase with redshift, using a threshold FAR < 0.25 yr~! (Sec. IV). For FM, PS, and PP, merger rates are reported at z = 0.2
estimated using a threshold FAR < 1 yr~! (Sec. VI). The merged rates reported in the MERGED row are the union of the preceding three
rows, which all account for distance-dependent merger rate and adopt a consistent threshold. The final row shows merger rates deduced
from our analysis of GWTC-2 [20], which assumed a redshift-independent merger rate. Compare to Table IV.

my € [5,20]M my € [20,50|M my € [50,100]M,

m, € [5,20]M m, € [5,50|Mg m, € [5,100|M All BBHs
PDB (pair) 17719 6.8777 0.6879% 25119
PDB (ind) 9.4138 1155 1.6197 20789
MS 3077 6.6733 0.7310% 37°%
BGP 20,0150 6.3439 0.755 046 33.05160
PS 27132 3.548 0.197018 31553
FM 2117756 43530 02597 26.574%’
PP 23.610%7 4517 0219 2831337
MERGED 13.3-39 2.5-6.3 0.099-0.4 17.9-44
PP (03a) 16.07130 6.8179 0.550% 253161
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FIG. 28. Posterior distributions (black) for binary black hole events weighted by the population results from POWER LAW+PEAK (blue)
and FLEXIBLE MIXTURES (orange).
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distribution we can obtain posterior distribution for the
events in GWTC-3 with population-informed priors. Using
our population analysis with models POWER LAW+PEAK
and FLEXIBLE MIXTURES we provide population-weighted
posteriors (Fig. 28) for m;, ¢, and y.; for the BBHs
population (69 events).

Some of our analyses will show apparent changes in the
inferences about the mass ratio. These seemingly sub-
stantive changes reflect the relatively weak constraints
provided by the fiducial parameter inferences used as
input and shown in black. Specifically, several low-
amplitude or low-mass events have extremely weak
constraints on mass ratios, with posterior support extend-
ing to g < 0.4. This extended feature reflects the prior
distribution on component masses, conditioned on modest
constraints on chirp mass. To be concrete, using the
corresponding prior distributions for these events, con-
ditioned on a suitable chirp-mass interval, we often find a
posterior distribution with comparable support for ¢ = 1
(i.e., the Savage-Dickey estimate of the Bayes factor for
unequal mass would be nearly unity).

Examining Fig. 28 in light of this caveat, we find that our
population models and the fiducial model agree. For these
events, the population reweightings, as expected, strongly
favor symmetric component masses (e.g., GW190503_
185404, GW190720_000836, GW191127_050227). For a
few binaries, however, the two population reweightings
disagree. The most notable example is GW190513_205428,
where the FLEXIBLE MIXTURES model pulls the posterior
distribution to more symmetric component masses and a
lower primary mass. Both population models also pull the
majority of the posteriors closer to y.; ~ 0. However, given
the FLEXIBLE MIXTURES analysis models spins as dependent
on chirp mass the events with higher mass and higher spin do
not drawn to y.¢ ~ 0 as strongly as the POWER LAW+PEAK
model (e.g., GW191109_010717) and in some cases the
FLEXIBLE MIXTURES reweighted posterior moves to higher
Xeir values (e.g., GW190706_222641).

[1] J. Aasi et al. (LIGO Scientific Collaboration), Advanced
LIGO, Classical Quantum Gravity 32, 074001 (2015).

[2] F. Acernese et al. (Virgo Collaboration), Advanced Virgo:
A Second-Generation Interferometric Gravitational Wave
Detector, Classical Quantum Gravity 32, 024001 (2015).

[3] R. Abbott, T. Abbott, S. Abraham et al., GWTC-3:
Compact Binary Coalescences Observed by LIGO and
Virgo during the Second Part of the Third Observing Run,
arXiv:2111.03606.

[4] B. Abbott, R. Abbott, T. Abbott e al. (LIGO Scientific
Collaboration and Virgo Collaboration), GWTC-1: A
Gravitational-Wave Transient Catalog of Compact Binary
Mergers Observed by LIGO and Virgo during the First and
Second Observing Runs, Phys. Rev. X 9, 031040 (2019).

[S] R. Abbott, T. Abbott, S. Abraham et al., GWTC-2:
Compact Binary Coalescences Observed by LIGO and

Virgo during the First Half of the Third Observing Run,
Phys. Rev. X 11, 021053 (2021).

[6] B.P. Abbott, R. Abbott, T.D. Abbott, S. Abraham, F.
Acernese, K. Ackley, C. Adams, V. B. Adya et al., GWTC-
2.1: Deep Extended Catalog of Compact Binary Coales-
cences Observed by LIGO and Virgo during the First Half
of the Third Observing Run, arXiv:2108.01045.

[7] R. Abbott, T. Abbott, S. Abraham et al., GWI190814:
Gravitational Waves from the Coalescence of a 23 Solar
Mass Black Hole with a 2.6 Solar Mass Compact Object,
Astrophys. J. Lett. 896, L44 (2020).

[8] R. Abbott, T. Abbott, S. Abraham et al., Observation of
Gravitational Waves from a Binary Black Hole Merger,
Phys. Rev. Lett. 116, 061102 (2016).

[9] B.P. Abbott er al. (LIGO Scientific Collaboration and
Virgo Collaboration), GWI150914: First Results from the
Search for Binary Black Hole Coalescence with Advanced
LIGO, Phys. Rev. D 93, 122003 (2016).

[10] B.P. Abbott et al. (LIGO Scientific Collaboration and
Virgo Collaboration), GW151226: Observation of Gravi-
tational Waves from a 22-Solar-Mass Binary Black Hole
Coalescence, Phys. Rev. Lett. 116, 241103 (2016).

[L1] B. Abbott, R. Abbott, T. Abbott et al., GW170104: Ob-
servation of a 50-Solar-Mass Binary Black Hole Coales-
cence at Redshift 0.2, Phys. Rev. Lett. 118, 221101 (2017).

[12] B. Abbott, R. Abbott, T. Abbott et al., GWI170608:
Observation of a 19 Solar-Mass Binary Black Hole
Coalescence, Astrophys. J. Lett. 851, L35 (2017).

[13] B. Abbott, R. Abbott, T. Abbott et al., GW170814: A
Three-Detector Observation of Gravitational Waves from
a Binary Black Hole Coalescence, Phys. Rev. Lett. 119,
141101 (2017).

[14] B. Abbott, R. Abbott, T. Abbott er al. (LIGO Scientific
Collaboration and Virgo Collaboration), GW170817: Ob-
servation of Gravitational Waves from a Binary Neutron
Star Inspiral, Phys. Rev. Lett. 119, 161101 (2017).

[15] R. Abbott et al. (LIGO Scientific Collaboration and Virgo
Collaboration), GW190412: Observation of a Binary-
Black-Hole Coalescence with Asymmetric Masses, Phys.
Rev. D 102, 043015 (2020).

[16] B. Abbott, R. Abbott, T. Abbott et al., GWI190425:
Observation of a Compact Binary Coalescence with Total
Mass ~3.4M, Astrophys. J. Lett. 892, L3 (2020).

[17] R. Abbott et al. (LIGO Scientific Collaboration and Virgo
Collaboration), GW190521: A Binary Black Hole Merger
with a Total Mass of 150M s, Phys. Rev. Lett. 125, 101102
(2020).

[18] R. Abbott, T. Abbott, S. Abraham et al., Observation of
Gravitational Waves from Two Neutron Star-Black Hole
Coalescences, Astrophys. J. Lett. 915, L5 (2021).

[19] R. Abbott, T. Abbott, S. Abraham et al, Search for
Lensing Signatures in the Gravitational-Wave Observa-
tions from the First Half of LIGO-Virgo’s Third Observing
Run, Astrophys. J. 923, 14 (2021).

[20] R. Abbott er al. (LIGO Scientific Collaboration and
Virgo Collaboration), Population Properties of Compact
Objects from the Second LIGO-Virgo Gravitational-Wave
Transient Catalog, Astrophys. J. Lett. 913, L7 (2021).

[21] B.P. Abbott, R. Abbott, T.D. Abbott, F. Acernese, K.
Ackley, C. Adams, T. Adams, P. Addesso, R. X. Adhikari,

011048-52


https://doi.org/10.1088/0264-9381/32/11/115012
https://doi.org/10.1088/0264-9381/32/2/024001
https://arXiv.org/abs/2111.03606
https://doi.org/10.1103/PhysRevX.9.031040
https://doi.org/10.1103/PhysRevX.11.021053
https://arXiv.org/abs/2108.01045
https://doi.org/10.3847/2041-8213/ab960f
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevD.93.122003
https://doi.org/10.1103/PhysRevLett.116.241103
https://doi.org/10.1103/PhysRevLett.118.221101
https://doi.org/10.3847/2041-8213/aa9f0c
https://doi.org/10.1103/PhysRevLett.119.141101
https://doi.org/10.1103/PhysRevLett.119.141101
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.1103/PhysRevD.102.043015
https://doi.org/10.1103/PhysRevD.102.043015
https://doi.org/10.3847/2041-8213/ab75f5
https://doi.org/10.1103/PhysRevLett.125.101102
https://doi.org/10.1103/PhysRevLett.125.101102
https://doi.org/10.3847/2041-8213/ac082e
https://doi.org/10.3847/1538-4357/ac23db
https://doi.org/10.3847/2041-8213/abe949

POPULATION OF MERGING COMPACT BINARIES INFERRED ...

PHYS. REV. X 13, 011048 (2023)

V.B. Adya et al., GWI170817: Measurements of Neutron
Star Radii and Equation of State, Phys. Rev. Lett. 121,
161101 (2018).

[22] Y. Lim and J. W. Holt, Bayesian Modeling of the Nuclear
Equation of State for Neutron Star Tidal Deformabilities
and GW170817, Eur. Phys. J. A 55, 209 (2019).

[23] T. Dietrich, M. W. Coughlin, P. T. H. Pang, M. Bulla, J.
Heinzel, L. Issa, I. Tews, and S. Antier, Multimessenger
Constraints on the Neutron-Star Equation of State and the
Hubble Constant, Science 370, 1450 (2020).

[24] J.-L. Jiang, S.-P. Tang, Y.-Z. Wang, Y.-Z. Fan, and D.-M.
Wei, PSR J0030 + 0451, GWI170817, and the Nuclear
Data: Joint Constraints on Equation of State and Bulk
Properties of Neutron Stars, Astrophys. J. 892, 55 (2020).

[25] I. Legred, K. Chatziioannou, R. Essick, S. Han, and P.
Landry, Impact of the PSR JO740 + 6620 Radius Con-
straint on the Properties of High-Density Matter, Phys.
Rev. D 104, 063003 (2021).

[26] M. Dominik, K. Belczynski, C. Fryer, D. E. Holz, E. Berti,
T. Bulik, I. Mandel, and R. O’Shaughnessy, Double
Compact Objects. Il. Cosmological Merger Rates, As-
trophys. J. 779, 72 (2013).

[27] A. Askar, M. Szkudlarek, D. Gondek-Rosinska, M. Giersz,
and T. Bulik, MOCCA-SURVEY Database—I. Coalescing
Binary Black Holes Originating from Globular Clusters,
Mon. Not. R. Astron. Soc. 464, L36 (2017).

[28] J. W. Barrett, S. M. Gaebel, C.J. Neijssel, A. Vigna-
Goémez, S. Stevenson, C.P.L. Berry, W. M. Farr, and L
Mandel, Accuracy of Inference on the Physics of Binary
Evolution from Gravitational-Wave Observations, Mon.
Not. R. Astron. Soc. 477, 4685 (2018).

[29] M. Spera, M. Mapelli, N. Giacobbo, A.A. Trani, A.
Bressan, and G. Costa, Merging Black Hole Binaries with
the SEVN Code, Mon. Not. R. Astron. Soc. 485, 889 (2019).

[30] U.D. Carlo et al., Binary Black Holes in the Pair-
Instability Mass Gap, arXiv:1911.01434.

[31] C.J. Neijssel, A. Vigna-Gémez, S. Stevenson, J. W.
Barrett, S. M. Gaebel, F. Broekgaarden, S.E. de Mink,
D. Szécsi, S. Vinciguerra, and 1. Mandel, The Effect of the
Metallicity-Specific Star Formation History on Double
Compact Object Mergers, Mon. Not. R. Astron. Soc. 490,
3740 (2019).

[32] C.L. Rodriguez, M. Zevin, P. Amaro-Seoane, S.
Chatterjee, K. Kremer, F. A. Rasio, and C.S. Ye, Black
Holes: The Next Generation—Repeated Mergers in Dense
Star Clusters and Their Gravitational-Wave Properties,
Phys. Rev. D 100, 043027 (2019).

[33] T. Kinugawa, T. Nakamura, and H. Nakano, Chirp Mass
and Spin of Binary Black Holes from First Star Temnants,
Mon. Not. R. Astron. Soc. 498, 3946 (2020).

[34] B. McKernan, K. E.S. Ford, R. O’Shaughnessy, and D.
Wysocki, Monte Carlo Simulations of Black Hole Mergers
in AGN Discs: Low y.; Mergers and Predictions for
LIGO, Mon. Not. R. Astron. Soc. 494, 1203 (2020).

[35] F. Antonini and M. Gieles, Merger Rate of Black Hole
Binaries from Globular Clusters: Theoretical Error Bars
and Comparison to Gravitational Wave Data from GWTC-
2, Phys. Rev. D 102, 123016 (2020).

[36] M. Zevin, S.S. Bavera, C.P.L. Berry, V. Kalogera,
T. Fragos, P. Marchant, C.L. Rodriguez, F. Antonini,

D.E. Holz, and C. Pankow, One Channel to Rule Them
All? Constraining the Origins of Binary Black Holes Using
Multiple Formation Pathways, Astrophys. J. 910, 152
(2021).

[37] S. Banerjee, Binary Black Hole Mergers from Young
Massive Clusters in the Pair-Instability Supernova Mass
Gap, arXiv:2109.14612.

[38] K. Hijikawa, A. Tanikawa, T. Kinugawa, T. Yoshida, and
H. Umeda, On the Population Il Binary Black Hole
Mergers beyond the Pair-Instability Mass Gap, Mon.
Not. R. Astron. Soc. 505, L69 (2021).

[39] Y. Shao and X.-D. Li, Population Synthesis of Black Hole
Binaries with Compact Star Companions, Astrophys. J.
920, 81 (2021).

[40] M. Mapelli, F. Santoliquido, Y. Bouffanais, M. A. Arca
Sedda, M. C. Artale, and A. Ballone, Mass and Rate of
Hierarchical Black Hole Mergers in Young, Globular and
Nuclear Star Clusters, Symmetry 13, 1678 (2021).

[41] A. Olejak, C. L. Fryer, K. Belczynski, and V. Baibhav, The
Role of Supernova Convection for the Lower Mass Gap
and the Isolated Binary Formation of Gravitational Wave
Sources, arXiv:2204.09061.

[42] M. M. Briel, H.F. Stevance, and J.J. Eldridge, Under-
standing the High-Mass Binary Black Hole Population
from Stable Mass Transfer and Super-Eddington Accre-
tion in BPASS, arXiv:2206.13842.

[43] S. E. Woosley, A. Heger, and T. A. Weaver, The Evolution
and Explosion of Massive Stars, Rev. Mod. Phys. 74, 1015
(2002).

[44] A. Heger, C. L. Fryer, S. E. Woosley, N. Langer, and D. H.
Hartmann, How Massive Single Stars End Their Life,
Astrophys. J. 591, 288 (2003).

[45] R. Farmer, M. Renzo, S. E. de Mink, P. Marchant, and S.
Justham, Mind the Gap: The Location of the Lower Edge
of the Pair-Instability Supernova Black Hole Mass Gap,
Astrophys. J. 887, 53 (2019).

[46] T. Ertl, S. E. Woosley, T. Sukhbold, and H. T. Janka, The
Explosion of Helium Stars Evolved with Mass Loss,
Astrophys. J. 890, 51 (2020).

[47] I. Mandel and A. Farmer, Merging Stellar-Mass Binary
Black Holes, Phys. Rep. 955, 1 (2022).

[48] Y.B. Zel’dovich and I.D. Novikov, The Hypothesis of
Cores Retarded during Expansion and the Hot Cosmo-
logical Model, Astron. Z. 43, 758 (1966), https://ui.adsabs
.harvard.edu/abs/1966AZh....43..758Z/abstract.

[49] B.J. Carr and S. W. Hawking, Black holes in the Early
Universe, Mon. Not. R. Astron. Soc. 168, 399 (1974).

[50] B. Carr and F. Kiihnel, Primordial Black Holes as Dark
Matter: Recent Developments, Annu. Rev. Nucl. Part. Sci.
70, 355 (2020).

[51] V. De Luca, G. Franciolini, P. Pani, and A. Riotto,
Primordial Black Holes Confront LIGO/Virgo Data:
Current Situation, J. Cosmol. Astropart. Phys. 06
(2020) 044.

[52] A.M. Green and B.J. Kavanagh, Primordial Black Holes
as a Dark Matter Candidate, J. Phys. G 48, 043001
(2021).

[53] A. Hall, A. D. Gow, and C. T. Byrnes, Bayesian Analysis of
LIGO-Virgo Mergers: Primordial versus Astrophysical
Black Hole Populations, Phys. Rev. D 102, 123524
(2020).

011048-53


https://doi.org/10.1103/PhysRevLett.121.161101
https://doi.org/10.1103/PhysRevLett.121.161101
https://doi.org/10.1140/epja/i2019-12917-9
https://doi.org/10.1126/science.abb4317
https://doi.org/10.3847/1538-4357/ab77cf
https://doi.org/10.1103/PhysRevD.104.063003
https://doi.org/10.1103/PhysRevD.104.063003
https://doi.org/10.1088/0004-637X/779/1/72
https://doi.org/10.1088/0004-637X/779/1/72
https://doi.org/10.1093/mnrasl/slw177
https://doi.org/10.1093/mnras/sty908
https://doi.org/10.1093/mnras/sty908
https://doi.org/10.1093/mnras/stz359
https://arXiv.org/abs/1911.01434
https://doi.org/10.1093/mnras/stz2840
https://doi.org/10.1093/mnras/stz2840
https://doi.org/10.1103/PhysRevD.100.043027
https://doi.org/10.1093/mnras/staa2511
https://doi.org/10.1093/mnras/staa740
https://doi.org/10.1103/PhysRevD.102.123016
https://doi.org/10.3847/1538-4357/abe40e
https://doi.org/10.3847/1538-4357/abe40e
https://arXiv.org/abs/2109.14612
https://doi.org/10.1093/mnrasl/slab052
https://doi.org/10.1093/mnrasl/slab052
https://doi.org/10.3847/1538-4357/ac173e
https://doi.org/10.3847/1538-4357/ac173e
https://doi.org/10.3390/sym13091678
https://arXiv.org/abs/2204.09061
https://arXiv.org/abs/2206.13842
https://doi.org/10.1103/RevModPhys.74.1015
https://doi.org/10.1103/RevModPhys.74.1015
https://doi.org/10.1086/375341
https://doi.org/10.3847/1538-4357/ab518b
https://doi.org/10.3847/1538-4357/ab6458
https://doi.org/10.1016/j.physrep.2022.01.003
https://ui.adsabs.harvard.edu/abs/1966AZh....43..758Z/abstract
https://ui.adsabs.harvard.edu/abs/1966AZh....43..758Z/abstract
https://ui.adsabs.harvard.edu/abs/1966AZh....43..758Z/abstract
https://ui.adsabs.harvard.edu/abs/1966AZh....43..758Z/abstract
https://ui.adsabs.harvard.edu/abs/1966AZh....43..758Z/abstract
https://ui.adsabs.harvard.edu/abs/1966AZh....43..758Z/abstract
https://ui.adsabs.harvard.edu/abs/1966AZh....43..758Z/abstract
https://ui.adsabs.harvard.edu/abs/1966AZh....43..758Z/abstract
https://ui.adsabs.harvard.edu/abs/1966AZh....43..758Z/abstract
https://ui.adsabs.harvard.edu/abs/1966AZh....43..758Z/abstract
https://doi.org/10.1093/mnras/168.2.399
https://doi.org/10.1146/annurev-nucl-050520-125911
https://doi.org/10.1146/annurev-nucl-050520-125911
https://doi.org/10.1088/1475-7516/2020/06/044
https://doi.org/10.1088/1475-7516/2020/06/044
https://doi.org/10.1088/1361-6471/abc534
https://doi.org/10.1088/1361-6471/abc534
https://doi.org/10.1103/PhysRevD.102.123524
https://doi.org/10.1103/PhysRevD.102.123524

R. ABBOTT et al.

PHYS. REV. X 13, 011048 (2023)

[54] R. Abbott, T.D. Abbott, F. Acernese, K. Ackley, C.
Adams, N. Adhikari, R. X. Adhikari et al., Search for
Subsolar-Mass Binaries in the First Half of Advanced
LIGO and Virgo’s Third Observing Run, arXiv:2109
.12197.

[55] K. K. Y. Ng, G. Franciolini, E. Berti, P. Pani, A. Riotto, and
S. Vitale, Constraining High-Redshift Stellar-Mass Pri-
mordial Black Holes with Next-Generation Ground-Based
Gravitational-Wave Detectors, arXiv:2204.11864.

[56] S. Clesse and J. Garcia-Bellido, GW190425, GW190521
and GWI190814: Three Candidate Mergers of Primordial
Black Holes from the QCD Epoch, arXiv:2007.06481.

[57] G. Franciolini, V. Baibhav, V. De Luca, K.K.Y. Ng,
K. W.K. Wong, E. Berti, P. Pani, A. Riotto, and S.
Vitale, Searching for a Subpopulation of Primordial Black
Holes in LIGO-Virgo Gravitational-Wave Data, Phys.
Rev. D 105, 083526 (2022).

[58] J.E. McClintock, R. Narayan, and J.F. Steiner, Black
Hole Spin via Continuum Fitting and the Role of Spin
in Powering Transient Jets, Space Sci. Rev. 183, 295
(2014).

[59] S. Ekstrom, C. Georgy, P. Eggenberger, G. Meynet, N.
Mowlavi, A. Wyttenbach, A. Granada, T. Decressin, R.
Hirschi, U. Frischknecht, C. Charbonnel, and A. Maeder,
Grids of Stellar Models with Rotation. 1. Models from 0.8
to 120M, at Solar Metallicity (Z = 0.014), Astron. As-
trophys. 537, A146 (2012).

[60] K. Belczynski, R. E. Taam, E. Rantsiou, and M. van der
Sluys, Black Hole Spin Evolution: Implications for Short-
Hard Gamma-Ray Bursts and Gravitational Wave Detec-
tion, Astrophys. J. 682, 474 (2008).

[61] J. Fuller, A. L. Piro, and A.S. Jermyn, Slowing the Spins
of Stellar Cores, Mon. Not. R. Astron. Soc. 485, 3661
(2019).

[62] J. Fuller and L. Ma, Most Black Holes Are Born Very
Slowly Rotating, Astrophys. J. Lett. 881, L1 (2019).

[63] K. Belczynski et al., Evolutionary Roads Leading to Low
Effective Spins, High Black Hole Masses, and O1/02 Rates
for LIGO/Virgo Binary Black Holes, Astron. Astrophys.
636, A104 (2020).

[64] Y. Qin, T. Fragos, G. Meynet, J. Andrews, M. Sgrensen,
and H. F. Song, The Spin of the Second-Born Black Hole in
Coalescing Binary Black Holes, Astron. Astrophys. 616,
A28 (2018).

[65] S.S. Bavera, T. Fragos, Y. Qin, E. Zapartas, C.J.
Neijssel, I. Mandel, A. Batta, S. M. Gaebel, C. Kimball,
and S. Stevenson, The Origin of Spin in Binary Black
Holes. Predicting the Distributions of the Main Observ-
ables of Advanced LIGO, Astron. Astrophys. 635, A97
(2020).

[66] A. Olejak and K. Belczynski, The Implications of High
Black Hole Spins for the Origin of Binary Black Hole
Mergers, Astrophys. J. Lett. 921, L2 (2021).

[67] S.S. Bavera, T. Fragos, M. Zevin, C.P.L. Berry, P.
Marchant, J.J. Andrews, S. Coughlin, A. Dotter, K.
Kovlakas, D. Misra, J.G. Serra-Perez, Y. Qin, K.A.
Rocha, J. Romdn-Garza, N.H. Tran, and E. Zapartas,
The Impact of Mass-Transfer Physics on the Observable
Properties of Field Binary Black Hole Populations,
Astron. Astrophys. 647, A153 (2021).

[68] R. Essick and P. Landry, Discriminating between Neutron
Stars and Black Holes with Imperfect Knowledge of the
Maximum Neutron Star Mass, Astrophys. J. 904, 80
(2020).

[69] P. Landry, R. Essick, and K. Chatziioannou, Nonpara-
metric Constraints on Neutron Star Matter with Existing
and Upcoming Gravitational Wave and Pulsar Observa-
tions, Phys. Rev. D 101, 123007 (2020).

[70] W. M. Farr, J. R. Gair, . Mandel, and C. Cutler, Counting
and Confusion: Bayesian Rate Estimation with Multiple
Populations, Phys. Rev. D 91, 023005 (2015).

[71] A.H. Nitz, C. Capano, A. B. Nielsen, S. Reyes, R. White,
D. A. Brown, and B. Krishnan, /-OGC: The First Open
Gravitational-Wave Catalog of Binary Mergers from
Analysis of Public Advanced LIGO Data, Astrophys. J.
872, 195 (2019).

[72] T. Venumadhav, B. Zackay, J. Roulet, L. Dai, and M.
Zaldarriaga, New Search Pipeline for Compact Binary
Mergers: Results for Binary Black Holes in the First
Observing Run of Advanced LIGO, Phys. Rev. D 100,
023011 (2019).

[73] T. Venumadhav, B. Zackay, J. Roulet, L. Dai, and M.
Zaldarriaga, New Binary Black Hole Mergers in the
Second Observing Run of Advanced LIGO and Advanced
Virgo, Phys. Rev. D 101, 083030 (2020).

[74] B. Zackay, T. Venumadhav, L. Dai, J. Roulet, and M.
Zaldarriaga, Highly Spinning and Aligned Binary Black
Hole Merger in the Advanced LIGO First Observing Run,
Phys. Rev. D 100, 023007 (2019).

[75] A.H. Nitz, T. Dent, G. S. Davies, S. Kumar, C. D. Capano,
I. Harry, S. Mozzon, L. Nuttall, A. Lundgren, and M.
Tapai, 2-OGC: Open Gravitational-Wave Catalog of
Binary Mergers from Analysis of Public Advanced LIGO
and Virgo Data, Astrophys. J. 891, 123 (2020).

[76] A.H. Nitz, C.D. Capano, S. Kumar, Y.-F. Wang, S.
Kastha, M. Schifer, R. Dhurkunde, and M. Cabero, 3-
OGC: Catalog of Gravitational Waves from Compact-
Binary Mergers, Astrophys. J. 922, 76 (2021).

[77] R. Abbott, T. Abbott, S. Abraham et al., The Population of
Merging Compact Binaries Inferred Using Gravitational
Waves through GWTC-3—Data Release, Zenodo, https://
zenodo.org/record/5655785 10.5281/zenodo.5655785.

[78] P. Ajith et al., Inspiral-Merger-Ringdown Waveforms for
Black-Hole Binaries with Non-Precessing Spins, Phys.
Rev. Lett. 106, 241101 (2011).

[79] P. A.R. Ade, N. Aghanim, M. Arnaud, M. Ashdown, J.
Aumont, C. Baccigalupi, A.J. Banday, R.B. Barreiro,
J. G. Bartlett ef al. (Planck Collaboration), Planck 2015
Results. XIII. Cosmological Parameters, Astron. Astro-
phys. 594, A13 (2016).

[80] C.D. Bailyn, R. K. Jain, P. Coppi, and J. A. Orosz, The
Mass Distribution of Stellar Black Holes, Astrophys. J.
499, 367 (1998).

[81] F. Ozel, D. Psaltis, R. Narayan, and J. E. McClintock, The
Black Hole Mass Distribution in the Galaxy, Astrophys. J.
725, 1918 (2010).

[82] W.M. Farr, N. Sravan, A. Cantrell, L. Kreidberg, C.D.
Bailyn, I. Mandel, and V. Kalogera, The Mass Distribution
of Stellar-Mass Black Holes, Astrophys. J. 741, 103
(2011).

011048-54


https://arXiv.org/abs/2109.12197
https://arXiv.org/abs/2109.12197
https://arXiv.org/abs/2204.11864
https://arXiv.org/abs/2007.06481
https://doi.org/10.1103/PhysRevD.105.083526
https://doi.org/10.1103/PhysRevD.105.083526
https://doi.org/10.1007/s11214-013-0003-9
https://doi.org/10.1007/s11214-013-0003-9
https://doi.org/10.1051/0004-6361/201117751
https://doi.org/10.1051/0004-6361/201117751
https://doi.org/10.1086/589609
https://doi.org/10.1093/mnras/stz514
https://doi.org/10.1093/mnras/stz514
https://doi.org/10.3847/2041-8213/ab339b
https://doi.org/10.1051/0004-6361/201936528
https://doi.org/10.1051/0004-6361/201936528
https://doi.org/10.1051/0004-6361/201832839
https://doi.org/10.1051/0004-6361/201832839
https://doi.org/10.1051/0004-6361/201936204
https://doi.org/10.1051/0004-6361/201936204
https://doi.org/10.3847/2041-8213/ac2f48
https://doi.org/10.1051/0004-6361/202039804
https://doi.org/10.3847/1538-4357/abbd3b
https://doi.org/10.3847/1538-4357/abbd3b
https://doi.org/10.1103/PhysRevD.101.123007
https://doi.org/10.1103/PhysRevD.91.023005
https://doi.org/10.3847/1538-4357/ab0108
https://doi.org/10.3847/1538-4357/ab0108
https://doi.org/10.1103/PhysRevD.100.023011
https://doi.org/10.1103/PhysRevD.100.023011
https://doi.org/10.1103/PhysRevD.101.083030
https://doi.org/10.1103/PhysRevD.100.023007
https://doi.org/10.3847/1538-4357/ab733f
https://doi.org/10.3847/1538-4357/ac1c03
https://zenodo.org/record/5655785
https://zenodo.org/record/5655785
https://zenodo.org/record/5655785
https://doi.org/10.5281/zenodo.5655785
https://doi.org/10.1103/PhysRevLett.106.241101
https://doi.org/10.1103/PhysRevLett.106.241101
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1086/305614
https://doi.org/10.1086/305614
https://doi.org/10.1088/0004-637X/725/2/1918
https://doi.org/10.1088/0004-637X/725/2/1918
https://doi.org/10.1088/0004-637X/741/2/103
https://doi.org/10.1088/0004-637X/741/2/103

POPULATION OF MERGING COMPACT BINARIES INFERRED ...

PHYS. REV. X 13, 011048 (2023)

[83] L. Kreidberg, C. D. Bailyn, W. M. Farr, and V. Kalogera,
Mass Measurements of Black Holes in X-Ray Transients:
Is There a Mass Gap?, Astrophys. J. 757, 36 (2012).

[84] C. L. Fryer, K. Belczynski, G. Wiktorowicz, M. Dominik,
V. Kalogera, and D.E. Holz, Compact Remnant Mass
Function: Dependence on the Explosion Mechanism and
Metallicity, Astrophys. J. 749, 91 (2012).

[85] I. Mandel and B. Miiller, Simple Recipes for Compact
Remnant Masses and Natal Kicks, Mon. Not. R. Astron.
Soc. 499, 3214 (2020).

[86] M. Zevin, M. Spera, C.P.L. Berry, and V. Kalogera,
Exploring the Lower Mass Gap and Unequal Mass Regime
in Compact Binary Evolution, Astrophys. J. Lett. 899, L1
(2020).

[87] T. Liu, Y.-F. Wei, L. Xue, and M.-Y. Sun, Final Compact
Remnants in Core-Collapse Supernovae from 20 to 40M :
The Lower Mass Gap, Astrophys. J. 908, 106 (2021).

[88] R. A. Patton, T. Sukhbold, and J.J. Eldridge, Comparing
Compact Object Distributions from Mass- and Presuper-
nova Core Structure-Based Prescriptions, Mon. Not. R.
Astron. Soc. 511, 903 (2022).

[89] T.A. Thompson, C.S. Kochanek, K.Z. Stanek, C.
Badenes, R.S. Post, T. Jayasinghe, D. W. Latham, A.
Bieryla, G.A. Esquerdo, P. Berlind, M. L. Calkins, J.
Tayar, L. Lindegren, J. A. Johnson, T. W. S. Holoien, K.
Auchettl, and K. Covey, A Noninteracting Low-Mass
Black Hole—Giant Star Binary System, Science 366, 637
(2019).

[90] T. Jayasinghe et al., A Unicorn in Monoceros: The 3M
Dark Companion to the Bright, Nearby Red Giant V723
Mon Is a Non-Interacting, Mass-Gap Black Hole Candi-
date, Mon. Not. R. Astrom. Soc. 504, 2577 (2021).

[91] B. Kiziltan, A. Kottas, M. De Yoreo, and S. E. Thorsett,
The Neutron Star Mass Distribution, Astrophys. J. 778, 66
(2013).

[92] E. Ozel and P. Freire, Masses, Radii, and the Equation of
State of Neutron Stars, Annu. Rev. Astron. Astrophys. 54,
401 (2016).

[93] N. Farrow, X.-J. Zhu, and E. Thrane, The Mass Distribu-
tion of Galactic Double Neutron Stars, Astrophys. J. 876,
18 (2019).

[94] V. Tiwari and S. Fairhurst, The Emergence of Structure in
the Binary Black Hole Mass Distribution, Astrophys. J.
Lett. 913, L19 (2021).

[95] B. Edelman, Z. Doctor, J. Godfrey, and B. Farr, Ain’t No
Mountain High Enough: Semiparametric Modeling of
LIGO-Virgo’s Binary Black Hole Mass Distribution, As-
trophys. J. 924, 101 (2022).

[96] Y.-J.Li, Y.-Z. Wang, M.-Z. Han, S.-P. Tang, Q. Yuan, Y.-Z.
Fan, and D.-M. Wei, A Flexible Gaussian Process
Reconstruction Method and the Mass Function of the
Coalescing Binary Black Hole Systems, Astrophys. J. 917,
33 (2021).

[97] D. Veske, 1. Bartos, Z. Marka, and S. Marka, Character-
izing the Observation Bias in Gravitational-Wave Detec-
tions and Finding Structured Population Properties,
Astrophys. J. 922, 258 (2021).

[98] V. Tiwari, VAMANA: Modeling Binary Black Hole Popula-
tion with Minimal Assumptions, Classical Quantum
Gravity 38, 155007 (2021).

[99] S. Sachdev et al., The GstLAL Search Analysis Methods for
Compact Binary Mergers in Advanced LIGO’s Second and
Advanced Virgo’s First Observing Runs, arXiv:1901
.08580.

[100] C. Hanna et al., Fast Evaluation of Multidetector
Consistency for Real-Time Gravitational Wave Searches,
Phys. Rev. D 101, 022003 (2020).

[101] C. Messick et al., Analysis Framework for the Prompt
Discovery of Compact Binary Mergers in Gravitational-
Wave Data, Phys. Rev. D 95, 042001 (2017).

[102] A. Nitz et al., GWASTRO/PYCBC: PYCBC Release v1.16.13,
doi.org/10.5281/zenodo.4309869 (2020).

[103] B. Allen, W. G. Anderson, P. R. Brady, D. A. Brown, and
J. D. Creighton, FINDCHIRP: An Algorithm for Detection of
Gravitational Waves from Inspiraling Compact Binaries,
Phys. Rev. D 85, 122006 (2012).

[104] B. Allen, y* Time-Frequency Discriminator for Gravita-
tional Wave Detection, Phys. Rev. D 71, 062001 (2005).

[105] D. A. Brown, P. Kumar, and A. H. Nitz, Template Banks to
Search for Low-Mass Binary Black Holes in Advanced
Gravitational-Wave Detectors, Phys. Rev. D 87, 082004
(2013).

[106] S. A. Usman et al., The prcc Search for Gravitational
Waves from Compact Binary Coalescence, Classical
Quantum Gravity 33, 215004 (2016).

[107] A.H. Nitz, T. Dent, T. Dal Canton, S. Fairhurst, and D. A.
Brown, Detecting Binary Compact-Object Mergers with
Gravitational Waves: Understanding and Improving the
Sensitivity of the pycBc Search, Astrophys. J. 849, 118
(2017).

[108] T. Adams, D. Buskulic, V. Germain, G.M. Guidi, F
Marion, M. Montani, B. Mours, F. Piergiovanni, and
G. Wang, Low-Latency Analysis Pipeline for Compact
Binary Coalescences in the Advanced Gravitational Wave
Detector Era, Classical Quantum Gravity 33, 175012
(2016).

[109] S. Klimenko and G. Mitselmakher, A Wavelet Method for
Detection of Gravitational Wave Bursts, in Proceedings of
the 8th Gravitational Wave Data Analysis Workshop
(GWDAW 2003) Milwaukee, Wisconsin, December 17—
20, 2003 [Classical Quantum Gravity 21, S1819 (2004)].

[110] S. Klimenko et al., Method for Detection and
Reconstruction of Gravitational Wave Transients with
Networks of Advanced Detectors, Phys. Rev. D 93,
042004 (2016).

[111] S. M. Gaebel, J. Veitch, T. Dent, and W. M. Farr, Digging
the Population of Compact Binary Mergers Out of the
Noise, Mon. Not. R. Astron. Soc. 484, 4008 (2019).

[112] S. Galaudage, C. Talbot, and E. Thrane, Gravitational-
Wave Inference in the Catalog Era: Evolving Priors and
Marginal Events, Phys. Rev. D 102, 083026 (2020).

[113] J. Roulet, T. Venumadhav, B. Zackay, L. Dai, and M.
Zaldarriaga, Binary Black Hole Mergers from LIGO/Virgo
Ol and O2: Population Inference Combining Confident
and Marginal Events, Phys. Rev. D 102, 123022 (2020).

[114] B.P. Abbott, R. Abbott, T.D. Abbott, S. Abraham, F.
Acernese, K. Ackley, C. Adams, R.X. Adhikari, V.B.
Adya, C. Affeldt et al., Binary Black Hole Population
Properties Inferred from the First and Second Observing
Runs of Advanced LIGO and Advanced Virgo, Astrophys.
J. Lett. 882, L.24 (2019).

011048-55


https://doi.org/10.1088/0004-637X/757/1/36
https://doi.org/10.1088/0004-637X/749/1/91
https://doi.org/10.1093/mnras/staa3043
https://doi.org/10.1093/mnras/staa3043
https://doi.org/10.3847/2041-8213/aba74e
https://doi.org/10.3847/2041-8213/aba74e
https://doi.org/10.3847/1538-4357/abd24e
https://doi.org/10.1093/mnras/stab3797
https://doi.org/10.1093/mnras/stab3797
https://doi.org/10.1126/science.aau4005
https://doi.org/10.1126/science.aau4005
https://doi.org/10.1093/mnras/stab907
https://doi.org/10.1088/0004-637X/778/1/66
https://doi.org/10.1088/0004-637X/778/1/66
https://doi.org/10.1146/annurev-astro-081915-023322
https://doi.org/10.1146/annurev-astro-081915-023322
https://doi.org/10.3847/1538-4357/ab12e3
https://doi.org/10.3847/1538-4357/ab12e3
https://doi.org/10.3847/2041-8213/abfbe7
https://doi.org/10.3847/2041-8213/abfbe7
https://doi.org/10.3847/1538-4357/ac3667
https://doi.org/10.3847/1538-4357/ac3667
https://doi.org/10.3847/1538-4357/ac0971
https://doi.org/10.3847/1538-4357/ac0971
https://doi.org/10.3847/1538-4357/ac27ac
https://doi.org/10.1088/1361-6382/ac0b54
https://doi.org/10.1088/1361-6382/ac0b54
https://arXiv.org/abs/1901.08580
https://arXiv.org/abs/1901.08580
https://doi.org/10.1103/PhysRevD.101.022003
https://doi.org/10.1103/PhysRevD.95.042001
https://doi.org/doi.org/10.5281/zenodo.4309869
https://doi.org/10.1103/PhysRevD.85.122006
https://doi.org/10.1103/PhysRevD.71.062001
https://doi.org/10.1103/PhysRevD.87.082004
https://doi.org/10.1103/PhysRevD.87.082004
https://doi.org/10.1088/0264-9381/33/21/215004
https://doi.org/10.1088/0264-9381/33/21/215004
https://doi.org/10.3847/1538-4357/aa8f50
https://doi.org/10.3847/1538-4357/aa8f50
https://doi.org/10.1088/0264-9381/33/17/175012
https://doi.org/10.1088/0264-9381/33/17/175012
https://doi.org/10.1103/PhysRevD.93.042004
https://doi.org/10.1103/PhysRevD.93.042004
https://doi.org/10.1093/mnras/stz225
https://doi.org/10.1103/PhysRevD.102.083026
https://doi.org/10.1103/PhysRevD.102.123022
https://doi.org/10.3847/2041-8213/ab3800
https://doi.org/10.3847/2041-8213/ab3800

R. ABBOTT et al.

PHYS. REV. X 13, 011048 (2023)

[115] B. Wang and X. Wang, Bandwidth Selection for Weighted
Kernel Density Estimation, arXiv:0709.1616.

[116] T. Menne, AwkDE Code, https://github.com/mennthor/
awkde (December 2020).

[117] J. Sadiq, T. Dent, and D. Wysocki, Flexible and Fast
Estimation of Binary Merger Population Distributions
with an Adaptive Kernel Density Estimator, Phys. Rev.
D 105, 123014 (2022).

[118] B. Zackay, L. Dai, T. Venumadhav, J. Roulet, and M.
Zaldarriaga, Detecting Gravitational Waves with Dispa-
rate Detector Responses: Two New Binary Black Hole
Mergers, Phys. Rev. D 104, 063030 (2021).

[119] R. Magee et al., Sub-Threshold Binary Neutron Star
Search in Advanced LIGO’s First Observing Run, As-
trophys. J. Lett. 878, L17 (2019).

[120] R. Abbott et al. (LIGO Scientific Collaboration and Virgo
Collaboration), Open Data from the First and Second
Observing Runs of Advanced LIGO and Advanced Virgo,
SoftwareX 13, 100658 (2021).

[121] A. Trovato et al. (LIGO Scientific Collaboration and Virgo
Collaboration), GWOSC: Gravitational Wave Open Sci-
ence Center, in Proceedings of the New Era of Multi-
Messenger Astrophysics (ASTERICS 2019): Groningen,
Netherlands, March 25-29, 2019 [Proc. Sci. Asterics 2019
(2020) 082].

[122] G. Ashton and E. Thrane, The Astrophysical Odds of
GWI151216, Mon. Not. R. Astron. Soc. 498, 1905 (2020).

[123] G. Pratten and A. Vecchio, Assessing Gravitational-Wave
Binary Black Hole Candidates with Bayesian Odds, Phys.
Rev. D 104, 124039 (2021).

[124] R. Abbott, T. Abbott, S. Abraham et al., Search for
Intermediate Mass Black Hole Binaries in the First and
Second Observing Runs of the Advanced LIGO and Virgo
Network, Phys. Rev. D 100, 064064 (2019).

[125] R. Abbott, T. Abbott, S. Abraham et al., Search for
Intermediate-Mass Black Hole Binaries in the Third
Observing Run of Advanced LIGO and Advanced Virgo,
Astron. Astrophys. 659, A84 (2022).

[126] R. Abbott, T. Abbott, S. Abraham et al., Search for
Eccentric Binary Black Hole Mergers with Advanced
LIGO and Advanced Virgo during Their First and Second
Observing Runs, Astrophys. J. 883, 149 (2019).

[127] J. Veitch et al., Parameter Estimation for Compact
Binaries with Ground-Based Gravitational-Wave Obser-
vations Using the LALINFERENCE Software Library, Phys.
Rev. D 91, 042003 (2015).

[128] J. Lange, R. O’Shaughnessy, and M. Rizzo, Rapid and
Accurate Parameter Inference for Coalescing, Precessing
Compact Binaries, arXiv:1805.10457.

[129] D. Wysocki, R. O’Shaughnessy, J. Lange, and Y.-L.L.
Fang, Accelerating Parameter Inference with Graphics
Processing Units, Phys. Rev. D 99, 084026 (2019).

[130] G. Ashton et al., BiLBY: A User-Friendly Bayesian Infer-
ence Library for Gravitational-Wave Astronomy, Astro-
phys. J. Suppl. Ser. 241, 27 (2019).

[131] I. M. Romero-Shaw et al., Bayesian Inference for Compact
Binary Coalescences with BILBY: Validation and Applica-
tion to the First LIGO-Virgo Gravitational-Wave Tran-
sient Catalogue, Mon. Not. R. Astron. Soc. 499, 3295
(2020).

[132] B. Abbott et al. (LIGO Scientific Collaboration and
Virgo Collaboration), Properties of the Binary Black Hole
Merger GW150914, Phys. Rev. Lett. 116, 241102 (2016).

[133] A. Taracchini, A. Buonanno, Y. Pan, T. Hinderer, M.
Boyle, D. A. Hemberger, L. E. Kidder, G. Lovelace, A. H.
Mroué, H.P. Pfeiffer, M. A. Scheel, B. Szildgyi, N. W.
Taylor, and A. Zenginoglu, Effective-One-Body Model for
Black-Hole Binaries with Generic Mass Ratios and Spins,
Phys. Rev. D 89, 061502 (2014).

[134] Y. Pan, A. Buonanno, A. Taracchini, L. E. Kidder, A. H.
Mroué, H.P. Pfeiffer, M. A. Scheel, and B. Szilagyi,
Inspiral-Merger-Ringdown Waveforms of Spinning, Pre-
cessing Black-Hole Binaries in the Effective-One-Body
Formalism, Phys. Rev. D 89, 084006 (2014).

[135] M. Hannam, P. Schmidt, A. Bohé, L. Haegel, S. Husa, F.
Ohme, G. Pratten, and M. Piirrer, Simple Model of
Complete Precessing Black-Hole-Binary Gravitational
Waveforms, Phys. Rev. Lett. 113, 151101 (2014).

[136] A. Bohé et al., Improved Effective-One-Body Model of
Spinning, Nonprecessing Binary Black Holes for the Era of
Gravitational-Wave Astrophysics with Advanced Detec-
tors, Phys. Rev. D 95, 044028 (2017).

[137] S. Ossokine, A. Buonanno, S. Marsat, R. Cotesta, S.
Babak, T. Dietrich, R. Haas, 1. Hinder, H. P. Pfeiffer, M.
Piirrer, C.J. Woodford, M. Boyle, L. E. Kidder, M. A.
Scheel, and B. Szildgyi, Multipolar Effective-One-
Body Waveforms for Precessing Binary Black Holes:
Construction and Validation, Phys. Rev. D 102, 044055
(2020).

[138] G. Pratten, C. Garcia-Quirds, M. Colleoni, A. Ramos-
Buades, H. Estellés, M. Mateu-Lucena, R. Jaume, M.
Haney, D. Keitel, J. E. Thompson, and S. Husa, Computa-
tionally Efficient Models for the Dominant and Subdomi-
nant Harmonic Modes of Precessing Binary Black Holes,
Phys. Rev. D 103, 104056 (2021).

[139] L. Sun, E. Goetz et al., Characterization of Systematic
Errorin Advanced LIGO Calibration in the Second Half of
03, arXiv:2107.00129.

[140] D. Estevez, P. Lagabbe, A. Masserot, L. Rolland, M.
Seglar-Arroyo, and D. Verkindt, The Advanced Virgo
Photon Calibrators, Classical Quantum Gravity 38,
075007 (2021).

[141] L. Sun, E. Goetz, J. S. Kissel, J. Betzwieser, S. Karki, A.
Viets, M. Wade, D. Bhattacharjee, V. Bossilkov, P.B.
Covas et al., Characterization of Systematic Error in
Advanced LIGO Calibration, Classical Quantum Gravity
37, 225008 (2020).

[142] E. Thrane and C. Talbot, An Introduction to Bayesian
Inference in Gravitational-Wave Astronomy: Parameter
Estimation, Model Selection, and Hierarchical Models,
Pub. Astron. Soc. Aust. 36, 010 (2019); 37, ¢036(E)
(2020).

[143] I. Mandel, W. M. Farr, and J. R. Gair, Extracting Distri-
bution Parameters from Multiple Uncertain Observations
with Selection Biases, Mon. Not. R. Astron. Soc. 486,
1086 (2019).

[144] S. Vitale, D. Gerosa, W.M. Farr, and S.R. Taylor,
Inferring the Properties of a Population of Compact
Binaries in Presence of Selection Effects, arXiv:2007
.05579.

011048-56


https://arXiv.org/abs/0709.1616
https://github.com/mennthor/awkde (December 2020)
https://github.com/mennthor/awkde (December 2020)
https://github.com/mennthor/awkde (December 2020)
https://doi.org/10.1103/PhysRevD.105.123014
https://doi.org/10.1103/PhysRevD.105.123014
https://doi.org/10.1103/PhysRevD.104.063030
https://doi.org/10.3847/2041-8213/ab20cf
https://doi.org/10.3847/2041-8213/ab20cf
https://doi.org/10.1016/j.softx.2021.100658
https://doi.org/10.1093/mnras/staa2332
https://doi.org/10.1103/PhysRevD.104.124039
https://doi.org/10.1103/PhysRevD.104.124039
https://doi.org/10.1103/PhysRevD.100.064064
https://doi.org/10.1051/0004-6361/202141452
https://doi.org/10.3847/1538-4357/ab3c2d
https://doi.org/10.1103/PhysRevD.91.042003
https://doi.org/10.1103/PhysRevD.91.042003
https://arXiv.org/abs/1805.10457
https://doi.org/10.1103/PhysRevD.99.084026
https://doi.org/10.3847/1538-4365/ab06fc
https://doi.org/10.3847/1538-4365/ab06fc
https://doi.org/10.1093/mnras/staa2850
https://doi.org/10.1093/mnras/staa2850
https://doi.org/10.1103/PhysRevLett.116.241102
https://doi.org/10.1103/PhysRevD.89.061502
https://doi.org/10.1103/PhysRevD.89.084006
https://doi.org/10.1103/PhysRevLett.113.151101
https://doi.org/10.1103/PhysRevD.95.044028
https://doi.org/10.1103/PhysRevD.102.044055
https://doi.org/10.1103/PhysRevD.102.044055
https://doi.org/10.1103/PhysRevD.103.104056
https://arXiv.org/abs/2107.00129
https://doi.org/10.1088/1361-6382/abe2db
https://doi.org/10.1088/1361-6382/abe2db
https://doi.org/10.1088/1361-6382/abb14e
https://doi.org/10.1088/1361-6382/abb14e
https://doi.org/10.1017/pasa.2019.2
https://doi.org/10.1017/pasa.2020.23
https://doi.org/10.1017/pasa.2020.23
https://doi.org/10.1093/mnras/stz896
https://doi.org/10.1093/mnras/stz896
https://arXiv.org/abs/2007.05579
https://arXiv.org/abs/2007.05579

POPULATION OF MERGING COMPACT BINARIES INFERRED ...

PHYS. REV. X 13, 011048 (2023)

[145] T.J. Loredo, Accounting for Source Uncertainties in
Analyses of Astronomical Survey Data, AIP Conf. Proc.
735, 195 (2004).

[146] M. Fishbach, D. E. Holz, and W. M. Farr, Does the Black
Hole Merger Rate Evolve with Redshift?, Astrophys. J.
Lett. 863, L41 (2018).

[147] C. Talbot, R. Smith, E. Thrane, and G. B. Poole, Paral-
lelized Inference for Gravitational-Wave Astronomy, Phys.
Rev. D 100, 043030 (2019).

[148] C. Talbot, GWPOPULATION PIPE, Zenodo, https://zenodo
.org/record/5654673 10.5281/zenodo.5654673, 2021.

[149] D. Wysocki and R. O’Shaughnessy, Bayesian Parametric
Population Models, bayesian-parametric-population-mod-
els.readthedocs.io, 2017, https://bayesian-parametric-
population-models.readthedocs.io/.

[150] P.Landry and J. S. Read, The Mass Distribution of Neutron
Stars in Gravitational-wave Binaries, Astrophys. J. Lett.
921, L25 (2021).

[151] D. Foreman-Mackey, D.W. Hogg, D. Lang, and J.
Goodman, EMCEE: The MCMC Hammer, Publ. Astron.
Soc. Pac. 125, 306 (2013).

[152] J.S. Speagle, DYNESTY: A Dynamic Nested Sampling
Package for Estimating Bayesian Posteriors and Eviden-
ces, Mon. Not. R. Astron. Soc. 493, 3132 (2020).

[153] B. Carpenter, A. Gelman, M. D. Hoffman, D. Lee, B.
Goodrich, M. Betancourt, M. Brubaker, J. Guo, P. Li, and
A. Riddell, sTan: A Probabilistic Programming Language,
J. Stat. Softw. 76, 1 (2017).

[154] A. Riddell, A. Hartikainen, D. Lee, Riddell-Stan et al.,
STAN-DEV/PYSTAN: V2.18.0.0, 2018.

[155] M. Mould and D. Gerosa, Gravitational-Wave Population
Inference at Past Time Infinity, Phys. Rev. D 105, 024076
(2022).

[156] W.M. Farr, Accuracy Requirements for Empirically-Mea-
sured Selection Functions, Res. Notes Am. Astron. Soc. 3,
66 (2019).

[157] J. Golomb and C. Talbot, Hierarchical Inference of Binary
Neutron Star Mass Distribution and Equation of State with
Gravitational Waves, Astrophys. J. 926, 79 (2022).

[158] C. Talbot and E. Thrane, Measuring the Binary Black Hole
Mass Spectrum with an Astrophysically Motivated Param-
eterization, Astrophys. J. 856, 173 (2018).

[159] M. Fishbach, R. Essick, and D.E. Holz, Does Matter
Matter? Using the Mass Distribution to Distinguish
Neutron Stars and Black Holes, Astrophys. J. Lett. 899,
L8 (2020).

[160] A. Farah, M. Fishbach, R. Essick, D.E. Holz, and S.
Galaudage, Bridging the Gap: Categorizing Gravitational-
Wave Events at the Transition between Neutron Stars and
Black Holes, Astrophys. J. 931, 108 (2022).

[161] M. Fishbach and D. E. Holz, Picky Partners: The Pairing
of Component Masses in Binary Black Hole Mergers,
Astrophys. J. Lett. 891, L27 (2020).

[162] Z. Doctor, D. Wysocki, R. O’Shaughnessy, D. E. Holz, and
B. Farr, Black Hole Coagulation: Modeling Hierarchical
Mergers in Black Hole Populations, Astrophys. J. 893, 35
(2020).

[163] B. Farr, E. Ochsner, W. M. Farr, and R. O’Shaughnessy, A
More Effective Coordinate System for Parameter Estima-

tion of Precessing Compact Binaries from Gravitational
Waves, Phys. Rev. D 90, 024018 (2014).

[164] D. Wysocki, J. Lange, and R. O’Shaughnessy, Recon-
structing Phenomenological Distributions of Compact
Binaries via Gravitational Wave Observations, Phys.
Rev. D 100, 043012 (2019).

[165] C. Talbot and E. Thrane, Determining the Population
Properties of Spinning Black Holes, Phys. Rev. D 96,
023012 (2017).

[166] S. Miller, T. A. Callister, and W. Farr, The Low Effective
Spin of Binary Black Holes and Implications for Individual
Gravitational-Wave Events, Astrophys. J. 895, 128 (2020).

[167] J. Roulet and M. Zaldarriaga, Constraints on Binary Black
Hole Populations from LIGO-Virgo Detections, Mon. Not.
R. Astron. Soc. 484, 4216 (2019).

[168] M. Fishbach and D. E. Holz, Where Are LIGO’s Big Black
Holes?, Astrophys. J. Lett. 851, L25 (2017).

[169] D. Foreman-Mackey, D.W. Hogg, and T.D. Morton,
Exoplanet Population Inference and the Abundance of
Earth Analogs from Noisy, Incomplete Catalogs, Astro-
phys. J. 795, 64 (2014).

[170] 1. Mandel, W. M. Farr, A. Colonna, S. Stevenson, P. Tirio,
and J. Veitch, Model-Independent Inference on Compact-
Binary Observations, Mon. Not. R. Astron. Soc. 465, 3254
(2017).

[171] J. Salvatier, T. V. Wiecki, and C. Fonnesbeck, Probabilistic
Programming in PYTHON using pymc3, Peer] Comput. Sci.
2, e55 (2016).

[172] S.J. Kapadia et al., A Self-Consistent Method to Estimate
the Rate of Compact Binary Coalescences with a Poisson
Mixture Model, Classical Quantum Gravity 37, 045007
(2020).

[173] L. S. Finn and D. F. Chernoft, Observing Binary Inspiral in
Gravitational Radiation: One Interferometer, Phys. Rev. D
47, 2198 (1993).

[174] B. Margalit and B. D. Metzger, Constraining the Maximum
Mass of Neutron Stars from Multi-Messenger Observa-
tions of GWI170817, Astrophys. J. Lett. 850, LI19
(2017).

[175] L. Rezzolla, E.R. Most, and L. R. Weih, Using Gravita-
tional-Wave Observations and Quasi-Universal Relations
to Constrain the Maximum Mass of Neutron Stars, As-
trophys. J. Lett. 852, L25 (2018).

[176] M. Ruiz, S.L. Shapiro, and A. Tsokaros, GWI170817,
General Relativistic Magnetohydrodynamic Simulations,
and the Neutron Star Maximum Mass, Phys. Rev. D 97,
021501 (2018).

[177] M. Shibata, E. Zhou, K. Kiuchi, and S. Fujibayashi,
Constraint on the Maximum Mass of Neutron Stars Using
GWI170817 Event, Phys. Rev. D 100, 023015 (2019).

[178] B.P. Abbott, R. Abbott, T.D. Abbott, S. Abraham, F.
Acernese, K. Ackley, C. Adams, V.B. Adya, C. Affeldt,
M. Agathos et al., Model Comparison from LIGO-Virgo
Data on GWI170817’s Binary Components and Conse-
quences for the Merger Remnant, Classical Quantum
Gravity 37, 045006 (2020).

[179] A. Nathanail, E. R. Most, and L. Rezzolla, GW170817 and
GWI190814: Tension on the Maximum Mass, Astrophys. J.
Lett. 908, L28 (2021).

011048-57


https://doi.org/10.1063/1.1835214
https://doi.org/10.1063/1.1835214
https://doi.org/10.3847/2041-8213/aad800
https://doi.org/10.3847/2041-8213/aad800
https://doi.org/10.1103/PhysRevD.100.043030
https://doi.org/10.1103/PhysRevD.100.043030
https://zenodo.org/record/5654673
https://zenodo.org/record/5654673
https://doi.org/10.5281/zenodo.5654673
https://bayesian-parametric-population-models.readthedocs.io/
https://bayesian-parametric-population-models.readthedocs.io/
https://bayesian-parametric-population-models.readthedocs.io/
https://bayesian-parametric-population-models.readthedocs.io/
https://doi.org/10.3847/2041-8213/ac2f3e
https://doi.org/10.3847/2041-8213/ac2f3e
https://doi.org/10.1086/670067
https://doi.org/10.1086/670067
https://doi.org/10.1093/mnras/staa278
https://doi.org/10.18637/jss.v076.i01
https://doi.org/10.1103/PhysRevD.105.024076
https://doi.org/10.1103/PhysRevD.105.024076
https://doi.org/10.3847/2515-5172/ab1d5f
https://doi.org/10.3847/2515-5172/ab1d5f
https://doi.org/10.3847/1538-4357/ac43bc
https://doi.org/10.3847/1538-4357/aab34c
https://doi.org/10.3847/2041-8213/aba7b6
https://doi.org/10.3847/2041-8213/aba7b6
https://doi.org/10.3847/1538-4357/ac5f03
https://doi.org/10.3847/2041-8213/ab7247
https://doi.org/10.3847/1538-4357/ab7fac
https://doi.org/10.3847/1538-4357/ab7fac
https://doi.org/10.1103/PhysRevD.90.024018
https://doi.org/10.1103/PhysRevD.100.043012
https://doi.org/10.1103/PhysRevD.100.043012
https://doi.org/10.1103/PhysRevD.96.023012
https://doi.org/10.1103/PhysRevD.96.023012
https://doi.org/10.3847/1538-4357/ab80c0
https://doi.org/10.1093/mnras/stz226
https://doi.org/10.1093/mnras/stz226
https://doi.org/10.3847/2041-8213/aa9bf6
https://doi.org/10.1088/0004-637X/795/1/64
https://doi.org/10.1088/0004-637X/795/1/64
https://doi.org/10.1093/mnras/stw2883
https://doi.org/10.1093/mnras/stw2883
https://doi.org/10.7717/peerj-cs.55
https://doi.org/10.7717/peerj-cs.55
https://doi.org/10.1088/1361-6382/ab5f2d
https://doi.org/10.1088/1361-6382/ab5f2d
https://doi.org/10.1103/PhysRevD.47.2198
https://doi.org/10.1103/PhysRevD.47.2198
https://doi.org/10.3847/2041-8213/aa991c
https://doi.org/10.3847/2041-8213/aa991c
https://doi.org/10.3847/2041-8213/aaa401
https://doi.org/10.3847/2041-8213/aaa401
https://doi.org/10.1103/PhysRevD.97.021501
https://doi.org/10.1103/PhysRevD.97.021501
https://doi.org/10.1103/PhysRevD.100.023015
https://doi.org/10.1088/1361-6382/ab5f7c
https://doi.org/10.1088/1361-6382/ab5f7c
https://doi.org/10.3847/2041-8213/abdfc6
https://doi.org/10.3847/2041-8213/abdfc6

R. ABBOTT et al.

PHYS. REV. X 13, 011048 (2023)

[180] S. Galaudage, C. Adamcewicz, X.-J. Zhu, S. Stevenson,
and E. Thrane, Heavy Double Neutron Stars: Birth,
Midlife, and Death, Astrophys. J. Lett. 909, L19 (2021).

[181] E.E. Flanagan and T. Hinderer, Constraining Neutron-Star
Tidal Love Numbers with Gravitational-Wave Detectors,
Phys. Rev. D 77, 021502 (2008).

[182] J. Antoniadis, P. C. C. Freire, N. Wex, T. M. Tauris, R. S.
Lynch, M. H. van Kerkwijk, M. Kramer, C. Bassa, V.S.
Dhillon, T. Driebe et al., A Massive Pulsar in a Compact
Relativistic Binary, Science 340, 448 (2013).

[183] H.T. Cromartie, E. Fonseca, S.M. Ransom, P.B.
Demorest, Z. Arzoumanian, H. Blumer, P.R. Brook,
M. E. DeCesar, T. Dolch, J. A. Ellis et al., Relativistic
Shapiro Delay Measurements of an Extremely Massive
Millisecond Pulsar, Nat. Astron. 4, 72 (2020).

[184] 1. Bombaci, The Maximum Mass of a Neutron Star, Astron.
Astrophys. 305, 871 (1996).

[185] V. Kalogera and G. Baym, The Maximum Mass of a
Neutron Star, Astrophys. J. Lett. 470, L61 (1996).

[186] G.B. Cook, S.L. Shapiro, and S. A. Teukolsky, Rapidly
Rotating Neutron Stars in General Relativity: Realistic
Equations of State, Astrophys. J. 424, 823 (1994).

[187] M. U. Kruckow, T. M. Tauris, N. Langer, M. Kramer, and
R. G. Izzard, Progenitors of Gravitational Wave Mergers:
Binary Evolution with the Stellar Grid-Based Codecom-
BINE, Mon. Not. R. Astron. Soc. 481, 1908 (2018).

[188] S. Ostowski, T. Bulik, D. Gondek-Rosinska, and K.
Belczynski, Population Synthesis of Double Neutron
Stars, Mon. Not. R. Astron. Soc. 413, 461 (2011).

[189] A. Vigna-Gomez, C.J. Neijssel, S. Stevenson, J. W.
Barrett, K. Belczynski, S. Justham, S.E. de Mink, B.
Miiller, P. Podsiadlowski, M. Renzo, D. Szécsi, and 1.
Mandel, On the Formation History of Galactic Double
Neutron Stars, Mon. Not. R. Astron. Soc. 481, 4009 (2018).

[190] I. Legred, K. Chatziioannou, R. Essick, S. Han, and P.
Landry, Impact of the PSR J0740 4 6620 Radius Con-
straint on the Properties of High-Density Matter: Weighted
Monte Carlo Samples for Neutron Star Observables,
Zenodo,  https://zenodo.org/record/5397808  10.5281/
zenodo.5397808, 2021.

[191] C. Breu and L. Rezzolla, Maximum Mass, Moment of
Inertia and Compactness of Relativistic Stars, Mon. Not.
R. Astron. Soc. 459, 646 (2016).

[192] W. M. Farr and K. Chatziioannou, A Population-Informed
Mass Estimate for Pulsar JO740 + 6620, Res. Notes Am.
Astron. Soc. 4, 65 (2020).

[193] E. Ozel, D. Psaltis, R. Narayan, and A. Santos Villarreal,
On the Mass Distribution and Birth Masses of Neutron
Stars, Astrophys. J. 757, 55 (2012).

[194] J. Alsing, H.O. Silva, and E. Berti, Evidence for a
Maximum Mass Cut-Off in the Neutron Star Mass Dis-
tribution and Constraints on the Equation of State, Mon.
Not. R. Astron. Soc. 478, 1377 (2018).

[195] D.-S. Shao, S.-P. Tang, J.-L. Jiang, and Y.-Z. Fan,
Maximum Mass Cutoff in the Neutron Star Mass Distri-
bution and the Prospect of Forming Supramassive Objects
in the Double Neutron Star Mergers, Phys. Rev. D 102,
063006 (2020).

[196] K. Chatziioannou and W. M. Farr, Inferring the Maximum
and Minimum Mass of Merging Neutron Stars with

Gravitational Waves, D 102, 064063
(2020).

[197] R. Essick, A. Farah, S. Galaudage, C. Talbot, M. Fishbach,
E. Thrane, and D.E. Holz, Probing Extremal Gravita-
tional-Wave Events with Coarse-Grained Likelihoods,
Astrophys. J. 926, 34 (2022).

[198] E. Wilson, Probable Inference, the Law of Succession, and
Statistical Inference, J. Am. Stat. Assoc. 22, 209 (1927).

[199] W. A. Fowler and F. Hoyle, Neutrino Processes and Pair
Formation in Massive Stars and Supernovae., Astrophys.
J. Suppl. Ser. 9, 201 (1964).

[200] K. Belczynski, A. Heger, W. Gladysz, A.J. Ruiter, S.
Woosley, G. Wiktorowicz, H.Y. Chen, T. Bulik, R.
O’Shaughnessy, D.E. Holz, C.L. Fryer, and E. Berti,
The Effect of Pair-Instability Mass Loss on Black-Hole
Mergers, Astron. Astrophys. 594, A97 (2016).

[201] S.E. Woosley, Pulsational Pair-Instability Supernovae,
Astrophys. J. 836, 244 (2017).

[202] M. Spera and M. Mapelli, Very Massive Stars, Pair-
Instability Supernovae and Intermediate-Mass Black
Holes with the SEVN Code, Mon. Not. R. Astron. Soc.
470, 4739 (2017).

[203] P. Marchant, M. Renzo, R. Farmer, K. M. W. Pappas, R. E.
Taam, S. E. de Mink, and V. Kalogera, Pulsational Pair-
Instability Supernovae in Very Close Binaries, Astrophys.
J. 882, 36 (2019).

[204] S. Stevenson, M. Sampson, J. Powell, A. Vigna-G6émez,
C.J. Neijssel, D. Szécsi, and 1. Mandel, The Impact of
Pair-Instability Mass Loss on the Binary Black Hole Mass
Distribution, Astrophys. J. 882, 121 (2019).

[205] S. E. Woosley and A. Heger, The Pair-Instability Mass Gap
for Black Holes, Astrophys. J. Lett. 912, L.31 (2021).
[206] R. Abbott et al. (LIGO Scientific Collaboration and Virgo
Collaboration), Properties and Astrophysical Implications
of the 150My Binary Black Hole Merger GWI190521,

Astrophys. J. Lett. 900, L13 (2020).

[207] A.H. Nitz and C.D. Capano, GWI190521 May Be an
Intermediate-Mass Ratio Inspiral, Astrophys. J. Lett. 907,
L9 (2021).

[208] M. Fishbach and D. E. Holz, Minding the Gap: GW190521
as a Straddling Binary, Astrophys. J. Lett. 904, L26 (2020).

[209] B. Edelman, Z. Doctor, and B. Farr, Poking Holes:
Looking for Gaps in LIGO/Virgo’s Black Hole Population,
Astrophys. J. Lett. 913, L23 (2021).

[210] R. Farmer, M. Renzo, S. E. de Mink, P. Marchant, and S.
Justham, Mind the Gap: The Location of the Lower Edge
of the Pair-Instability Supernova Black Hole Mass Gap,
Astrophys. J. 887, 53 (2019).

[211] R. Farmer, M. Renzo, S. E. de Mink, M. Fishbach, and S.
Justham, Constraints from Gravitational-Wave Detections
of Binary Black Hole Mergers on the ’C(a, 7)'°O Rate,
Astrophys. J. Lett. 902, L36 (2020).

[212] D. Croon, S. D. McDermott, and J. Sakstein, New Physics
and the Black Hole Mass Gap, Phys. Rev. D 102, 115024
(2020).

[213] L. A. C. van Son, S. E. De Mink, F. S. Broekgaarden, M.
Renzo, S. Justham, E. Laplace, J. Mordn-Fraile, D.D.
Hendriks, and R. Farmer, Polluting the Pair-Instability
Mass Gap for Binary Black Holes through Super-
Eddington Accretion in Isolated Binaries, Astrophys. J.
897, 100 (2020).

Phys. Rev.

011048-58


https://doi.org/10.3847/2041-8213/abe7f6
https://doi.org/10.1103/PhysRevD.77.021502
https://doi.org/10.1126/science.1233232
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1086/310296
https://doi.org/10.1086/173934
https://doi.org/10.1093/mnras/sty2190
https://doi.org/10.1111/j.1365-2966.2010.18147.x
https://doi.org/10.1093/mnras/sty2463
https://zenodo.org/record/5397808
https://zenodo.org/record/5397808
https://doi.org/10.5281/zenodo.5397808
https://doi.org/10.5281/zenodo.5397808
https://doi.org/10.1093/mnras/stw575
https://doi.org/10.1093/mnras/stw575
https://doi.org/10.3847/2515-5172/ab9088
https://doi.org/10.3847/2515-5172/ab9088
https://doi.org/10.1088/0004-637X/757/1/55
https://doi.org/10.1093/mnras/sty1065
https://doi.org/10.1093/mnras/sty1065
https://doi.org/10.1103/PhysRevD.102.063006
https://doi.org/10.1103/PhysRevD.102.063006
https://doi.org/10.1103/PhysRevD.102.064063
https://doi.org/10.1103/PhysRevD.102.064063
https://doi.org/10.3847/1538-4357/ac3978
https://doi.org/10.1080/01621459.1927.10502953
https://doi.org/10.1086/190103
https://doi.org/10.1086/190103
https://doi.org/10.1051/0004-6361/201628980
https://doi.org/10.3847/1538-4357/836/2/244
https://doi.org/10.1093/mnras/stx1576
https://doi.org/10.1093/mnras/stx1576
https://doi.org/10.3847/1538-4357/ab3426
https://doi.org/10.3847/1538-4357/ab3426
https://doi.org/10.3847/1538-4357/ab3981
https://doi.org/10.3847/2041-8213/abf2c4
https://doi.org/10.3847/2041-8213/aba493
https://doi.org/10.3847/2041-8213/abccc5
https://doi.org/10.3847/2041-8213/abccc5
https://doi.org/10.3847/2041-8213/abc827
https://doi.org/10.3847/2041-8213/abfdb3
https://doi.org/10.3847/1538-4357/ab518b
https://doi.org/10.3847/2041-8213/abbadd
https://doi.org/10.1103/PhysRevD.102.115024
https://doi.org/10.1103/PhysRevD.102.115024
https://doi.org/10.3847/1538-4357/ab9809
https://doi.org/10.3847/1538-4357/ab9809

POPULATION OF MERGING COMPACT BINARIES INFERRED ...

PHYS. REV. X 13, 011048 (2023)

[214] C. Kimball, C. Talbot, C. P. L. Berry, M. Carney, M. Zevin,
E. Thrane, and V. Kalogera, Black Hole Genealogy:
Identifying Hierarchical Mergers with Gravitational
Waves, Astrophys. J. 900, 177 (2020).

[215] P. Madau and M. Dickinson, Cosmic Star-Formation
History, Annu. Rev. Astron. Astrophys. 52, 415 (2014).

[216] R. O’Shaughnessy, V. Kalogera, and K. Belczynski,
Binary Compact Object Coalescence Rates: The Role of
Elliptical Galaxies, Astrophys. J. 716, 615 (2010).

[217] M. Mapelli and N. Giacobbo, The Cosmic Merger Rate of
Neutron Stars and Black Holes, Mon. Not. R. Astron. Soc.
479, 4391 (2018).

[218] C.L. Rodriguez and A. Loeb, Redshift Evolution of the
Black Hole Merger Rate from Globular Clusters, As-
trophys. J. Lett. 866, L5 (2018).

[219] E. Santoliquido, M. Mapelli, Y. Bouffanais, N. Giacobbo,
U. N. Di Carlo, S. Rastello, M. C. Artale, and A. Ballone,
The Cosmic Merger Rate Density Evolution of Compact
Binaries Formed in Young Star Clusters and in Isolated
Binaries, Astrophys. J. 898, 152 (2020).

[220] M. A. S. Martinez, G. Fragione, K. Kremer, S. Chatterjee,
C. L. Rodriguez, J. Samsing, C. S. Ye, N. C. Weatherford,
M. Zevin, S. Naoz, and F. A. Rasio, Black Hole Mergers
Jfrom Hierarchical Triples in Dense Star Clusters, As-
trophys. J. 903, 67 (2020).

[221] Y. Yang, I. Bartos, Z. Haiman, B. Kocsis, S. Marka, and H.
Tagawa, Cosmic Evolution of Stellar-Mass Black Hole
Merger Rate in Active Galactic Nuclei, Astrophys. J. 896,
138 (2020).

[222] M. Fishbach and V. Kalogera, The Time Delay Distribution
and Formation Metallicity of LIGO-Virgos Binary Black
Holes, Astrophys. J. Lett. 914, L30 (2021).

[223] L. A.C. van Son, S. E. de Mink, T. Callister, S. Justham,
M. Renzo, T. Wagg, F. S. Broekgaarden, F. Kummer, R.
Pakmor, and 1. Mandel, The Redshift Evolution of the
Binary Black Hole Merger Rate: A Weighty Matter,
Astrophys. J. 931, 17 (2022).

[224] T. Regimbau, The Astrophysical Gravitational Wave Sto-
chastic Background, Res. Astron. Astrophys. 11,369 (2011).

[225] J. D. Romano and N.J. Cornish, Detection Methods for
Stochastic Gravitational-Wave Backgrounds: A Unified
Treatment, Living Rev. Relativity 20, 2 (2017).

[226] N. Christensen, Stochastic Gravitational Wave Back-
grounds, Rep. Prog. Phys. 82, 016903 (2019).

[227] T. Callister, M. Fishbach, D.E. Holz, and W. M. Farr,
Shouts and Murmurs: Combining Individual Gravita-
tional-Wave Sources with the Stochastic Background to
Measure the History of Binary Black Hole Mergers,
Astrophys. J. Lett. 896, 132 (2020).

[228] R. Abbott, T. Abbott, S. Abraham et al., Upper Limits on
the Isotropic Gravitational-Wave Background from Ad-
vanced LIGO and Advanced Virgo’s Third Observing Run,
Phys. Rev. D 104, 022004 (2021).

[229] M. Mapelli, N. Giacobbo, F. Santoliquido, and M. C.
Artale, The Properties of Merging Black Holes and
Neutron Stars across Cosmic Time, Mon. Not. R. Astron.
Soc. 487, 2 (2019).

[230] J.S. Vink, E.R. Higgins, A.A.C. Sander, and G.N.
Sabhahit, Maximum Black Hole Mass across Cosmic Time,
Mon. Not. R. Astron. Soc. 504, 146 (2021).

[231] T. Kinugawa, T. Nakamura, and H. Nakano, Formation of
Binary Black Holes Similar to GWI190521 with a Total
Mass of ~150M, from Population IIl Binary Star Evo-
lution, Mon. Not. R. Astron. Soc. 501, L49 (2020).

[232] M. Fishbach, Z. Doctor, T. Callister, B. Edelman, J. Ye, R.
Essick, W. M. Farr, B. Farr, and D. E. Holz, When Are
LIGO/Virgo’s Big Black Hole Mergers?, Astrophys. J.
912, 98 (2021).

[233] Y.-D. Tsai, A. Palmese, S. Profumo, and T. Jeltema, Is
GWI170817 a Multimessenger Neutron Star-Primordial
Black Hole Merger?, J. Cosmol. Astropart. Phys. 10
(2021) 019.

[234] M. Arca Sedda, Dynamical Formation of the GW190814
Merger, Astrophys. J. Lett. 908, L38 (2021).

[235] M. Safarzadeh and D. Wysocki, A Common Origin for
Low-Mass Ratio Events Observed by LIGO and Virgo in
the First Half of the Third Observing Run, Astrophys. J.
Lett. 907, L24 (2021).

[236] W. Lu, P. Beniamini, and C. Bonnerot, On the Formation of
GWI190814, Mon. Not. R. Astron. Soc. 500, 1817
(2020).

[237] 1. Mandel and R. O’Shaughnessy, Compact Binary Coa-
lescences in the Band of Ground-Based Gravitational-
Wave Detectors, Classical Quantum Gravity 27, 114007
(2010).

[238] D. Kushnir, M. Zaldarriaga, J. A. Kollmeier, and R.
Waldman, GW150914: Spin-Based Constraints on the
Merger Time of the Progenitor System, Mon. Not. R.
Astron. Soc. 462, 844 (2016).

[239] C.L. Rodriguez, M. Zevin, C. Pankow, V. Kalogera, and
F. A. Rasio, llluminating Black Hole Binary Formation
Channels with Spins in Advanced LIGO, Astrophys. J.
Lett. 832, L2 (2016).

[240] W. M. Farr, S. Stevenson, M. C. Miller, I. Mandel, B. Farr,
and A. Vecchio, Distinguishing Spin-Aligned and Isotropic
Black Hole Populations with Gravitational Waves, Nature
(London) 548, 426 (2017).

[241] S. Vitale, D. Gerosa, C.-J. Haster, K. Chatziioannou, and
A. Zimmerman, Impact of Bayesian Priors on the Char-
acterization of Binary Black Hole Coalescences, Phys.
Rev. Lett. 119, 251103 (2017).

[242] S. Stevenson, C.P. L. Berry, and I. Mandel, Hierarchical
Analysis of Gravitational-Wave Measurements of Binary
Black Hole Spin-Orbit Misalignments, Mon. Not. R.
Astron. Soc. 471, 2801 (2017).

[243] D. Gerosa, E. Berti, R. O’Shaughnessy, K. Belczynski, M.
Kesden, D. Wysocki, and W. Gladysz, Spin Orientations of
Merging Black Holes Formed from the Evolution of Stellar
Binaries, Phys. Rev. D 98, 084036 (2018).

[244] R. O’Shaughnessy, D. Gerosa, and D. Wysocki, Inferences
about Supernova Physics from Gravitational-Wave Mea-
surements: GW151226 Spin Misalignment as an Indicator
of Strong Black-Hole Natal Kicks, Phys. Rev. Lett. 119,
011101 (2017).

[245] V. Kalogera, Orbital Characteristics of Binary Systems
after Asymmetric Supernova Explosions, Astrophys. J.
471, 352 (1996).

[246] V. Kalogera, Spin-Orbit Misalignment in Close Binaries
with Two Compact Objects, Astrophys. J. 541, 319 (2000).

011048-59


https://doi.org/10.3847/1538-4357/aba518
https://doi.org/10.1146/annurev-astro-081811-125615
https://doi.org/10.1088/0004-637X/716/1/615
https://doi.org/10.1093/mnras/sty1613
https://doi.org/10.1093/mnras/sty1613
https://doi.org/10.3847/2041-8213/aae377
https://doi.org/10.3847/2041-8213/aae377
https://doi.org/10.3847/1538-4357/ab9b78
https://doi.org/10.3847/1538-4357/abba25
https://doi.org/10.3847/1538-4357/abba25
https://doi.org/10.3847/1538-4357/ab91b4
https://doi.org/10.3847/1538-4357/ab91b4
https://doi.org/10.3847/2041-8213/ac05c4
https://doi.org/10.3847/1538-4357/ac64a3
https://doi.org/10.1088/1674-4527/11/4/001
https://doi.org/10.1007/s41114-017-0004-1
https://doi.org/10.1088/1361-6633/aae6b5
https://doi.org/10.3847/2041-8213/ab9743
https://doi.org/10.1103/PhysRevD.104.022004
https://doi.org/10.1093/mnras/stz1150
https://doi.org/10.1093/mnras/stz1150
https://doi.org/10.1093/mnras/stab842
https://doi.org/10.1093/mnrasl/slaa191
https://doi.org/10.3847/1538-4357/abee11
https://doi.org/10.3847/1538-4357/abee11
https://doi.org/10.1088/1475-7516/2021/10/019
https://doi.org/10.1088/1475-7516/2021/10/019
https://doi.org/10.3847/2041-8213/abdfcd
https://doi.org/10.3847/2041-8213/abd8c7
https://doi.org/10.3847/2041-8213/abd8c7
https://doi.org/10.1093/mnras/staa3372
https://doi.org/10.1093/mnras/staa3372
https://doi.org/10.1088/0264-9381/27/11/114007
https://doi.org/10.1088/0264-9381/27/11/114007
https://doi.org/10.1093/mnras/stw1684
https://doi.org/10.1093/mnras/stw1684
https://doi.org/10.3847/2041-8205/832/1/L2
https://doi.org/10.3847/2041-8205/832/1/L2
https://doi.org/10.1038/nature23453
https://doi.org/10.1038/nature23453
https://doi.org/10.1103/PhysRevLett.119.251103
https://doi.org/10.1103/PhysRevLett.119.251103
https://doi.org/10.1093/mnras/stx1764
https://doi.org/10.1093/mnras/stx1764
https://doi.org/10.1103/PhysRevD.98.084036
https://doi.org/10.1103/PhysRevLett.119.011101
https://doi.org/10.1103/PhysRevLett.119.011101
https://doi.org/10.1086/177974
https://doi.org/10.1086/177974
https://doi.org/10.1086/309400

R. ABBOTT et al.

PHYS. REV. X 13, 011048 (2023)

[247] D. Wysocki, D. Gerosa, R. O’Shaughnessy, K. Belczynski,
W. Gladysz, E. Berti, M. Kesden, and D.E. Holz,
Explaining LIGO’s Observations via Isolated Binary Evo-
lution with Natal Kicks, Phys. Rev. D 97, 043014 (2018).

[248] R. Abbott, T. Abbott, S. Abraham et al., Observation of
Gravitational Waves from Two Neutron Star-Black Hole
Coalescences, Astrophys. J. Lett. 915, L5 (2021).

[249] Y. Qin, P. Marchant, T. Fragos, G. Meynet, and V.
Kalogera, On the Origin of Black Hole Spin in High-Mass
X-Ray Binaries, Astrophys. J. Lett. 870, L18 (2019).

[250] S. Biscoveanu, M. Isi, S. Vitale, and V. Varma, New Spin
on LIGO-Virgo Binary Black Holes, Phys. Rev. Lett. 126,
171103 (2021).

[251] J. Roulet, H. S. Chia, S. Olsen, L. Dai, T. Venumadhav, B.
Zackay, and M. Zaldarriaga, Distribution of Effective Spins
and Masses of Binary Black Holes from the LIGO and
Virgo O1-O3a Observing Runs, Phys. Rev. D 104, 083010
(2021).

[252] S. Galaudage, C. Talbot, T. Nagar, D. Jain, E. Thrane, and
I. Mandel, Building Better Spin Models for Merging
Binary Black Holes: Evidence for Nonspinning and
Rapidly Spinning Nearly Aligned Subpopulations, As-
trophys. J. Lett. 921, L15 (2021).

[253] T. A. Callister, C.-J. Haster, K. K. Y. Ng, S. Vitale, and
W.M. Farr, Who Ordered That? Unequal-Mass Binary
Black Hole Mergers Have Larger Effective Spins, As-
trophys. J. Lett. 922, LS (2021).

[254] D. Gerosa and M. Fishbach, Hierarchical Mergers of
Stellar-Mass Black Holes and Their Gravitational-Wave
Signatures, Nat. Astron. 5, 749 (2021).

[255] D. Gerosa and E. Berti, Are Merging Black Holes Born
Jfrom Stellar Collapse or Previous Mergers?, Phys. Rev. D
95, 124046 (2017).

[256] M. Fishbach, D. E. Holz, and B. Farr, Are LIGO’s Black
Holes Made From Smaller Black Holes?, Astrophys. J.
Lett. 840, L24 (2017).

[257] V. Baibhav, D. Gerosa, E. Berti, K. W. K. Wong, T. Helfer,
and M. Mould, The Mass Gap, the Spin Gap, and the
Origin of Merging Binary Black Holes, Phys. Rev. D 102,
043002 (2020).

[258] Y. Huang, C.-J. Haster, J. Roulet, S. Vitale, A.
Zimmerman, T. Venumadhav, B. Zackay, L. Dai, and
M. Zaldarriaga, Source Properties of the Lowest Signal-
to-Noise-Ratio Binary Black Hole Detections, Phys. Rev.
D 102, 103024 (2020).

[259] S. Stevenson, F. Ohme, and S. Fairhurst, Distinguishing
Compact Binary Population Synthesis Models Using
Gravitational Wave Observations of Coalescing Binary
Black Holes, Astrophys. J. 810, 58 (2015).

[260] V. Tiwari, S. Fairhurst, and M. Hannam, Constraining
Black-Hole Spins with Gravitational Wave Observations,
Astrophys. J. 868, 140 (2018).

[261] Y. Yang, 1. Bartos, V. Gayathri, K. E. S. Ford, Z. Haiman,
S. Klimenko, B. Kocsis, S. Marka, Z. Marka, B.
McKernan, and R. O’Shaughnessy, Hierarchical Black
Hole Mergers in Active Galactic Nuclei, Phys. Rev. Lett.
123, 181101 (2019).

[262] B. Farr, D.E. Holz, and W.M. Farr, Using Spin to
Understand the Formation of LIGO and Virgo’s Black
Holes, Astrophys. J. Lett. 854, L9 (2018).

[263] M. Fishbach, W.M. Farr, and D.E. Holz, The
Most Massive Binary Black Hole Detections and the
Identification of Population Outliers, Astrophys. J. Lett.
891, L31 (2020).

[264] 1. Mandel, B. Miiller, J. Riley, S. E. de Mink, A. Vigna-
Go6mez, and D. Chattopadhyay, Binary Population Syn-
thesis with Probabilistic Remnant Mass and Kick Pre-
scriptions, Mon. Not. R. Astron. Soc. 500, 1380
(2020).

[265] K. W. K. Wong, K. Breivik, K. Kremer, and T. Callister,
Joint Constraints on the Field-Cluster Mixing Fraction,
Common Envelope Efficiency, and Globular Cluster Radii
from a Population of Binary Hole Mergers via Deep
Learning, Phys. Rev. D 103, 083021 (2021).

[266] 1. M. Romero-Shaw, K. Kremer, P. D. Lasky, E. Thrane,
and J. Samsing, Gravitational Waves as a Probe of
Globular Cluster Formation and Evolution, Mon. Not.
R. Astron. Soc. 506, 2362 (2021).

[267] S.R. Kulkarni, P. Hut, and S. McMillan, Stellar Black
Holes in Globular Clusters, Nature (London) 364, 421
(1993).

[268] S. Sigurdsson and L. Hernquist, Primordial Black Holes in
Globular Clusters, Nature (London) 364, 423 (1993).

[269] S.F. Portegies Zwart and S. L. W. McMillan, Black Hole
Mergers in the Universe, Astrophys. J. Lett. 528, L17
(2000).

[270] R.M. O’Leary, R. O’Shaughnessy, and F. A. Rasio,
Dynamical Interactions and the Black-Hole Merger Rate
of the Universe, Phys. Rev. D 76, 061504 (2007).

[271] S. Banerjee, H. Baumgardt, and P. Kroupa, Stellar-Mass
Black Holes in Star Clusters: Implications for Gravita-
tional Wave Radiation, Mon. Not. R. Astron. Soc. 402,
371 (2010).

[272] C.L. Rodriguez, M. Morscher, B. Pattabiraman, S.
Chatterjee, C.-J. Haster, and F. A. Rasio, Binary Black
Hole Mergers from Globular Clusters: Implications for
Advanced LIGO, Phys. Rev. Lett. 115, 051101 (2015).

[273] C.L. Rodriguez, S. Chatterjee, and F. A. Rasio, Binary
Black Hole Mergers from Globular Clusters: Masses,
Merger Rates, and the Impact of Stellar Evolution, Phys.
Rev. D 93, 084029 (2016).

[274] A. Askar, M. Arca Sedda, and M. Giersz, MOCCA-
SURVEY Database I: Galactic Globular Clusters Har-
bouring a Black Hole Subsystem, Mon. Not. R. Astron.
Soc. 478, 1844 (2018).

[275] J. Hong, E. Vesperini, A. Askar, M. Giersz, M. Szkudlarek,
and T. Bulik, Binary Black Hole Mergers from Globular
Clusters: The Impact of Globular Cluster Properties, Mon.
Not. R. Astron. Soc. 480, 5645 (2018).

[276] F. Santoliquido, M. Mapelli, N. Giacobbo, Y. Bouffanais,
and M. C. Artale, The Cosmic Merger Rate Density of
Compact Objects: Impact of Star Formation, Metallicity,
Initial Mass Function, and Binary Evolution, Mon. Not. R.
Astron. Soc. 502, 4877 (2021).

[277] S. Banerjee, Stellar-Mass Black Holes in Young Massive
and Open Stellar Clusters—V. Comparisons with LIGO-
Virgo Merger Rate Densities, Mon. Not. R. Astron. Soc.
503, 3371 (2021).

[278] S. Banerjee, Merger Rate Density of Stellar-Mass Binary
Black Holes from Young Massive Clusters, Open Clusters,

011048-60


https://doi.org/10.1103/PhysRevD.97.043014
https://doi.org/10.3847/2041-8213/ac082e
https://doi.org/10.3847/2041-8213/aaf97b
https://doi.org/10.1103/PhysRevLett.126.171103
https://doi.org/10.1103/PhysRevLett.126.171103
https://doi.org/10.1103/PhysRevD.104.083010
https://doi.org/10.1103/PhysRevD.104.083010
https://doi.org/10.3847/2041-8213/ac2f3c
https://doi.org/10.3847/2041-8213/ac2f3c
https://doi.org/10.3847/2041-8213/ac2ccc
https://doi.org/10.3847/2041-8213/ac2ccc
https://doi.org/10.1038/s41550-021-01398-w
https://doi.org/10.1103/PhysRevD.95.124046
https://doi.org/10.1103/PhysRevD.95.124046
https://doi.org/10.3847/2041-8213/aa7045
https://doi.org/10.3847/2041-8213/aa7045
https://doi.org/10.1103/PhysRevD.102.043002
https://doi.org/10.1103/PhysRevD.102.043002
https://doi.org/10.1103/PhysRevD.102.103024
https://doi.org/10.1103/PhysRevD.102.103024
https://doi.org/10.1088/0004-637X/810/1/58
https://doi.org/10.3847/1538-4357/aae8df
https://doi.org/10.1103/PhysRevLett.123.181101
https://doi.org/10.1103/PhysRevLett.123.181101
https://doi.org/10.3847/2041-8213/aaaa64
https://doi.org/10.3847/2041-8213/ab77c9
https://doi.org/10.3847/2041-8213/ab77c9
https://doi.org/10.1093/mnras/staa3390
https://doi.org/10.1093/mnras/staa3390
https://doi.org/10.1103/PhysRevD.103.083021
https://doi.org/10.1093/mnras/stab1815
https://doi.org/10.1093/mnras/stab1815
https://doi.org/10.1038/364421a0
https://doi.org/10.1038/364421a0
https://doi.org/10.1038/364423a0
https://doi.org/10.1086/312422
https://doi.org/10.1086/312422
https://doi.org/10.1103/PhysRevD.76.061504
https://doi.org/10.1111/j.1365-2966.2009.15880.x
https://doi.org/10.1111/j.1365-2966.2009.15880.x
https://doi.org/10.1103/PhysRevLett.115.051101
https://doi.org/10.1103/PhysRevD.93.084029
https://doi.org/10.1103/PhysRevD.93.084029
https://doi.org/10.1093/mnras/sty1186
https://doi.org/10.1093/mnras/sty1186
https://doi.org/10.1093/mnras/sty2211
https://doi.org/10.1093/mnras/sty2211
https://doi.org/10.1093/mnras/stab280
https://doi.org/10.1093/mnras/stab280
https://doi.org/10.1093/mnras/stab591
https://doi.org/10.1093/mnras/stab591

POPULATION OF MERGING COMPACT BINARIES INFERRED ...

PHYS. REV. X 13, 011048 (2023)

and Isolated Binaries: Comparisons with LIGO-Virgo-
KAGRA Results, Phys. Rev. D 105, 023004 (2022).

[279] FE. Antonini and H. B. Perets, Secular Evolution of Com-
pact Binaries near Massive Black Holes: Gravitational
Wave Sources and Other Exotica, Astrophys. J. 757, 27
(2012).

[280] F. Antonini and F. A. Rasio, Merging Black Hole Binaries
in Galactic Nuclei: Implications for Advanced-LIGO
Detections, Astrophys. J. 831, 187 (2016).

[281] B.-M. Hoang, S. Naoz, B. Kocsis, F. A. Rasio, and F.
Dosopoulou, Black Hole Mergers in Galactic Nuclei
Induced by the Eccentric Kozai-Lidov Effect, Astrophys.
J. 856, 140 (2018).

[282] G. Fragione, E. Grishin, N. W. C. Leigh, H. B. Perets, and
R. Perna, Black Hole and Neutron Star Mergers in
Galactic Nuclei, Mon. Not. R. Astron. Soc. 488, 47
(2019).

[283] M. Arca Sedda, M. Mapelli, M. Spera, M. Benacquista,
and N. Giacobbo, Fingerprints of Binary Black Hole
Formation Channels Encoded in the Mass and Spin of
Merger Remnants, Astrophys. J. 894, 133 (2020).

[284] M. Mapelli, M. Dall’Amico, Y. Bouffanais, N. Giacobbo,
M. Arca Sedda, M. C. Artale, A. Ballone, U. N. Di Carlo,
G. Iorio, F. Santoliquido, and S. Torniamenti, Hierarchical
Black Hole Mergers in Young, Globular and Nuclear Star
Clusters: The Effect of Metallicity, Spin and Cluster
Properties, Mon. Not. R. Astron. Soc. 505, 339 (2021).

[285] L. Gondan and B. Kocsis, High Eccentricities and High
Masses Characterize Gravitational-Wave Captures in
Galactic Nuclei as Seen by Earth-Based Detectors,
Mon. Not. R. Astron. Soc. 506, 1665 (2021).

[286] K. E.S. Ford and B. McKernan, Binary Black Hole Merger
Rates in AGN Disks versus Nuclear Star Clusters: Loud
Beats Quiet, arXiv:2109.03212.

[287] H. Tagawa, B. Kocsis, Z. Haiman, 1. Bartos, K. Omukai,
and J. Samsing, Mass-gap Mergers in Active Galactic
Nuclei, Astrophys. J. 908, 194 (2021).

[288] Y. Yang, 1. Bartos, Z. Haiman, B. Kocsis, Z. Marka, N. C.
Stone, and S. Marka, AGN Disks Harden the Mass
Distribution of Stellar-Mass Binary Black Hole Mergers,
Astrophys. J. 876, 122 (2019).

[289] K. Belczynski, D.E. Holz, T. Bulik, and R.
O’Shaughnessy, The First Gravitational-Wave Source
Jfrom the Isolated Evolution of Two Stars in the 40—100
Solar Mass Range, Nature (London) 534, 512 (2016).

[290] N. Giacobbo and M. Mapelli, The Progenitors of Com-
pact-Object Binaries: Impact of Metallicity, Common
Envelope and Natal Kicks, Mon. Not. R. Astron. Soc.
480, 2011 (2018).

[291] G. Wiktorowicz, L. Wyrzykowski, M. Chruslinska, J.
Klencki, K. A. Rybicki, and K. Belczynski, Populations
of Stellar-Mass Black Holes from Binary Systems, As-
trophys. J. 885, 1 (2019).

[292] S.E. de Mink and K. Belczynski, Merger Rates of Double
Neutron Stars and Stellar Origin Black Holes: The Impact
of Initial Conditions on Binary Evolution Predictions,
Astrophys. J. 814, 58 (2015).

[293] A. Olejak, K. Belczynski, and N. Ivanova, Impact of
Common Envelope Development Criteria on the Forma-

tion of LIGO/Virgo Sources, Astron. Astrophys. 651,
A100 (2021).

[294] G. Costa, A. Bressan, M. Mapelli, P. Marigo, G. Iorio,
and M. Spera, Formation of GWI190521 from Stellar
Evolution: The Impact of the Hydrogen-Rich Envelope,
Dredge-Up, and *C(a, y)'°0 Rate on the Pair-Instability
Black Hole Mass Gap, Mon. Not. R. Astron. Soc. 501,
4514 (2021).

[295] E. Farrell, J. H. Groh, R. Hirschi, L. Murphy, E. Kaiser, S.
Ekstrom, C. Georgy, and G. Meynet, Is GWI190521 the
Merger of Black Holes from the First Stellar Genera-
tions?, Mon. Not. R. Astron. Soc. 502, L40 (2021).

[296] K. Takahashi, The Low Detection Rate of Pair-instability
Supernovae and the Effect of the Core Carbon Fraction,
Astrophys. J. 863, 153 (2018).

[297] F. Antonini, M. Gieles, and A. Gualandris, Black Hole
Growth through Hierarchical Black Hole Mergers in
Dense Star Clusters: Implications for Gravitational Wave
Detections, Mon. Not. R. Astron. Soc. 486, 5008 (2019).

[298] G. Fragione, A. Loeb, and F. A. Rasio, On the Origin of
GW190521-like Events from Repeated Black Hole Merg-
ers in Star Clusters, Astrophys. J. Lett. 902, 126
(2020).

[299] A. Palmese and C.J. Conselice, GWI190521 from the
Merger of Ultradwarf Galaxies, Phys. Rev. Lett. 126,
181103 (2021).

[300] H. Tagawa, Z. Haiman, I. Bartos, B. Kocsis, and K.
Omukai, Signatures of Hierarchical Mergers in Black
Hole Spin and Mass Distribution, Mon. Not. R. Astron.
Soc. 507, 3362 (2021).

[301] U.N. Di Carlo, N. Giacobbo, M. Mapelli, M. Pasquato, M.
Spera, L. Wang, and F. Haardt, Merging Black Holes in
Young Star Clusters, Mon. Not. R. Astron. Soc. 487, 2947
(2019).

[302] U.N. Di Carlo, M. Mapelli, Y. Bouffanais, N. Giacobbo, F.
Santoliquido, A. Bressan, M. Spera, and F. Haardt, Binary
Black Holes in the Pair Instability Mass Gap, Mon. Not. R.
Astron. Soc. 497, 1043 (2020).

[303] K. Kremer, M. Spera, D. Becker, S. Chatterjee, U. N. Di
Carlo, G. Fragione, C. L. Rodriguez, C.S. Ye, and F. A.
Rasio, Populating the Upper Black Hole Mass Gap
through Stellar Collisions in Young Star Clusters, As-
trophys. J. 903, 45 (2020).

[304] M. Renzo, M. Cantiello, B. D. Metzger, and Y.F. Jiang,
The Stellar Merger Scenario for Black Holes in the Pair-
Instability Gap, Astrophys. J. Lett. 904, L13 (2020).

[305] K. Belczynski, The Most Ordinary Formation of the Most
Unusual Double Black Hole Merger, Astrophys. J. Lett.
905, L15 (2020).

[306] K. Inayoshi, Z. Haiman, and J. P. Ostriker, Hyper-Edding-
ton Accretion Flows on to Massive Black Holes, Mon. Not.
R. Astron. Soc. 459, 3738 (2016).

[307] Z. Roupas and D. Kazanas, Generation of Massive Stellar
Black Holes by Rapid Gas Accretion in Primordial Dense
Clusters, Astron. Astrophys. 632, L8 (2019).

[308] M. Safarzadeh and Z. Haiman, Formation of GW190521
via Gas Accretion onto Population Il Stellar Black Hole
Remnants Born in High-Redshift Minihalos, Astrophys. J.
Lett. 903, L21 (2020).

011048-61


https://doi.org/10.1103/PhysRevD.105.023004
https://doi.org/10.1088/0004-637X/757/1/27
https://doi.org/10.1088/0004-637X/757/1/27
https://doi.org/10.3847/0004-637X/831/2/187
https://doi.org/10.3847/1538-4357/aaafce
https://doi.org/10.3847/1538-4357/aaafce
https://doi.org/10.1093/mnras/stz1651
https://doi.org/10.1093/mnras/stz1651
https://doi.org/10.3847/1538-4357/ab88b2
https://doi.org/10.1093/mnras/stab1334
https://doi.org/10.1093/mnras/stab1722
https://arXiv.org/abs/2109.03212
https://doi.org/10.3847/1538-4357/abd555
https://doi.org/10.3847/1538-4357/ab16e3
https://doi.org/10.1038/nature18322
https://doi.org/10.1093/mnras/sty1999
https://doi.org/10.1093/mnras/sty1999
https://doi.org/10.3847/1538-4357/ab45e6
https://doi.org/10.3847/1538-4357/ab45e6
https://doi.org/10.1088/0004-637X/814/1/58
https://doi.org/10.1051/0004-6361/202140520
https://doi.org/10.1051/0004-6361/202140520
https://doi.org/10.1093/mnras/staa3916
https://doi.org/10.1093/mnras/staa3916
https://doi.org/10.1093/mnrasl/slaa196
https://doi.org/10.3847/1538-4357/aad2d2
https://doi.org/10.1093/mnras/stz1149
https://doi.org/10.3847/2041-8213/abbc0a
https://doi.org/10.3847/2041-8213/abbc0a
https://doi.org/10.1103/PhysRevLett.126.181103
https://doi.org/10.1103/PhysRevLett.126.181103
https://doi.org/10.1093/mnras/stab2315
https://doi.org/10.1093/mnras/stab2315
https://doi.org/10.1093/mnras/stz1453
https://doi.org/10.1093/mnras/stz1453
https://doi.org/10.1093/mnras/staa1997
https://doi.org/10.1093/mnras/staa1997
https://doi.org/10.3847/1538-4357/abb945
https://doi.org/10.3847/1538-4357/abb945
https://doi.org/10.3847/2041-8213/abc6a6
https://doi.org/10.3847/2041-8213/abcbf1
https://doi.org/10.3847/2041-8213/abcbf1
https://doi.org/10.1093/mnras/stw836
https://doi.org/10.1093/mnras/stw836
https://doi.org/10.1051/0004-6361/201937002
https://doi.org/10.3847/2041-8213/abc253
https://doi.org/10.3847/2041-8213/abc253

R. ABBOTT et al.

PHYS. REV. X 13, 011048 (2023)

[309] V. De Luca, V. Desjacques, G. Franciolini, P. Pani, and A.
Riotto, GW190521 Mass Gap Event and the Primordial
Black Hole Scenario, Phys. Rev. Lett. 126, 051101 (2021).

[310] V. Baibhav, E. Berti, D. Gerosa, M. Mapelli, N. Giacobbo,
Y. Bouffanais, and U.N. Di Carlo, Gravitational-
Wave Detection Rates for Compact Binaries Formed in
Isolation: LIGO/Virgo O3 and Beyond, Phys. Rev. D 100,
064060 (2019).

[311] M. Gallegos-Garcia, C.P.L. Berry, P. Marchant, and V.
Kalogera, Binary Black Hole Formation with Detailed
Modeling: Stable Mass Transfer Leads to Lower Merger
Rates, Astrophys. J. 922, 110 (2021).

[312] F. Santoliquido, M. Mapelli, Y. Bouffanais, N. Giacobbo,
U. N. Di Carlo, S. Rastello, M. C. Artale, and A. Ballone,
The Cosmic Merger Rate Density Evolution of Compact
Binaries Formed in Young Star Clusters and in Isolated
Binaries, Astrophys. J. 898, 152 (2020).

[313] I. Mandel and S. E. de Mink, Merging Binary Black Holes
Formed through Chemically Homogeneous Evolution in
Short-Period Stellar Binaries, Mon. Not. R. Astron. Soc.
458, 2634 (2016).

[314] G. Fragione and B. Kocsis, Black Hole Mergers from an
Evolving Population of Globular Clusters, Phys. Rev. Lett.
121, 161103 (2018).

[315] H. Tagawa, Z. Haiman, I. Bartos, and B. Kocsis, Spin
Evolution of Stellar-Mass Black Hole Binaries in Active
Galactic Nuclei, Astrophys. J. 899, 26 (2020).

[316] S. Albrecht, S. Reffert, I. A. G. Snellen, and J. N. Winn,
Misaligned Spin and Orbital Axes Cause the Anomalous
Precession of DI Herculis, Nature (London) 461, 373
(2009).

[317] S. Albrecht, J. N. Winn, J. A. Carter, I. A. G. Snellen, and
E.J. W. de Mooij, The Banana Project. IIl. Spin-Orbit
Alignment in the Long-Period Eclipsing Binary NY Ce-
phei, Astrophys. J. 726, 68 (2011).

[318] S. Albrecht, J. Setiawan, G. Torres, D. C. Fabrycky, and
J.N. Winn, The BANANA Project. IV. Two Aligned Stellar
Rotation Axes in the Young Eccentric Binary System EP
Crucis: Primordial Orientation and Tidal Alignment,
Astrophys. J. 767, 32 (2013).

[319] S. Albrecht, J.N. Winn, G. Torres, D.C. Fabrycky, J.
Setiawan, M. Gillon, E. Jehin, A. Triaud, D. Queloz, L.
Snellen, and P. Eggleton, The BANANA Project. V.
Misaligned and Precessing Stellar Rotation Axes in CV
Velorum, Astrophys. J. 785, 83 (2014).

[320] F. Antonini, C.L. Rodriguez, C. Petrovich, and C.L.
Fischer, Precessional Dynamics of Black Hole Triples:
Binary Mergers with Near-Zero Effective Spin, Mon. Not.
R. Astron. Soc.: Lett. 480, L58 (2018).

[321] C.L. Rodriguez and F. Antonini, A Triple Origin for the
Heavy and Low-Spin Binary Black Holes Detected by
LIGO/VIRGO, Astrophys. J. 863, 7 (2018).

[322] B. Liu, D. Lai, and Y.-H. Wang, Black Hole and Neutron
Star Binary Mergers in Triple Systems. Il. Merger Eccen-
tricity and Spin-Orbit Misalignment, Astrophys. J. 881, 41
(2019).

[323] A.S. Hamers, G. Fragione, P. Neunteufel, and B. Kocsis,
First- and Second-Generation Black Hole and Neutron
Star Mergers in 2 + 2 Quadruples: Population Statistics,
Mon. Not. R. Astron. Soc. 506, 5345 (2021).

[324] C. Petrovich and F. Antonini, Greatly Enhanced Merger
Rates of Compact-Object Binaries in Non-Spherical Nu-
clear Star Clusters, Astrophys. J. 846, 146 (2017).

[325] H. Yu, S. Ma, M. Giesler, and Y. Chen, Spin and
Eccentricity Evolution in Triple Systems: From the
Lidov-Kozai Interaction to the Final Merger of the Inner
Binary, Phys. Rev. D 102, 123009 (2020).

[326] Y. Su, D. Lai, and B. Liu, Spin-Orbit Misalignments in
Tertiary-Induced Binary Black-Hole Mergers: Theoretical
Analysis, Phys. Rev. D 103, 063040 (2021).

[327] J. Stegmann and F. Antonini, Flipping Spins in Mass
Transferring Binaries and Origin of Spin-Orbit Misalign-
ment in Binary Black Holes, Phys. Rev. D 103, 063007
(2021).

[328] C. Chan, B. Miiller, and A. Heger, The Impact of Fallback
on the Compact Remnants and Chemical Yields of Core-
Collapse Supernovae, Mon. Not. R. Astron. Soc. 495,
3751 (2020).

[329] S. Repetto, M. B. Davies, and S. Sigurdsson, Investigating
Stellar-Mass Black Hole Kicks, Mon. Not. R. Astron. Soc.
425, 2799 (2012).

[330] I. Mandel, Estimates of Black Hole Natal Kick Velocities
from Observations of Low-Mass X-Ray Binaries, Mon.
Not. R. Astron. Soc. 456, 578 (2016).

[331] J.J. Andrews and V. Kalogera, Constraining Black Hole
Natal Kicks with Astrometric Microlensing, Astrophys. J.
930, 159 (2022).

[332] W. M. Farr, K. Kremer, M. Lyutikov, and V. Kalogera, Spin
Tilts in the Double Pulsar Reveal Supernova Spin Angu-
lar-Momentum Production, Astrophys. J. 742, 81 (2011).

[333] A. A. Trani, A. Tanikawa, M. S. Fujii, N. W. C. Leigh, and
J. Kumamoto, Spin Misalignment of Black Hole Binaries
from Young Star Clusters: Implications for the Origin of
Gravitational Waves Events, Mon. Not. R. Astron. Soc.
504, 910 (2021).

[334] 1. Mandel and T. Fragos, An Alternative Interpretation of
GWI190412 as a Binary Black Hole Merger with a Rapidly
Spinning Secondary, Astrophys. J. Lett. 895, L28
(2020).

[335] P. Marchant, N. Langer, P. Podsiadlowski, T. M. Tauris,
and T. J. Moriya, A New Route towards Merging Massive
Black Holes, Astron. Astrophys. 588, A50 (2016).

[336] V. De Luca, V. Desjacques, G. Franciolini, A. Malhotra,
and A. Riotto, The Initial Spin Probability Distribution of
Primordial Black Holes, J. Cosmol. Astropart. Phys. 05
(2019) 018.

[337] T. Chiba and S. Yokoyama, Spin Distribution of Primor-
dial Black Holes, Prog. Theor. Exp. Phys. 2017, 083E01
(2017).

[338] M. Safarzadeh, W. M. Farr, and E. Ramirez-Ruiz, A Trend
in the Effective Spin Distribution of LIGO Binary Black
Holes with Mass, Astrophys. J. 894, 129 (2020).

[339] C. Hoy, S. Fairhurst, M. Hannam, and V. Tiwari, Under-
standing How Fast Black Holes Spin by Analyzing Data
from the Second Gravitational-Wave Catalogue, Astro-
phys. J. 928, 75 (2022).

[340] M. Safarzadeh, E. Ramirez-Ruiz, and E. Berger, Does
GWI190425 Require an Alternative Formation Pathway
than a Fast-Merging Channel?, Astrophys. J. 900, 13
(2020).

011048-62


https://doi.org/10.1103/PhysRevLett.126.051101
https://doi.org/10.1103/PhysRevD.100.064060
https://doi.org/10.1103/PhysRevD.100.064060
https://doi.org/10.3847/1538-4357/ac2610
https://doi.org/10.3847/1538-4357/ab9b78
https://doi.org/10.1093/mnras/stw379
https://doi.org/10.1093/mnras/stw379
https://doi.org/10.1103/PhysRevLett.121.161103
https://doi.org/10.1103/PhysRevLett.121.161103
https://doi.org/10.3847/1538-4357/aba2cc
https://doi.org/10.1038/nature08408
https://doi.org/10.1038/nature08408
https://doi.org/10.1088/0004-637X/726/2/68
https://doi.org/10.1088/0004-637X/767/1/32
https://doi.org/10.1088/0004-637X/785/2/83
https://doi.org/10.1093/mnrasl/sly126
https://doi.org/10.1093/mnrasl/sly126
https://doi.org/10.3847/1538-4357/aacea4
https://doi.org/10.3847/1538-4357/ab2dfb
https://doi.org/10.3847/1538-4357/ab2dfb
https://doi.org/10.1093/mnras/stab2136
https://doi.org/10.3847/1538-4357/aa8628
https://doi.org/10.1103/PhysRevD.102.123009
https://doi.org/10.1103/PhysRevD.103.063040
https://doi.org/10.1103/PhysRevD.103.063007
https://doi.org/10.1103/PhysRevD.103.063007
https://doi.org/10.1093/mnras/staa1431
https://doi.org/10.1093/mnras/staa1431
https://doi.org/10.1111/j.1365-2966.2012.21549.x
https://doi.org/10.1111/j.1365-2966.2012.21549.x
https://doi.org/10.1093/mnras/stv2733
https://doi.org/10.1093/mnras/stv2733
https://doi.org/10.3847/1538-4357/ac66d6
https://doi.org/10.3847/1538-4357/ac66d6
https://doi.org/10.1088/0004-637X/742/2/81
https://doi.org/10.1093/mnras/stab967
https://doi.org/10.1093/mnras/stab967
https://doi.org/10.3847/2041-8213/ab8e41
https://doi.org/10.3847/2041-8213/ab8e41
https://doi.org/10.1051/0004-6361/201628133
https://doi.org/10.1088/1475-7516/2019/05/018
https://doi.org/10.1088/1475-7516/2019/05/018
https://doi.org/10.1093/ptep/ptx087
https://doi.org/10.1093/ptep/ptx087
https://doi.org/10.3847/1538-4357/ab80be
https://doi.org/10.3847/1538-4357/ac54a3
https://doi.org/10.3847/1538-4357/ac54a3
https://doi.org/10.3847/1538-4357/aba596
https://doi.org/10.3847/1538-4357/aba596

POPULATION OF MERGING COMPACT BINARIES INFERRED ...

PHYS. REV. X 13, 011048 (2023)

[341] 1. M. Romero-Shaw, N. Farrow, S. Stevenson, E. Thrane,
and X.-J. Zhu, On the Origin of GW190425, Mon. Not. R.
Astron. Soc. 496, L.64 (2020).

[342] B. Carr, F. Kiihnel, and M. Sandstad, Primordial Black
Holes as Dark Matter, Phys. Rev. D 94, 083504 (2016).

[343] G. Franciolini, V. Baibhav, V. De Luca, K.K.Y. Ng,
K. W.K. Wong, E. Berti, P. Pani, A. Riotto, and S.
Vitale, Searching for a Subpopulation of Primordial Black
Holes in LIGO-Virgo Gravitational-Wave Data, Phys.
Rev. D 105, 083526 (2022).

[344] D. Radice, A. Perego, K. Hotokezaka, S. A. Fromm, S.
Bernuzzi, and L. F. Roberts, Binary Neutron Star Mergers:
Mass Ejection, Electromagnetic Counterparts, and
Nucleosynthesis, Astrophys. J. 869, 130 (2018).

[345] M. W. Coughlin, T. Dietrich, B. Margalit, and B.D.
Metzger, Multimessenger Bayesian Parameter Inference
of a Binary Neutron Star Merger, Mon. Not. R. Astron.
Soc. 489, L.91 (2019).

[346] J. M. Lattimer and D. N. Schramm, Black-Hole-Neutron-
Star Collisions, Astrophys. J. Lett. 192, L145 (1974).

[347] K. Kiuchi, K. Kyutoku, M. Shibata, and K. Taniguchi,
Revisiting the Lower Bound on Tidal Deformability
Derived by AT 2017gfo, Astrophys. J. Lett. 876, L31
(2019).

[348] F. Foucart, T. Hinderer, and S. Nissanke, Remnant Baryon
Mass in Neutron Star-Black Hole Mergers: Predictions
Sfor Binary Neutron Star Mimickers and Rapidly Spinning
Black Holes, Phys. Rev. D 98, 081501 (2018).

[349] C.1J. Kriiger and F. Foucart, Estimates for Disk and Ejecta
Masses Produced in Compact Binary Mergers, Phys. Rev.
D 101, 103002 (2020).

[350] R. Mochkovitch, M. Hernanz, J. Isern, and X. Martin,
Gamma-Ray Bursts as Collimated Jets from Neutron Star/
Black Hole Mergers, Nature (London) 361, 236 (1993).

[351] H. T. Janka, T. Eberl, M. Ruffert, and C. L. Fryer, Black
Hole-Neutron Star Mergers as Central Engines of
Gamma-Ray Bursts, Astrophys. J. Lett. 527, L39 (1999).

[352] S.E. Woosley, Gamma-Ray Bursts from Stellar Mass
Accretion Disks around Black Holes, Astrophys. J. 405,
273 (1993).

[353] P. Drozda, K. Belczynski, R. O’Shaughnessy, T. Bulik, and
C. L. Fryer, Black Hole—Neutron Star Mergers: The First
Mass Gap and Kilonovae, arXiv:2009.06655.

[354] J.-P. Zhu, S. Wu, Y. Qin, B. Zhang, H. Gao, and Z. Cao,
Population Properties of Gravitational-Wave Neutron
Star-Black Hole Mergers, Astrophys. J. 928, 167
(2022).

[355] B. Margalit and B.D. Metzger, The Multi-Messenger
Matrix: The Future of Neutron Star Merger Constraints
on the Nuclear Equation of State, Astrophys. J. Lett. 880,
L15 (2019).

[356] B. Liu and D. Lai, Hierarchical Black Hole Mergers in
Multiple Systems: Constrain the Formation of GW190412-
, GW190814-, and GW190521-like Events, Mon. Not. R.
Astron. Soc. 502, 2049 (2021).

[357] E. Thrane and J.D. Romano, Sensitivity Curves for
Searches for Gravitational-Wave Backgrounds, Phys.
Rev. D 88, 124032 (2013).

[358] B.P. Abbott, R. Abbott, T.D. Abbott, S. Abraham, F.
Acernese et al., Search for the Isotropic Stochastic Back-

ground Using Data from Advanced LIGO’s Second
Observing Run, Phys. Rev. D 100, 061101 (2019).

[359] E. Vangioni, K. A. Olive, T. Prestegard, J. Silk, P. Petitjean,
and V. Mandic, The Impact of Star Formation and
Gamma-Ray Burst Rates at High Redshift on Cosmic
Chemical Evolution and Reionization, Mon. Not. R.
Astron. Soc. 447, 2575 (2015).

[360] E. Vangioni, S. Goriely, F. Daigne, P. Francois, and K.
Belczynski, Cosmic Neutron-Star Merger Rate and Gravi-
tational Waves Constrained by the r-Process Nucleosyn-
thesis, Mon. Not. R. Astron. Soc. 455, 17 (2016).

[361] E. Vangioni and K. A. Olive, The Cosmic Evolution of
Magnesium Isotopes, Mon. Not. R. Astron. Soc. 484, 3561
(2019).

[362] M. Dominik, K. Belczynski, C. Fryer, D. E. Holz, E. Berti,
T. Bulik, I. Mandel, and R. O’Shaughnessy, Double
Compact Objects. . The Significance of the Common
Envelope on Merger Rates, Astrophys. J. 759, 52 (2012).

[363] M. Chruslinska, G. Nelemans, and K. Belczynski, The
Influence of the Distribution of Cosmic Star Formation at
Different Metallicities on the Properties of Merging
Double Compact Objects, Mon. Not. R. Astron. Soc.
482, 5012 (2019).

[364] S.R. Taylor, J. R. Gair, and I. Mandel, Cosmology Using
Advanced Gravitational-Wave Detectors Alone, Phys.
Rev. D 85, 023535 (2012).

[365] W. M. Farr, M. Fishbach, J. Ye, and D. E. Holz, A Future
Percent-Level Measurement of the Hubble Expansion at
Redshift 0.8 with Advanced LIGO, Astrophys. J. Lett. 883,
L42 (2019).

[366] R. Abbott, T. Abbott, S. Abraham et al., Constraints on the
Cosmic Expansion History from GWTC-3, arXiv:2111.
03604.

[367] R. Abbott et al. (LIGO Scientific Collaboration, Virgo
Collaboration, and KAGRA Collaboration), Prospects for
Observing and Localizing Gravitational-Wave Transients
with Advanced LIGO, Advanced Virgo and KAGRA,
Living Rev. Relativity 23, 3 (2020).

[368] R. Abbott, T. Abbott, S. Abraham er al., GWIC-3:
Compact Binary Coalescences Observed by LIGO and
Virgo during the Second Part of the Third Observing Run
—O3 Search Sensitivity estimates, Zenodo, https://zenodo
.org/deposit/5546676 10.5281/zenodo.5546675, 2021.

[369] V. Tiwari, Estimation of the Sensitive Volume for Gravi-
tational-Wave  Source Populations Using Weighted
Monte Carlo Integration, Classical Quantum Gravity 35,
145009 (2018).

[370] R. Abbott, T. Abbott, S. Abraham er al., GWTC-3:
Compact Binary Coalescences Observed by LIGO and
Virgo During the Second Part of the Third Observing
Run—O1+02+03 Search Sensitivity Estimates, Zenodo,
https://zenodo.org/deposit/5636816 10.5281/zenodo
5636816, 2021.

[371] D. Wysocki and R. O’Shaughnessy, PopModels O3a APS
April 2021 Presentation, https://gitlab.com/dwysocki/pop-
models-o3a-aps-april-2021, 2021.

[372] C. Cutler and E. E. Flanagan, Gravitational Waves from
Merging Compact Binaries: How Accurately Can One
Extract the Binary’s Parameters from the Inspiral Wave-
form?, Phys. Rev. D 49, 2658 (1994).

011048-63


https://doi.org/10.1093/mnrasl/slaa084
https://doi.org/10.1093/mnrasl/slaa084
https://doi.org/10.1103/PhysRevD.94.083504
https://doi.org/10.1103/PhysRevD.105.083526
https://doi.org/10.1103/PhysRevD.105.083526
https://doi.org/10.3847/1538-4357/aaf054
https://doi.org/10.1093/mnrasl/slz133
https://doi.org/10.1093/mnrasl/slz133
https://doi.org/10.1086/181612
https://doi.org/10.3847/2041-8213/ab1e45
https://doi.org/10.3847/2041-8213/ab1e45
https://doi.org/10.1103/PhysRevD.98.081501
https://doi.org/10.1103/PhysRevD.101.103002
https://doi.org/10.1103/PhysRevD.101.103002
https://doi.org/10.1038/361236a0
https://doi.org/10.1086/312397
https://doi.org/10.1086/172359
https://doi.org/10.1086/172359
https://arXiv.org/abs/2009.06655
https://doi.org/10.3847/1538-4357/ac540c
https://doi.org/10.3847/1538-4357/ac540c
https://doi.org/10.3847/2041-8213/ab2ae2
https://doi.org/10.3847/2041-8213/ab2ae2
https://doi.org/10.1093/mnras/stab178
https://doi.org/10.1093/mnras/stab178
https://doi.org/10.1103/PhysRevD.88.124032
https://doi.org/10.1103/PhysRevD.88.124032
https://doi.org/10.1103/PhysRevD.100.061101
https://doi.org/10.1093/mnras/stu2600
https://doi.org/10.1093/mnras/stu2600
https://doi.org/10.1093/mnras/stv2296
https://doi.org/10.1093/mnras/stz210
https://doi.org/10.1093/mnras/stz210
https://doi.org/10.1088/0004-637X/759/1/52
https://doi.org/10.1093/mnras/sty3087
https://doi.org/10.1093/mnras/sty3087
https://doi.org/10.1103/PhysRevD.85.023535
https://doi.org/10.1103/PhysRevD.85.023535
https://doi.org/10.3847/2041-8213/ab4284
https://doi.org/10.3847/2041-8213/ab4284
https://arXiv.org/abs/2111.03604
https://arXiv.org/abs/2111.03604
https://doi.org/10.1007/s41114-020-00026-9
https://zenodo.org/deposit/5546676
https://zenodo.org/deposit/5546676
https://doi.org/10.5281/zenodo.5546675
https://doi.org/10.1088/1361-6382/aac89d
https://doi.org/10.1088/1361-6382/aac89d
https://zenodo.org/deposit/5636816
https://zenodo.org/deposit/5636816
https://doi.org/10.5281/zenodo.5636816
https://doi.org/10.5281/zenodo.5636816
https://gitlab.com/dwysocki/pop-models-o3a-aps-april-2021
https://gitlab.com/dwysocki/pop-models-o3a-aps-april-2021
https://gitlab.com/dwysocki/pop-models-o3a-aps-april-2021
https://doi.org/10.1103/PhysRevD.49.2658

R. ABBOTT et al.

PHYS. REV. X 13, 011048 (2023)

[373] M. Hannam, D. A. Brown, S. Fairhurst, C. L. Fryer, and
1. W. Harry, When Can Gravitational-Wave Observations
Distinguish between Black Holes and Neutron Stars?,
Astrophys. J. Lett. 766, L14 (2013).

[374] C.P.L. Berry, I. Mandel, H. Middleton, L. P. Singer, A. L.
Urban, A. Vecchio, S. Vitale, K. Cannon, B. Farr, W. M.
Farr, P. B. Graff, C. Hanna, C.-J. Haster, S. Mohapatra, C.
Pankow, L. R. Price, T. Sidery, and J. Veitch, Parameter
Estimation for Binary Neutron-Star Coalescences with
Realistic Noise during the Advanced LIGO Era, Astro-
phys. J. 804, 114 (2015).

[375] B. Farr, C.P.L. Berry, W.M. Farr, C.-J. Haster, H.
Middleton, K. Cannon, P. B. Graff, C. Hanna, I. Mandel,
C. Pankow, L. R. Price, T. Sidery, L. P. Singer, A. L. Urban,
A. Vecchio, J. Veitch, and S. Vitale, Parameter Estimation
on Gravitational Waves from Neutron-Star Binaries with
Spinning Components, Astrophys. J. 825, 116 (2016).

[376] K.K.Y. Ng, S. Vitale, A. Zimmerman, K. Chatziioannou,
D. Gerosa, and C.-J. Haster, Gravitational-Wave Astro-
physics with Effective-Spin Measurements: Asymmetries
and Selection Biases, Phys. Rev. D 98, 083007 (2018).

[377] D. Wysocki, R. O’Shaughnessy, L. Wade, and J.
Lange, Inferring the Neutron Star Equation of State
Simultaneously with the Population of Merging Neutron
Stars, arXiv:2001.01747.

[378] S. Biscoveanu, C. Talbot, and S. Vitale, The Effect of Spin
Mismodelling on Gravitational-Wave Measurements of the
Binary Neutron Star Mass Distribution, Mon. Not. R.
Astron. Soc. 511, 4350 (2022).

[379] P. Ajith, N. Fotopoulos, S. Privitera, A. Neunzert, N.
Mazumder, and A.J. Weinstein, Effectual Template Bank
for the Detection of Gravitational Waves from Inspiralling
Compact Binaries with Generic Spins, Phys. Rev. D 89,
084041 (2014).

[380] P. Ajith, Addressing the Spin Question in Gravitational-
Wave Searches: Waveform Templates for Inspiralling
Compact Binaries with Nonprecessing Spins, Phys. Rev.
D 84, 084037 (2011).

[381] I. Harry, S. Privitera, A. Bohé, and A. Buonanno,
Searching for Gravitational Waves from Compact Bina-
ries with Precessing Spins, Phys. Rev. D 94, 024012
(2016).

R. Abbott,' T. D. Abbott,” F. Acernese, ™ K. Ackley,” C. Adams,” N. Adhikari,” R. X. Adhikari,' V. B. Adya,® C. Affeldt,”'
D. Agarwal,'' M. Agathos,'*"” K. Agatsuma,'* N. Aggarwal," O.D. Aguiar,'® L. Aiello,"”” A. Ain,"® P. Ajith,"

T. Akutsu,®*' P.F. de Alarcén,” S. Akcay,”* S. Albanesi,”* A. Allocca,” P. A. Altin,* A. Amato,”® C. Anand,’
S. Anand,1 A. Ananyeva,1 S.B. Anderson,1 W.G. Anderson,7 M. Ando,27’28 T. Andrade,29 N. Andres,30 T. Andrié,31
S.V. Angelova,32 S. Ansoldi,33’34 J.M. Antelis,35 S. Antier,36 F. Antonini,17 S. Appert,1 Koji Arai,1 Koya Araj,37 Y. Arai,37
S. Araki,38 A. Alraya,39 M. C. Araya,l J.S. Areeda,40 M. Aréne,36 N. Alritomi,27 N. Arnaudf“’42 M. Arogeti,43
S.M. Aronson,2 K. G. Arun,44 H. Asada,45 Y. Asali,46 G. Ashton,5 Y. Aso,47’48 M. Assiduo,‘w’50 S. M. Aston,6 P. Astone,51
F. Aubin,30 C. Austin,2 S. Babak,36 F. Badaracco,52 M. K. M. Bader,53 C. Badger,54 S. Bae,55 Y. Bae,56 A. M. Baer,57
S. Bagnasco,”® Y. Bai,' L. Baiotti,” J. Baird,”® R. Bajpai,” M. Ball," G. Ballardin,”” S. W. Ballmer,"" A. Balsamo,”’
G. Baltus,62 S. Bamagiri,63 D. Bankar,11 J.C. Barayoga,l C. Barbie:ri,(’4’(’5’(’6 B.C. Barish,l D. Barker,67 P. Barneo,29
F. Barone,6&4 B. Barr,69 L. Barsotti,70 M. Barsuglia,36 D. B.au“[a,71 J. Bau“[lett,67 M. A. Banon,69’20 I. BaI“[os,72 R. Bassiri,73
A. Basti,”’18 M. Bawaj,75’76 J.C. Bayley,69 A.C. Baylor,7 M. Bazzan,77’78 B. Bécsy,79 V.M. Bedakihale,80 M. Bejger,m
I Belahcene,41 V. Benedetto,82 D. Beniwall,83 T.F Bennett,84 J.D. Bentley,14 M. BenYaala,32 F. Bergamin,9’10
B. K. Berger,73 S. Bemuzzi,13 C.P.L. Berry,15 D, Bersanetti,85 A. Bertolini,5 i Betzwieser,6 D. Beveridge,g(’

R. Bhandare,*” U. Bhardwaj,** D. Bhattacharjee,”” S. Bhaumik,”* I. A. Bilenko,” G. Billingsley,' S. Bini,”'*> R. Birney,”
0. Birnholtz,94 S. Biscans,l’70 M. Bischi,49’50 S. Biscoveanu,70 A. Bisht,g‘IO B. Biswas,ll M. Bitossi,42’18 M.-A. Bizouard,95
J. K. Blackburn,'! C.D. Blair,**® D. G. Blair,"® R. M. Blair,”” F. Bobba,”*”” N. Bode,”'® M. Boer,” G. Bogaert,”
M. Boldrini,gg’51 L.D. Bonavena,77 F. Bondu,99 E. Bonilla,73 R. Bonnand,30 P Booker,g’lo B. A. Boom,53 R. Bork,1
V. Boschi,18 N. Bose,loo S. Bose,11 V. Bossilkov,86 V. Boudeurt,62 Y. Bouffanais,77’78 A. Bozzi,42 C. Bradaschia,18
P.R. Braldy,7 A. Bramley,6 A. Branch,6 M. Branche:si,3l’101 J. Brandt,43 J.E. Brau,60 M. Breschi,13 T. Briant,lo2 J.H. Briggs,69
A. B1rillet,95 M. Bn’nkmann,9’10 P. Brockill,7 A.F Brooks,1 J. Brooks,42 D.D. Brown,83 S. Brunett,l G. Bruno,52 R. Bruntz,57
J. Bryant,"* T. Bulik,'™ H.J. Bulten,” A. Buonanno,'*'® R. Buscicchio,'* D. Buskulic,”® C. Buy,'® R.L. Byer,”
L. Cadonati,” G. Cagnoli,”® C. Cahillane,®’” J. Calderén Bustillo,'””'® J. D. Callaghan,” T. A. Callister,'”''° E. Calloni,”"*
J. Cameron,86 J.B. Camp,m M. Canepa,”z‘85 S. Canevarolo,113 M. Cannavacciuolo,96 K. C. Cannon,”4 H. Cao,83
Z. Cao,115 E. Capocasa,20 E. Capote,61 G. Carapella,%’97 F. Carbognani,42 J.B. Carlin,“(’ M. E Carney,15
M. Carpinelli,m’“&42 G. Carrillo,60 G. Carullo,M’18 T. L. Carver,17 J. Casanueva Diaz,42 C. Casentini,m’120 G. Castaldi,121
S. Caudi11,53’113 M. Cavaglié,89 F. Cavalier,“ R. Cavalieri,42 M. Ceasar,122 G. Cella,18 P. Cerdél—Durzin,123 E. Cesarini,lzo
W. Chaibi,95 K. Chakravarti,11 S. Chalathadka Subrahmanya,124 E. Champion,125 C.-H. Chan,126 C. Chan,114 C.L. Ch.am,108
K. Chan,'® M. Chan,'”” K. Chandra,'™ P. Chanial,"* S. Chao,'”® C. E. A. Chapman-Bird,” P. Charlton,'*® E. A. Chase,"

011048-64


https://doi.org/10.1088/2041-8205/766/1/L14
https://doi.org/10.1088/0004-637X/804/2/114
https://doi.org/10.1088/0004-637X/804/2/114
https://doi.org/10.3847/0004-637X/825/2/116
https://doi.org/10.1103/PhysRevD.98.083007
https://arXiv.org/abs/2001.01747
https://doi.org/10.1093/mnras/stac347
https://doi.org/10.1093/mnras/stac347
https://doi.org/10.1103/PhysRevD.89.084041
https://doi.org/10.1103/PhysRevD.89.084041
https://doi.org/10.1103/PhysRevD.84.084037
https://doi.org/10.1103/PhysRevD.84.084037
https://doi.org/10.1103/PhysRevD.94.024012
https://doi.org/10.1103/PhysRevD.94.024012

POPULATION OF MERGING COMPACT BINARIES INFERRED ... PHYS. REV. X 13, 011048 (2023)

E. Chassande—Mottin,36 C. Chatterjee,86 Debarati Chatterjee,11 Deep Chatterjee,7 M. Chaturvedi,87 S. Chaty,3 6
K. Chatziioannou,] C. Chen,lzg’m HY. Chen,70 J. Chen,]26 K. Chen,]31 X. Chen,86 Y.-B. Chen,132 Y.-R. Chen,]33 Z. Chen,]7
H. Cheng,”” C. K. Cheong,'® H. Y. Cheung,'® H. Y. Chia,”* F. Chiadini,***” C-Y. Chiang,'*> G. Chiarini,”® R. Chierici,'*®
A. Chincarini,*> M. L. Chiofalo,”*'® A. Chiummo,” G. Cho,"”” H.S. Cho,"*® R. K. Choudhary,*® S. Choudhary,"
N. Christensen,”” H. Chu,"”! Q. Chu,*® Y-K. Chu,"* S. Chua,® K. W. Chung,™ G. Ciani,”"”® P. Ciecielag,®' M. Cie§lar,*'
M. Cifaldi,""*'* A. A. Ciobanu,*’ R. Ciolfi,"**"’® F. Cipriano,” A. Cirone,''** F. Clara,” E.N. Clark,'*’ J. A. Clark,"*
L. Clarke,141 P. Clearwater,142 S. Clesse,143 F. Cleva,95 E. Coccia,“’101 E. Codazzo,31 P-F Cohadon,102 D.E. Cohen,41
L. Cohen,2 M. Colleoni,144 C.G. Collette,145 A. Colombo,64 M. Colpi,64’65 C.M. Compton,67 M. Constancio Jr.,16
L. Conti,78 S.J. Cooper,14 P. Corban,6 T.R. Corbitt,2 1. Cordero-C.au’rién,146 S. Corezzi,76’75 K.R. Corley,46 N. Cornish,79
D. Corre,41 A. Corsi,147 S. Cortese,42 C.A. Cos.ta,]6 R. Cotesta,105 M. W. Coughlin,63 J.-P. Coulon,95 S.T. Countryman,46
B. Cousins,]48 P. Couvares,] D.M. Coward,86 M.J. Cowart,6 D.C. Coyne,1 R. Coyne,149 J.D.E. Creighton,7
T.D. Creighton,150 A.W. Criswell,63 M. Croquette,]o2 S.G. Crowder,151 J.R. Cudell,62 T.J. Cullen,2 A. Cumming,69
R. Cummings,69 L. Cunningham,69 E. Cuoco,42’152’18 M. Curylo,103 P. Dabadie,26 T. Dal Canton,41 S. Dall’Osso,31
G. Délya,'” A. Dana,” L. M. DaneshgaranBajastani,** B. D’ Angelo,''** B. Danila,'** S. Danilishin,”>~* S. D’ Antonio,'*
K. Danzmann,9’10 C. Daursow-Fromm,124 A. Dasgupta,80 L.E.H. Datrier,69 S. Datta,11 V. Dattilo,42 I Dave,87 M. Davier,41
G.S. Davies,156 D. Davis,1 M. C. Davis,122 E.J. Daw,157 R. De.am,122 D. DeBra,73 M. Deenadayalan,ll J. Degallaix,158
M. De Laurentis,”* S. Deléglise,'” V. Del Favero,'” F. De Lillo,”* N. De Lillo,”” W. Del Pozzo,”*'® L. M. DeMarchi,"
F. De Matteis,] 19:120 . D’Emilio,]7 N. Demos,70 T. Dent,lo7 A. Depasse,52 R. De Pietri,lsg‘160 R. De Rosa,zs’4 C. De Rossi,42
R. DeSalvo,"! R. De Simone,"* S. Dhurandhar,'' M. C. Diaz,'” M. Diaz-Ortiz Jr.,”* N. A. Didio,’" T. Dietrich,'"*?
L. Di Fiore,4 C. D1 Fronzo,14 C. Di Giorgio,%’97 F. Di Giovanni,]23 M. Di Giovanni,31 T. Di Girolamo,zs’4 A. Di Lieto,”’18
B. Ding,145 S.Di Pace,g&51 I. D1 Palm21,98’51 F. Di Renzo,74’18 A. K. Divakarla,72 A. Dmitriev,14 Z. Doctor,60 L. D’Onofrio,zs’4
F. Donovan,”’ K. L. Dooley,17 S. Doravari,'' L. Dorrington,17 M. Dlrago,g&51 J.C. Driggers,67 Y. Drori,' J.-G. Ducoin,"!
P. Dupej,69 0. Durante,%’97 D. D’Urso,m’118 P.-A. Duveme,41 S.E. Dwyer,67 C. Eassa,67 P.J. Easter,5 M. Ebersold,161
T. Eckhardt,"”* G. Eddolls,” B. Edelman,” T. B. Edo,' O. Edy,"® A. Effler,’ S. Eguchi,'*’ J. Eichholz,® S. S. Eikenberry,”?
M. Eisenmann,” R. A. Eisenstein,”” A. Ejlli,'” E. Engelby,” Y. Enomoto,”’ L. Errico,”* R. C. Essick,'®* H. Estellés,'**
D. Estevez,163 Z. Etienne,164 T. Etzel,1 M. Evans,70 T.M. Evans,6 B.E. Ewing,148 V. Fafone,1 1912031 iy Fair,61 S. Fairhurst,]7
A. M. Farah,162 S. Fau‘inon,85 B. Far1r,60 W. M. Farr,log’] N, W. Farrow,5 E.J. Fauchon-]ones,17 G. Favalro,77 M. Favata,165
M. Falys,62 M. Falzio,166 L. Feicht,1 M. M. Fejer,73 E. Fenyvesi,71’167 D.L. Ferguson,168 A. Fernandez—Galiana,70
I Ferrante,m’18 T. A. Ferreira,16 F. Fide:car0,74’18 P. Figura,lo3 I Fion',42 M. Fishbach,15 R.P. Fisher,57 R. Fittipaldi,mg’g7
V. Fiumara,m’97 R. Flamini0,30’20 E. Floden,63 H. Fong,114 J.A. Font,m’171 B. Fornal,172 PWE Forsyth,8 A. Franke,124
S. Frasca,gg’5 'R Frasconi,18 C. Frederick,173 J.P Freed,3 > 7. Frei,153 A. Freise,174 R. Frey,60 P. Fritschel,70 V. V. Frolov,6
G. G. Fronzé,** Y. Fujii,'” Y. Fujikawa,'’® M. Fukunaga,”” M. Fukushima,”' P. Fulda,”” M. Fyffe,® H. A. Gabbard,*”
B.U. G.aldre,105 J.R. Gair,m5 I Gais,108 S. Galaudage,5 R. G.almba,13 D. Ganapa'[hy,70 A. G.alnguly,19 D. G.alo,177
S.G. Gaonkar,11 B. Galraventa,gs’112 F. Gzatrcia,36 C. Gar01’a—N1’1ﬁez,93 C. Garcia—Quirés,144 F. Garuﬁ,25 4 B. Gateley,67
S. Gaudio,35 V. Gayathri,72 G.-G. Ge,177 G. Gemme,85 A. Gennai,18 J. George,87 R.N. George,168 0. Gerberding,124
L. Gergely,154 P. Gewecke,124 S. Ghonge,43 Abhirup Ghosh,lo5 Archisman Ghosh,178 Shaon Ghosh,7’165 Shrobana Ghosh,17
B. Giacomazzo,64’65’66 L. Giacoppo,%’5 L] A Giaime,z’6 K.D. Giardina,6 D.R. Gibson,93 C. Gier,32 M. Giesler,179
P. Giri,"*"* F. Gissi,*” I. Glanzer,” A. E. Gleckl,* P. Godwin,'* J. Golomb,' E. Goetz,'" R. Goetz,”* N. Gohlke,”"’
B. Goncharov,s’3 'G. Gonzélez,2 A. Gopakumar,181 M. Gosselin,42 R. Gouaty,30 D. W. Gould,8 B. Grace,8 A. Gr51do,182’4
M. Granata,158 V. Granata,96 A. Grant,(’9 S. Gras,70 P Grassia,1 C. Gray,67 R. Gray,()9 G. Greco,75 A.C. Green,72 R. Green,17
A. M. Gretarsson,3 SE.M. Gretarsson,35 D. Grifﬁth,1 W. Gri’ffiths,17 H.L. Griggs,43 G. Grignani,76‘75 A. Grimaldi,gl'92
S.J. G1rimm,31’101 H. Grote,17 S. Grunewald,105 P. Gruning,41 D. Guerra,123 G. M. Guidi,49’50 A.R. Guimaraes,2 G. Guixé,29
H. K. Gulati,80 H.-K. Guo,]72 Y. Guo,53 Anchal Gupta,] Anuradha Gupta,]83 P. Gupta,53‘”3 E.K. Gustafson,]
R. Gustafson,184 F. Guzman,185 S. Ha,186 L. Haegel,36 A. Hagiwara,37’187 S. Haino,135 O. Halim,34’188 E.D. Hall,70
E.Z. Hamilton,161 G. Hammond,69 W.-B. Han,189 M. Haney,161 J. Hanks,67 C. Hanna,148 M. D. Hannam,17
0. Hannuksela,m’53 H. Hansen,67 T.J. Hansen,35 J. Hanson,6 T. Harder,95 T. Hardwick,2 K. Haris,5 33 g H21rms,31’101
G. M. Han“y,190 I.W. Han“y,156 D. Hanwig,124 K. Hasegavva,37 B. Haskell,81 R. K. Hasskew,6 C.-J. Haster,70 K. Hattori,191
K. Haughian,” H. Hayakawa,'”> K. Hayama,'*’ F.J. Hayes,” J. Healy,'” A. Heidmann,'” A. Heidt,”'° M. C. Heintze,’
J. Heinze,g’lo J. Heinzel,193 H. Heitmann,95 F. Hellman,194 P. Hello,41 A F. Helmling-Cornell,(’0 G. Hemming,42

011048-65



R. ABBOTT et al. PHYS. REV. X 13, 011048 (2023)

M. Hendry,69 I.S. Heng,69 E. Hennes,53 J. Hennig,195 M. H. Hennig,195 A.G. Hernandez,84 F. Hernandez Vivanco,5
M. Heurs,g‘10 S. Hild,lss’53 P. Hill,32 Y. Himemoto,196 A.S. Hines,185 Y. Hiranuma,]97 N. Hirata,20 E. Hirose,37
S. Hochheim,g‘IO D. Hofman,158 J.N. Hohmann,124 D.G. Holcomb,]22 N. A. Holland,8 LI Hollows,157 Z.J. Holmes,83
K. Holt,6 D.E. Holz,162 Z. Hong,198 P. Hopkins,]7 J. Hough,69 S. Hourihane,]32 E.J. Howell,86 C.G. Hoy,17 D. Hoyland,14
A. Hreibi,()’10 B-H. Hsieh,37 Y. Hsu,126 G-Z. Huang,lg8 H-Y. Huang,135 P. Huang,177 Y-C. Huang,133 Y.-J. Huang,135
Y. Huang,70 M.T. Hl'jbner,5 A.D. Huddal“[,141 B. Hughey,35 D.C.Y. Hui,lg9 V. Hui,30 S. Husa,144 S.H. Huttner,69
R. Huxford,"*® T. Huynh-Dinh,° S. Ide,”® B. Idzkowski,'” A. Iess,'"*'* B. Ikenoue,”" S. Imam,"”® K. Inayoshi,*"’
C. Ingram,* Y. Inoue,"" K. Ioka,** M. Isi,”" K. Isleif,'** K. Ito,” Y. Itoh,”*** B.R. Iyer,"’ K. Izumi,*®
V. JaberianHamedan,86 T.J acqmin,102 S.J.J adhav,207 S.P. Jadhav,ll A L.J ames,17 A.Z. Jan,125 K.J ani,208 J. Janqualrt,m’53
K. Janssens,zog’g5 N.N. Janthalur,zo7 P. Jaranowski,m D. Jariwala,72 R. Jaume,144 A.C. Jenkins,54 K. Jenner,83 C. Jeon,2”
M. Jeunon,63 W. Jia,70 H.-B. Jin,212‘213 G.R. Johns,57 A.W. Jones,86 D.L Jones,Z]4 J.D. Jones,67 P. Jones,14 R. Jones,69
R.J.G. Jonker,53 L. Ju,86 P. Jung,56 k. Jung,186 1. Junker,9’10 V. Juste,163 K. Kaihotsu,203 T. Kajita,215 M. Kakizaki,191
C.V. Kalaghatgi,”’113 V. Kalogera,15 B. Kamai,1 M. Kamiizurni,192 N. Kanda,m4’205 S. Kandhasamy,11 G. Kang,216
J.B. Kanner,1 Y. Kao,126 S.J. Kapadia,19 D.P. Kapasi,8 S. Karat,1 C. Karathanasis,217 S. Karki,89 R. Kashyap,148
M. Kasprzack,1 W. Kastaun,g’10 S. Katsanevas,42 E. Katsavounidis,70 W. Katzman,6 T. Kaur,86 K. Kawabe,67
K. Kawaguchi,”” N. Kawai,”'® T. Kawasaki,”” F. Kéfélian,” D. Keitel,'"** J.S. Key,”"” S. Khadka,” E. Y. Khalili,”
S. Khan,17 E. A. Khazamov,220 N. Khetan,3 LIOL Khursheed,87 N. Kijbunchoo,8 C. Kim,221 J.C. Kim,222 J. Kim,223
K. Kim,224 W.S. Kim,225 Y.-M. Kim,226 C. Kimballl,15 N. Kimura,187 M. Kinley-Hanlon,69 R. Kir(:hhoff,g’10 J.S. Kissel,67
N. Kita,27 H. Kitazawa,203 L. Kleybolte,]24 S. Klimenko,72 A. M. Knee,]80 T.D. Knowles,]64 E. Knyazev,70 P. Koch,g’]o
G. Koel<oek,53’155 Y. Kojima,227 K. Kokeyama,228 S. Koley,31 P. Kolitsidou,17 M. Kolstein,217 K. Komori,70’27
V. Kondrashov,1 A. K. H. Kong,229 A. Kontos,230 N. Koper,g’lo M. Korobko,124 K. Kotake,127 M. Kovalam,86 D.B. Kozak,l
C. Kozakai,47 R. Kozu,192 V. Kringel,g’10 N. V. Krishnendu,g’10 A. Kr(’)lak,23 1232 G, Kuehn,g’lo F. Kmei,126 P. Kuijer,53
S. Kulkarni,183 A. Kumar,207 P. Kumar,179 Rahul Kumar,67 Rakesh Kumar,80 J. Kume,28 K. Kuns,70 C. Kuo,131 H-S. Kuo,198
Y. Kuromiya,203 S. Kuroyanagi,233 24K Kusayanagi,218 S. Kuwahaura,114 K. Kwak,186 P. Lagabbe,30 D. Laghi,74’18
E. Lalande,235 T.L. Lam,108 A. Lamberts,%'23 M. Landry,67 P. Landry,237 B.B. Lane,70 R.N. Lang,70 J. Lange,168
B. Lantz,73 I. La Rosa,30 A. La1rtaux—Volla1rd,41 P.D. Lasky,5 M. Laxen,6 A. Lazzarini,' C. Lazzalro,77’78 P. Leaci,gg’51
S. Leavey,9’10 Y. K. Lecoeuche,lso H. K. Lee,238 H. M. Lee,137 H.W. Lee,222 J. Lee,137 K. Lee,239 R. Lee,133 J. Lehmann,g’10
A. Lemaitre,240 M. Leonardi,zo N. Leroy,41 N. Letendre,30 C. Levesque,235 Y. Levin,5 J.N. Leviton,184 K. Leyde,36
A K.Y Li,' B. Li,"* J. Li,” K. L. Li,” T.G.FE. Li,'® X. Li,'"” C-Y. Lin,*** F-K. Lin,"” F-L. Lin,"”® H. L. Lin,"'
L. C.-C. Lin,"*® F. Linde,**** S. D. Linker,** J. N. Linley,” T. B. Littenberg,”** G. C. Liu,'® J. Liu,”'° K. Liu,'* X. Liu,’
F. Llamas,15 O M. Llorens-Monteagudo,123 R.K.L. Lo,1 A. Lockwood,245 M. Loh,40 L. T London,70 A. Longo,w”247
D. Lopez,“’l M. Lopez Portilla,113 M. Lorenzini,“g’120 V. Loriette,248 M. Lormamd,6 G. Losurdo,18 TP Lott,43
J.D. Lough,9’10 C.0. Lousto,125 G. Lovelace,40 J.F. Lucaccioni,173 H. Lii(:k,g’10 D. Lumaca,m’120 A.P. Lundgren,lse
L.-W. Luo,135 J.E. Lynam,5 "R Malcas,156 M. Machnnis,70 D.M. Macleod,” I.A.O. MacMillan,l A. Macquet,95
I. Magafia Hernandez,” C. Magazzﬁ,18 R. M. Magee,1 R. Maggiore,14 M. Magnozzi,85’112 S. Mahesh,'™* E. Majorana,g&51
C. Makarem,1 I Maksimovic,248 S. Malialkall,1 A. Mallik,87 N. Man,95 V. Mandic,63 V. Mangano,%’51 J.L. Mango,249
G.L. Mansell,67’70 M. Manske,7 M. Mantovani,42 M. Mapelli,77’78 F. Marchesoni,zso’75 LM, Marchio,20 F. Marion,30
Z. Mark,132 S. Ma’lrka,46 Z. Mairka,46 C. Markakis,12 A.S. Markosyan,73 A. Markowitz,1 E. Maros,1 A. Marquina,146
S. Marsat,”® F. Martelli,”” L. W. Martin,”” R. M. Martin,'”® M. Martinez,”'” V. A. Martinez,”* V. Martinez,”
K. Martinovic,54 D. V. Mar‘[ynov,14 E.J. Marx,70 H. Masalehdan,124 K. Mason,70 E. Massera,157 A. Masserot,30
T.J. Massinger,70 M. Masso—Reid,69 S. Mastrogiov.amni,36 A. Matas,lo5 M. Mateu-Lucena,144 F. Matichard,l'70
M. Ma‘dushechkina,9‘10 N. Mavalvala,70 J.J McCann,86 R. McCar[hy,67 D.E. McClelland,8 P.K. McClin(:y,148
S. McCormj(:k,6 L. McCuller,70 G.L M(:Ghee,69 S.C. M(:Guire,252 C. M(:Isaac,156 J. McIver,lSO T. McRae,8
S.T. McWilliams,164 D. Meacher,7 M. Mehmet,9’10 A. K. Mehta,105 Q. Meijer,113 A. Melatos,116 D.A. Melchor,40
G. Mendell,67 A. Menendez—Vazquez,217 C.S. Menoni,166 R.A. Mercer,7 L. Mereni,158 K. Merfeld,60 E.L. Merilh,6
J.D. Merritt,60 M. Merzougui,g5 S. Meshkov,1 C. Messenger,69 C. Messick,168 P. M. Meyers,116 F. Meylahn,g’10
A. Mhaske,"" A. Miani,”"** H. Miao,"* I. Michaloliakos,”* C. Michel,"® Y. Michimura,”” H. Middleton,"'"® L. Milano,”
A.L. Miller,”® A. Miller,*® B. Miller,*** S. Miller," M. Millhouse,''® J. C. Mills,"” E. Milotti,"®** O. Minazzoli,”**
Y. Minenkov,lzo N. Mio,254 Ll M. Mir,217 M. Miravet—Tenés,123 C. Mishra,255 T. Mishra,72 T. Mistlry,157 S. Mitra,11

011048-66



POPULATION OF MERGING COMPACT BINARIES INFERRED ... PHYS. REV. X 13, 011048 (2023)

V. P. Mitrofanov,” G. Mitselmakher,”* R. Mittleman,”® O. Miyakawa,'”> A. Miyamoto,*™ Y. Miyazaki,”’” K. Miyo,'**
S. Miyoki,192 Geoffrey Mo,70 L.M. Modafferi,22 E. Moguel,173 K. Mogushi,89 S.R.P. Mohapatlra,70 S.R. Mohite,7
I Molina,40 M. Molina—Ruiz,]94 M. Mondin,84 M. Montani,49‘50 C.JL Moore,14 D. Moraru,67 F. Morawski,81 A. More,11
C. Moreno,35 G. Moreno,67 Y. Mori,zo3 S. Morisaki,7 Y. Moriwaki,191 G. Morrais,256 B. Mours,163 C.M. Mow—Lowry,M’174
S. Mozzon,156 F. Muciaccia,%’51 Arunava Mukherjee,257 D. Mukherjee,148 Soma Mukherjee,lso Subroto Mukherjee,80
Suvodip Mukherjee,88 N. Mukund,g’10 A. Mullavey,6 1. Munch,83 E. A. Muﬁiz,61 P.G. Murray,69 R. Musenich,gs’112
S. Muusse,83 S.L. Nadji,g’10 K. Nagano,206 S. Nagano,25 $A. Nagar,m’259 K. Nakamura,20 H. Nakano,260 M. Nakano,37
R. Nakashima,218 Y. Nakayama,203 V. Napolano,42 1. Narde(:(:hi.a1,“9’120 T. Narikawa,3 TL. Naticchioni,51 B. Nayak,84
R. K. Nayak,261 R. Negishi,197 B.F Neil,86 J. Neilson,gz‘97 G. Nelemans.,262 T.J.N. Nelson,6 M. Nery,g’lo P. Neubauer,173
A. Neunzert,”’ K. Y. Ng,7o S.W.S. Ng,83 C. Nguyen,36 P. Nguyen,60 T. Nguyen,70 L. Nguyen Quynh,263 W.-T. Nj, 12177133
S.A. Nichols,2 A. Nishizalwa,28 S. Nissalnl<e,88‘53 E. Nitoglia,136 F. Nocera,42 M. Norman,17 C. North,17 S. Nozaki,m
J.F. Nufio Siles,”® L. K. Nuttall,"® J. Oberling,”” B.D. O’Brien,”* Y. Obuchi,?' J. O’Dell,"*' E. Oelker,”” W. Ogaki,”’
G. Oganesyan,”"'*! J.J. Oh,”* K. Oh,'” S. H. Oh,>*> M. Ohashi,'”* N. Ohishi,” M. Ohkawa,'”® F. Ohme,”'” H. Ohta,'"*
M. A. Okada,'® Y. Okutani,”® K. Okutomi,"”* C. Olivetto,"* K. Oohara,'”’ C. Ooi,”” R. Oram,’ B. O’Reilly,’
R.G. Ormiston,63 N.D. Onnsby,57 L.FE OI“[ega,72 R. O’Shaughnessy,125 E. O’Shea,179 S. Oshino,192 S. Ossokine,lOS
C. Osthelder,1 S. Otabe,218 D.J. Ottaway,83 H. Overmier,6 A.E. Pace,148 G. P21g21n0,74’18 M. A. Page,86 G. Pagliaroli,3 1,101
A. Pai,100 S.A. Pai,87 J.R. Palamos,ﬁo 0. Palashov,220 C. Palomba,5 'y Pan,l% K. Pan,133 22 p K. Panda,207 H. Pang,13 !
P.T.H. Par1g,53‘113 C. Pankow,]5 F. Pannarale,98’5] B.C. Pant,87 F. H. Panther,86 F. Paoletti,]8 A. Paoli,42 A. Pa010n<3,5]’264
A. Parisi,]29 H. Pa.rk,7 J. Park,265 W. Parker,6’252 D. Pascucci,53 A. Pasqualetti,42 R. stlssaquieti,74’18 D. Passuello,18
M. Patel,57 M. Pathak,83 B. Patricelli,“"18 A.S. Patron,2 S. Paul,60 E. Payne,5 M. Pedraza,] M. Pegoraro,78 A. Pele,6
F. E. Pefia Arellano,192 S. Penn,266 A. Perego,gl’92 A. Pereira,26 T. Pereira,267 C.JL Perez,67 C. Périgois,30 C.C. Perkins,72
A. Perreca,gl’92 S. Pem’és,136 1. Petermann,124 D. Petterson,1 H.P. Pfeiffer,105 K. A. Pham,63 K. S. Phukon,53’243
0O.]. Piccinni,51 M. Pichot,95 M. Pie:ndibe:nf:,74’18 F. Piergiovamni,‘w’5 oL Pierini,gg’51 V. Pierro,gz’97 G. Pillant,42 M. Pillas,41
F. Pilo,18 L. Pinard,158 .M. Pinto,82’97’268 M. Pinto,42 B. Piotrzkowski,7 K. Pio'urzkowski,52 M. Pirello,67 M. D. Pitkin,269
E. Placidi,”®*' L. Planas,'** W. Plastino,****’ C. Pluchar,'*° R. Poggiani,74’18 E. Polini, D. Y. T. Pong,108 S. Ponrathnam,'!
P. Popolizio,42 E.K. Po1rte1r,36 R. Poulton,42 J. Powell,l42 M. Pracchia,30 T. Pradier,163 A K. Prajapati,80 K. Plrasai,73
R. Prasanna,zo7 G. Pratten,14 M. Principe,gz’%&97 G.A. Prodi,270’92 L. Prokhorov,14 P. Prosposito,”g’120 L. Prudenzi,105
A. Pue:che:r,53’113 M. Punturo,75 F. Puosi,lg’74 P. Puppo,51 M. Piinrer,105 H. Qi,17 V. Quetschke,150 R. Qui‘[zow-Jalmes,89
F.J. Raab,”” G. Raaijmakers,*®> H. Radkins,”” N. Radulesco,” P. Raffai,' S.X. Rail,” S. Raja,*’ C. Rajan,*’
K. E. Ramirez,6 T.D. Ramilrez,40 A. Ramos—Buades,lO5 J. Rana,148 P. Rapagnani,gg’5 'u.D. Rapol,271 A. Ray,7
V. Raymond,'” N. Raza,'"™ M. Razzano,”*"® J. Read,” L. A. Rees,'”” T. Regimbau,” L. Rei,*” S. Reid,”> S. W. Reid,”’
D.H. Reitze,l’72 P. Relton,17 A. Renzini,l P. Rette:gno,272’24 A. Reza,5 M. Rezac,40 F. Ricci,%’5 'D. Richards,141
J. W. Richardson,' L. Richardson,'®> G. Riemenschneider,”’*** K. Riles,'®* S. Rinaldi,'"®”* K. Rink,'"™ M. Rizzo,"
N. A. Robertson,"® R. Robie,' F. Robinet,*' A. Rocchi,' S. Rodriguez,* L. Rolland,” J. G. Rollins,' M. Romanelli,”
R. Roman0,3’4 C.L. Romel,67 A. Romero-Rodn’guez,217 L. M. Romero-Shaw,5 J.H. Romie,6 S. Ronchini,31’1()1 L. Rosal,4’25
C.A. Rose,7 D. Rosiﬁska,103 M. P. Ross,245 S. ROW&H,69 S.J. Rowlinson,14 S. Roy,113 Santosh Roy,11 Soumen Roy,273
D. Rozza,"'"'"® P, Ruggi,42 K. Ryan,67 S. Sachdev,"*® T. Sadecki,”’ J. Sadiq,107 N. Sago,274 S. Saito,”' Y. Saito,'”
K. Sakai,275 Y. Sakai,lg7 M. Sakellariadou,54 Y. Sakuno,127 O.S. Satlatt‘1a,66’65 S Salconi,42 M. Saleem,63 F. Salemi,gl’92
A. Samajda1r,53’113 E.J. Sanchez,1 J.H. Sanchez,40 L.E. Sanchez,l N. Sanchis—Gual,m J.R. Sanders,277 A. Sanuy,29
T.R. Saravanan,11 N. Sarin,5 B. Sassolas,158 H. Satari,86 B.S. Sathyaprakash,m&17 S. Sato,278 T. Sato,m’ 0. Sauter,72
R.L. Savage,(’7 T. Sawada,r‘)o4 D. Sawant,lo0 H.L. Sawant,11 S. Sayah,158 D. Schaetzl,l M. Scheel,132 J. Scheuer,15
M. Schiworski,** P. Schmidt,"* S. Schmidt,'”® R. Schnabel,'** M. Schneewind,”'® R. M. S. Schofield,® A. Schonbeck,'**
B.W. Schulte,g’10 B.E Schutz,”’g’lo E. Schwartz,]7 J. Scott,69 S. M. Scott,8 M. Seglar—Arroyo,30 T. Sekiguchi,28
Y. Sekiguchi,279 D. Sellers,6 A.S. Sengupta,273 D. Sentenac,42 E.G. Seo,lo8 V. Sequino,zs’4 A. Sergeev,220 Y. Setyawati,113
T. Shaffer,67 M. S. Shahriar,15 B. Shams,172 L. Shao,201 A. Sharm21,31’101 P. Sharma,87 P. Shawhan,lo4 N.S. Shcheblanov,240
S. Shibagaki,'*” M. Shikauchi,'" R. Shimizu,”' T. Shimoda,”’ K. Shimode,'* H. Shinkai,”** T. Shishido,”® A. Shoda,*
D. H. Shoemaker,”” D. M. Shoemaker,'®® S. ShyamSundar,®” M. Sieniawska,'”® D. Sigg,”” L. P. Singer,'"" D. Singh,'**
N. Singh,'” A. Singha,>* A. M. Sintes,"** V. Sipala,""”'"® V. Skliris,'” B.J.J. Slagmolen,® T.J. Slaven-Blair,*®
J. Smetana,* J.R. Smith,*’ R.J. E. Smith,’ J. Soldateschi,”®"**** S. N. Somala,?®* K. Somiya,*'® E.J. Son,”” K. Soni,""

011048-67



R. ABBOTT et al. PHYS. REV. X 13, 011048 (2023)

S. Soni,2 V. Sordini,136 F. Sorrentino,85 N. Sorrentino,74’18 H. Sotani,284 R. Soulard,95 T. Soulradeep,271’ll E. Sowell,147
V. Spagnuolo,15 >3 ALP. Spencer,69 M. Spera,77’78 R. Srinivasan,” A.K. Srivastava,*® V. Srivastava,”’ K. Staats,"
C. Stachie,95 D. A. Steer,36 J. Steinhoff,105 J. Steinlechner,lss’53 S. Steinlechner,lss’53 S.P. Stevenson,142 D.J. Stops,14
M. Stover,173 K. A. Strajn,69 L.C. Strang,”6 G. Stratta,285’50 A. Strunk,67 R. Sturani,267 A.L. Stuver,122 S. Sudhagar,11
V. Sudhir,70 R. Sugimoto,zg()’206 H.G. Suh,7 A. G. Sullivan,46 T.Z. Summerscales,287 H. Sun,86 L. Sun,8 S. Sunil,80 A. Sur,81
J. Suresh,'"**" P.J. Sutton,'” Takamasa Suzuki,'’® Toshikazu Suzuki,”” B. L. Swinkels,”® M. J. Szczepariczyk,”*

P. Szewczyk,103 M. Tacca,5 S H. Tagoshi,37 S.C. Tait,69 H. Takahashi,288 R. Takahashi,20 A. Takamori,39 S. Takano,27
H. Takeda,27 M. Takeda,204 C.I Talbot,32 C. Talbot,1 H. Tanaka,289 Kazuyuki Tanal<a,204 Kenta Tam;zlka,289 Taiki Tanaka,37
Takahiro Tanaka,274 Al T.amasijczuk,5 Zs. Taniol<a,20‘48 D.B. Tanner,72 D. Tao,1 L. Tao,72 E. N. Tapia San Maﬁfn,53’20
C. Taranto,l ¥1.D. Tasson,193 S. Telada,290 R. Tenorio,144 J.E. Terhune,122 L. Terkowski,124 M.P. Thirugnanasambandam,ll
L. Thomas,14 M. Thomas,6 P. Thomas,67 J.E. Thompson,17 S.R. Thondapu,87 K. A. Thorne,6 E. Thrane,5
Shubhanshu Tiwari,m Srishti Tiwau‘i,]1 V. Tiwari,” A. M. Toivonen,63 K. Toland,69 A.E. Tolley,156 T. Tomaru,zo
Y. Tomigami,204 T. Tomura,192 M. Tonelli,”’18 A. Torres—I-“*orné,123 C.L Tom’e,l I. Tosta e Melo,m’118 D. T('jyrﬁ,8
A. Trapananti,zso’75 F. Travasso,75 20 G, Traylor,6 M. Trevor,104 M. C. Tringali,42 A. Tripathee,184 L. Troiano,291’97
A. Trovato,36 L. Trozzo,4’192 R.J. Trudeau,1 D.S. Tsai,126 D. Tsai,126 K. W. Tsang,53’292’113 T. Tsang,293 J-S. Tsao,198
M. Tse,70 R. Tso,132 K. Tsubono,27 S. Tsuchida,zo4 L. Tsukada,1 4D, Tsuna,1 4T Tsutsui,1 4T Tsuzuki,21 K. Turbang,z%209
M. Turconi,” D. Tuyenbayev,”™* A.S. Ubhi,'"* N. Uchikata,”” T. Uchiyama,'** R.P. Udall," A. Ueda,'"’” T. Uehara,**>**°
K. Ueno,"* G. Ueshima,””’ C.S. Unnikrishnan,'®" F. Uraguchi,”® A.L. Urban,” T. Ushiba,'* A. Utina,"”>"

H. Vahlbruch,g’10 G. Vajente,1 A. Vajpeyi,5 G. Valdes,185 M. Valentini,gl’92 V. Valsan,7 N. van Bakel,53 M. van Beuzekom,53
J.E.J. van den Brand,]ss’z%’53 C. Van Den Broeck,] B3 p c. Vandelr-Hyde,61 L. van der Schaaf,53 J. V. van Heijningen,52
J. V.amosky,l M. H. P. M. van Putten,299 N. van Remortel,209 M. Vardaro,243’53 A.F Vargas,“() V. Varma,179 M. Vasﬁth,71
A. Vecchio,14 G. Vedovato,78 J. Veitch,69 P.J. Veitch,83 J. Venneberg,g’10 G. Venugopalan,1 D. Verkindt,30 P. Verma,232
Y. Verma,87 D. Veske,46 F. Vetrano,49 A. Viceré,49’50 S. Vidyant,61 A.D. Viets,249 A. Vijaykumar,19 V. Villa-Ortega,lO7
J.-Y. Vinet,95 A. ViI‘tuOSO,188’34 S. Vitale,70 T. Vo,61 H. Vocc21,76’75 E.R.G. von Reis,67 J.S. A.von Wrangel,9’10 C. Vorvick,67
S.P. Vyatchanin,” L. E. Wade,'”> M. Wade,'”” K. J. Wagner,'” R. C. Walet,” M. Walker,”’ G. S. Wallace,”* L. Wallace,'
S. Walsh,” J. Wang,'”” J. Z. Wang,"™ W. H. Wang,'”° R. L. Ward,® J. Warner,®” M. Was,”® T. Washimi,”” N. Y. Washington,'
J. Watchi,145 B. Weaver,67 S.A. Webster,69 M. Weinert,g’10 Al Weinstein,1 R. Weiss,70 C.M. Weller,245 F. Wellmann,g’10
L. Wen,® P. WeBels,”'® K. Wette,® J. T. Whelan,'” D. D. White,"” B. F. Whiting,”* C. Whittle,” D. Wilken,”'°
D. Williams,” M. J. Williams,*”” A. R. Williamson,"*® J. L. Willis,' B. Willke,”'® D.J. Wilson,"** W. Winkler,”'’
C.C. Wipf,'! T. Wlodarczyk,'” G. Woan,” J. Woehler,”'" J. K. Wofford,'” 1. C.F. Wong,'”® C. Wu,"”* D.S. Wu,*"°
H. Wm,133 S. Wu,133 D.M. Wysocki,7 L. Xiao,1 W-R. Xu,198 T. Yamada,289 H. Yamamoto,1 Kazuhiro Yamamoto,191
Kohei Yamamoto,289 T. Yamamoto,]92 K. Yalmashita,203 R. Yamazaki,200 F W. Yang,]72 L. Yang,166 Y. Yang,300
Yang Yang,72 Z. Yang,63 M.J. Yap,8 D.W. Yeeles,17 A.B. Yelikar,125 M. Ying,126 K. Yokogawa,zo3 J. Yokoyama,zg‘27
T. Yokozawa,192 J. Yoo,179 T. Yoshioka,203 Hang Yu,132 Haocun Yu,70 H. Yuzurihara,3 TA. ZadroZny,232 M. Zanolin,35
S. Zeidler,301 T. Zelenova,42 J.-P. Zendri,78 M. Zevin,162 M. Zhan,177 H. Zhang,198 J. Zhang,86 L. Zhang,1 T. Zhang,14
Y. Zhang,185 C. Zhao,86 G. Zhao,145 Y. Zhao,20 Yue Zhao,172 Y. Zheng,89 R. Zhou,194 Z. Zhou,]5 X.J. Zhu,5 Z.-H. Zhu,”5
A.B. Zimmerman,'® Y. Zlochower,'” M. E. Zucker,"”° and J. Zweizigl

(LIGO Scientific Collaboration, Virgo Collaboration, and KAGRA Collaboration)

'LIGO Laboratory, California Institute of Technology, Pasadena, California 91125, USA
*Louisiana State University, Baton Rouge, Louisiana 70803, USA
3Dipartimento di Farmacia, Universita di Salerno, I-84084 Fisciano, Salerno, Italy
*INFN, Sezione di Napoli, Complesso Universitario di Monte S. Angelo, I-80126 Napoli, Italy

0zGrav, School of Physics & Astronomy, Monash University, Clayton 3800, Victoria, Australia

°LIGO Livingston Observatory, Livingston, Louisiana 70754, USA
7University of Wisconsin-Milwaukee, Milwaukee, Wisconsin 53201, USA
8OZGrav, Australian National University, Canberra, Australian Capital Territory 0200, Australia
*Max Planck Institute for Gravitational Physics (Albert Einstein Institute), D-30167 Hannover, Germany
Leibniz Universitit Hannover, D-30167 Hannover, Germany
11Inter-Universiz‘y Centre for Astronomy and Astrophysics, Pune 411007, India

011048-68



POPULATION OF MERGING COMPACT BINARIES INFERRED ... PHYS. REV. X 13, 011048 (2023)

leniversity of Cambridge, Cambridge CB2 ITN, United Kingdom
13Theoretisch—Physikalisches Institut, Friedrich-Schiller-Universitit Jena, D-07743 Jena, Germany
14University of Birmingham, Birmingham B15 2TT, United Kingdom
SCenter for Interdisciplinary Exploration & Research in Astrophysics (CIERA), Northwestern University,
Evanston, Illinois 60208, USA
Instituto Nacional de Pesquisas Espaciais, 12227-010 Sao José dos Campos, Sdo Paulo, Brazil
l7Gravity Exploration Institute, Cardiff University, Cardiff CF24 3AA, United Kingdom
8INFN, Sezione di Pisa, I-56127 Pisa, Italy
®International Centre for Theoretical Sciences, Tata Institute of Fundamental Research,
Bengaluru 560089, India
OGravitational Wave Science Project, National Astronomical Observatory of Japan (NAOJ),
Mitaka City, Tokyo 181-8588, Japan
HAdvanced Technology Center, National Astronomical Observatory of Japan (NAOJ),
Mitaka City, Tokyo 181-8588, Japan
ZUniversitat de les Illes Balears, INAC3—-IEEC, E-07122 Palma de Mallorca, Spain
23University College Dublin, Dublin 4, Ireland
INFN Sezione di Torino, I-10125 Torino, Italy
Universita di Napoli “Federico I1”, Complesso Universitario di Monte S. Angelo, I-80126 Napoli, Italy
B Université de Lyon, Université Claude Bernard Lyon 1, CNRS, Institut Lumiére Matiere,
F-69622 Villeurbanne, France
*"Department of Physics, The University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan
BResearch Center for the Early Universe (RESCEU), The University of Tokyo,
Bunkyo-ku, Tokyo 113-0033, Japan
Pstitut de Ciencies del Cosmos (ICCUB), Universitat de Barcelona,
C/ Marti i Franques 1, Barcelona, 08028, Spain
OLaboratoire d "Annecy de Physique des Particules (LAPP), Univ. Grenoble Alpes,
Université Savoie Mont Blanc, CNRS/IN2P3, F-74941 Annecy, France
31Gran Sasso Science Institute (GSSI), 1-67100 L’Aquila, Italy
25UPA, University of Strathclyde, Glasgow G1 1XQ, United Kingdom
33Dipartimento di Scienze Matematiche, Informatiche e Fisiche, Universita di Udine, I-33100 Udine, Italy
HINFN, Sezione di Trieste, 1-34127 Trieste, Italy
35Embry—Rida,’le Aeronautical University, Prescott, Arizona 86301, USA
*®Université de Paris, CNRS, Astroparticule et Cosmologie, F-75006 Paris, France
T Institute for Cosmic Ray Research (ICRR), KAGRA Observatory, The University of Tokyo,
Kashiwa City, Chiba 277-8582, Japan
BAccelerator Laboratory, High Energy Accelerator Research Organization (KEK),
Tsukuba City, Ibaraki 305-0801, Japan
39Earthquake Research Institute, The University of Tokyo, Bunkyo-ku, Tokyo 113-0032, Japan
4OCaliform'a State University Fullerton, Fullerton, California 92831, USA
" Université Paris-Saclay, CNRS/IN2P3, 1JCLab, 91405 Orsay, France
42European Gravitational Observatory (EGO), I-56021 Cascina, Pisa, Italy
BSchool of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332, USA
*Chennai Mathematical Institute, Chennai 603103, India
45Departmenz of Mathematics and Physics, Gravitational Wave Science Project, Hirosaki University,
Hirosaki City, Aomori 036-8561, Japan
*Columbia University, New York, New York 10027, USA
*"Kamioka Branch, National Astronomical Observatory of Japan (NAOJ),
Kamioka-cho, Hida City, Gifu 506-1205, Japan
®The Graduate University for Advanced Studies (SOKENDAI), Mitaka City, Tokyo 181-8588, Japan
Universita degli Studi di Urbino “Carlo Bo”, I-61029 Urbino, Italy
INFN, Sezione di Firenze, I-50019 Sesto Fiorentino, Firenze, Italy
'INFN, Sezione di Roma, 1-00185 Roma, Italy
2Université catholique de Louvain, B-1348 Louvain-la-Neuve, Belgium
53Nikheﬁ Science Park 105, 1098 XG Amsterdam, Netherlands
54King’s College London, University of London, London WC2R 2LS, United Kingdom
Korea Institute of Science and Technology Information (KISTI),
Yuseong-gu, Daejeon 34141, Republic of Korea
*National Institute for Mathematical Sciences, Yuseong-gu, Daejeon 34047, Republic of Korea
57Christopher Newport University, Newport News, Virginia 23606, USA
*International College, Osaka University, Toyonaka City, Osaka 560-0043, Japan

011048-69



R. ABBOTT et al. PHYS. REV. X 13, 011048 (2023)

*School of High Energy Accelerator Science, The Graduate University for Advanced Studies
(SOKENDAI), Tsukuba City, Ibaraki 305-0801, Japan
60Um'versity of Oregon, Eugene, Oregon 97403, USA
61Syracuse University, Syracuse, New York 13244, USA
2Université de Liege, B-4000 Liege, Belgium
63University of Minnesota, Minneapolis, Minnesota 55455, USA
*Universita degli Studi di Milano-Bicocca, 1-20126 Milano, Italy
GSINFN, Sezione di Milano-Bicocca, 1-20126 Milano, Italy
INAF, Osservatorio Astronomico di Brera sede di Merate, 1-23807 Merate, Lecco, Italy
SLIGO Hanford Observatory, Richland, Washington 99352, USA
68Dipartiment0 di Medicina, Chirurgia e Odontoiatria “Scuola Medica Salernitana,”
Universita di Salerno, 1-84081 Baronissi, Salerno, Italy
“SUPA, University of Glasgow, Glasgow GI12 8QQ, United Kingdom
°LIGO Laboratory, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
""Wigner RCP, RMKI, H-1121 Budapest, Konkoly Thege Mikids it 29-33, Hungary
"University of Florida, Gainesville, Florida 32611, USA
73Sz‘anford University, Stanford, California 94305, USA
“Universita di Pisa, 1-56127 Pisa, Italy
INFN, Sezione di Perugia, 1-06123 Perugia, Italy
"®Universita di Perugia, 1-06123 Perugia, Italy
" Universita di Padova, Dipartimento di Fisica e Astronomia, 1-35131 Padova, Italy
BINFN, Sezione di Padova, 1-35131 Padova, Italy
Montana State University, Bozeman, Montana 59717, USA
O stitute for Plasma Research, Bhat, Gandhinagar 382428, India
8 Nicolaus Copernicus Astronomical Center, Polish Academy of Sciences, 00-716, Warsaw, Poland
82Dipartimento di Ingegneria, Universita del Sannio, 1-82100 Benevento, Italy
80zGrav, University of Adelaide, Adelaide, South Australia 5005, Australia
84California State University, Los Angeles, 5151 State University Drive,
Los Angeles, California 90032, USA
YINFN, Sezione di Genova, 1-16146 Genova, Italy
86OZva, University of Western Australia, Crawley, Western Australia 6009, Australia
Y RRCAT, Indore, Madhya Pradesh 452013, India
8 GRAPPA, Anton Pannekoek Institute for Astronomy and Institute for High-Energy Physics,
University of Amsterdam, Science Park 904, 1098 XH Amsterdam, Netherlands
Y Missouri University of Science and Technology, Rolla, Missouri 65409, USA
®Faculty of Physics, Lomonosov Moscow State University, Moscow 119991, Russia
NUniversita di Trento, Dipartimento di Fisica, I-38123 Povo, Trento, Italy
%2INFN, Trento Institute for Fundamental Physics and Applications, 1-38123 Povo, Trento, Italy
PSUPA, University of the West of Scotland, Paisley PAI 2BE, United Kingdom
“Bar-llan University, Ramat Gan, 5290002, Israel
% Artemis, Université Cote d’Azur, Observatoire de la Cote d’Azur, CNRS, F-06304 Nice, France
96Dipartiment0 di Fisica “E.R. Caianiello”, Universita di Salerno, 1-84084 Fisciano, Salerno, Italy
INFN, Sezione di Napoli, Gruppo Collegato di Salerno, Complesso Universitario di Monte S. Angelo,
1-80126 Napoli, Italy
BUniversita di Roma “La Sapienza”, 1-00185 Roma, Italy
®Univ Rennes, CNRS, Institut FOTON—UMRG082, F-3500 Rennes, France
O rdian Institute of Technology Bombay, Powai, Mumbai 400 076, India
1OIINFN, Laboratori Nazionali del Gran Sasso, I-67100 Assergi, Italy
127 aboratoire Kastler Brossel, Sorbonne Université, CNRS, ENS-Université PSL,
College de France, F-75005 Paris, France
193 Astronomical Observatory Warsaw University, 00-478 Warsaw, Poland
l04University of Maryland, College Park, Maryland 20742, USA
S Max Planck Institute for Gravitational Physics (Albert Einstein Institute), D-14476 Potsdam, Germany
106L21T, Laboratoire des 2 Infinis—Toulouse, Université de Toulouse,
CNRS/IN2P3, UPS, F-31062 Toulouse Cedex 9, France
IGFAE, Campus Sur, Universidade de Santiago de Compostela, 15782 Spain
"%The Chinese University of Hong Kong, Shatin, NT, Hong Kong
109Stony Brook University, Stony Brook, New York 11794, USA
"Center for Computational Astrophysics, Flatiron Institute, New York, New York 10010, USA
MINASA Goddard Space Flight Center, Greenbelt, Maryland 20771, USA

107

011048-70



POPULATION OF MERGING COMPACT BINARIES INFERRED ... PHYS. REV. X 13, 011048 (2023)

112Dipartimento di Fisica, Universita degli Studi di Genova, I-16146 Genova, Italy
Wnstitute for Gravitational and Subatomic Physics (GRASP), Utrecht University,
Princetonplein 1, 3584 CC Utrecht, Netherlands
YRESCEU, University of Tokyo, Tokyo, 113-0033, Japan
115Deparl‘ment of Astronomy, Beijing Normal University, Beijing 100875, China
HGOZva, University of Melbourne, Parkville, Victoria 3010, Australia
WUniversita degli Studi di Sassari, I1-07100 Sassari, Italy
INFN, Laboratori Nazionali del Sud, 1-95125 Catania, Italy
YWUniversita di Roma Tor Vergata, 1-00133 Roma, Italy
'INFN, Sezione di Roma Tor Vergata, I1-00133 Roma, Italy
University of Sannio at Benevento, 1-82100 Benevento, Italy and INFN,
Sezione di Napoli, I-80100 Napoli, Italy
22Villanova University, 800 Lancaster Ave, Villanova, Pennsylvania 19085, USA
l23Departamem0 de Astronomia y Astrofisica, Universitat de Valencia,
E-46100 Burjassot, Valéncia, Spain
Universitit Hamburg, D-22761 Hamburg, Germany
5 Rochester Institute of Technology, Rochester, New York 14623, USA
" National Tsing Hua University, Hsinchu City, 30013 Taiwan, Republic of China
Department of Applied Physics, Fukuoka University, Jonan, Fukuoka City, Fukuoka 814-0180, Japan
B0zGrav, Charles Sturt University, Wagga Wagga, New South Wales 2678, Australia
Department of Physics, Tamkang University, Danshui Dist., New Taipei City 25137, Taiwan
130Departmem‘ of Physics and Institute of Astronomy, National Tsing Hua University,
Hsinchu 30013, Taiwan
mDepartment of Physics, Center for High Energy and High Field Physics, National Central University,
Zhongli District, Taoyuan City 32001, Taiwan
CaRT, California Institute of Technology, Pasadena, California 91125, USA
3 Department of Physics, National Tsing Hua University, Hsinchu 30013, Taiwan
134Diparz‘imem‘o di Ingegneria Industriale (DIIN), Universita di Salerno, I-84084 Fisciano, Salerno, Italy
S nstitute of Physics, Academia Sinica, Nankang, Taipei 11529, Taiwan
B8 Université Lyon, Université Claude Bernard Lyon 1, CNRS, IP2I Lyon/IN2P3,
UMR 5822, F-69622 Villeurbanne, France
Seoul National University, Seoul 08826, Republic of Korea
Pusan National University, Busan 46241, Republic of Korea
"INAF, Osservatorio Astronomico di Padova, 1-35122 Padova, Italy
14OUniversity of Arizona, Tucson, Arizona 85721, USA
M'Ruthelford Appleton Laboratory, Didcot OX11 ODE, United Kingdom
OzGrav, Swinburne University of Technology, Hawthorn VIC 3122, Australia
WUniversité libre de Bruxelles, Avenue Franklin Roosevelt 50-1050 Bruxelles, Belgium
“Universitat de les Illes Balears, INC3—IEEC, E-07122 Palma de Mallorca, Spain
“SUniversité Libre de Bruxelles, Brussels 1050, Belgium
146Departament0 de Matemdticas, Universitat de Valencia, E-46100 Burjassot, Valencia, Spain
“Texas Tech University, Lubbock, Texas 79409, USA
B The Pennsylvania State University, University Park, Pennsylvania 16802, USA
149Um'versity of Rhode Island, Kingston, Rhode Island 02881, USA
The University of Texas Rio Grande Valley, Brownsville, Texas 78520, USA
B1Bellevue College, Bellevue, Washington 98007, USA
Scuola Normale Superiore, Piazza dei Cavalieri, 7-56126 Pisa, Italy
SSMTA-ELTE Astrophysics Research Group, Institute of Physics, Eétvos University,
Budapest 1117, Hungary
University of Szeged, Dom tér 9, Szeged 6720, Hungary
Maastricht University, P.O. Box 616, 6200 MD Maastricht, Netherlands
156Universil‘y of Portsmouth, Portsmouth, POl 3FX, United Kingdom
TThe University of Sheffield, Sheffield S10 2TN, United Kingdom
Université Lyon, Université Claude Bernard Lyon 1, CNRS, Laboratoire des Matériaux Avancés (LMA),
IP2I Lyon/IN2P3, UMR 5822, F-69622 Villeurbanne, France
Dipartimento di Scienze Matematiche, Fisiche e Informatiche, Universita di Parma,
1-43124 Parma, Italy
INFN, Sezione di Milano Bicocca, Gruppo Collegato di Parma, 1-43124 Parma, Italy
11 physik-Institut, University of Zurich, Winterthurerstrasse 190, 8057 Zurich, Switzerland
162Um'versity of Chicago, Chicago, Illinois 60637, USA

118

121

127

129

132

137
138

142

150

152

154
155

158

159

011048-71



R. ABBOTT et al. PHYS. REV. X 13, 011048 (2023)

18 Université de Strasbourg, CNRS, IPHC UMR 7178, F-67000 Strasbourg, France
1 West Virginia University, Morgantown, West Virginia 26506, USA
Montclair State University, Montclair, New Jersey 07043, USA
Colorado State University, Fort Collins, Colorado 80523, USA
" Institute for Nuclear Research, Hungarian Academy of Sciences,
Bem t’er 18/c, H-4026 Debrecen, Hungary
168Departmenz of Physics, University of Texas, Austin, Texas 78712, USA
169CNR—SPIN, c/o Universita di Salerno, 1-84084 Fisciano, Salerno, Italy
Scuola di Ingegneria, Universita della Basilicata, I1-85100 Potenza, Italy
Observatori Astronomic, Universitat de Valencia, E-46980 Paterna, Valéncia, Spain
" The University of Utah, Salt Lake City, Utah 84112, USA
173](611)}011 College, Gambier, Ohio 43022, USA
174Vrije Universiteit Amsterdam, 1081 HV, Amsterdam, Netherlands
Department of Astronomy, The University of Tokyo, Mitaka City, Tokyo 181-8588, Japan
Faculty of Engineering, Niigata University, Nishi-ku, Niigata City, Niigata 950-2181, Japan
" State Key Laboratory of Magnetic Resonance and Atomic and Molecular Physics,
Innovation Academy for Precision Measurement Science and Technology (APM),
Chinese Academy of Sciences, Xiao Hong Shan, Wuhan 430071, China
T Universiteit Gent, B-9000 Gent, Belgium
Cornell University, Ithaca, New York 14850, USA
University of British Columbia, Vancouver, BC V6T 174, Canada
8T ata Institute of Fundamental Research, Mumbai 400005, India
INAF, Osservatorio Astronomico di Capodimonte, 1-80131 Napoli, Italy
83 The University of Mississippi, University, Mississippi 38677, USA
184Um'versity of Michigan, Ann Arbor, Michigan 48109, USA
5 Texas A&M University, College Station, Texas 77843, USA
8 Department of Physics, Ulsan National Institute of Science and Technology (UNIST),
Ulju-gun, Ulsan 44919, Republic of Korea
]87Applied Research Laboratory, High Energy Accelerator Research Organization (KEK),
Tsukuba City, Ibaraki 305-0801, Japan
lngipartimento di Fisica, Universita di Trieste, 1-34127 Trieste, Italy
Shanghai Astronomical Observatory, Chinese Academy of Sciences, Shanghai 200030, China
0 American University, Washington, D.C. 20016, USA
191Facull‘y of Science, University of Toyama, Toyama City, Toyama 930-8555, Japan
2 1nstitute for Cosmic Ray Research (ICRR), KAGRA Observatory,
The University of Tokyo, Kamioka-cho, Hida City, Gifu 506-1205, Japan
19 Carleton College, Northfield, Minnesota 55057, USA
lg4Um'versity of California, Berkeley, California 94720, USA
Maastricht University, 6200 MD, Maastricht, Netherlands
¥College of Industrial Technology, Nihon University, Narashino City, Chiba 275-8575, Japan
Y Graduate School of Science and Technology, Niigata University,
Nishi-ku, Niigata City, Niigata 950-2181, Japan
198Department of Physics, National Taiwan Normal University, sec. 1V, Taipei 116, Taiwan
199Aslronomy & Space Science, Chungnam National University,
Yuseong-gu, Daejeon 34134, Republic of Korea, Republic of Korea
*Department of Physics and Mathematics, Aoyama Gakuin University,
Sagamihara City, Kanagawa 252-5258, Japan
Kavli Institute for Astronomy and Astrophysics, Peking University,
Haidian District, Beijing 100871, China
Yukawa Institute for Theoretical Physics (YITP), Kyoto University,
Sakyou-ku, Kyoto City, Kyoto 606-8502, Japan
Graduate School of Science and Engineering, University of Toyama,
Toyama City, Toyama 930-8555, Japan
Department of Physics, Graduate School of Science, Osaka City University,
Sumiyoshi-ku, Osaka City, Osaka 558-8585, Japan
Nambu Yoichiro Institute of Theoretical and Experimental Physics (NITEP), Osaka City University,
Sumiyoshi-ku, Osaka City, Osaka 558-8585, Japan
21 stitute of Space and Astronautical Science (JAXA), Chuo-ku, Sagamihara City,
Kanagawa 252-0222, Japan
2 Directorate of Construction, Services & Estate Management, Mumbai 400094, India

171

175
176

179
180

182

189

201

202

203

204

205

011048-72



POPULATION OF MERGING COMPACT BINARIES INFERRED ... PHYS. REV. X 13, 011048 (2023)

28y anderbilt University, Nashville, Tennessee 37235, USA

P Universiteit Antwerpen, Prinsstraat 13, 2000 Antwerpen, Belgium
21OUniversity of Biatystok, 15-424 Biatystok, Poland
" Department of Physics, Ewha Womans University, Seodaemun-gu, Seoul 03760, Republic of Korea
*2National Astronomical Observatories, Chinese Academic of Sciences,
Chaoyang District, Beijing, China
School of Astronomy and Space Science, University of Chinese Academy of Sciences,
Chaoyang District, Beijing, China
214Um'versity of Southampton, Southampton SO17 1BJ, United Kingdom
*Bnstitute for Cosmic Ray Research (ICRR), The University of Tokyo,
Kashiwa City, Chiba 277-8582, Japan
2mChung—Ang University, Seoul 06974, Republic of Korea
Institut de Fisica d’Altes Energies (IFAE), Barcelona Institute of Science and Technology,
and ICREA, E-08193 Barcelona, Spain
Graduate School of Science, Tokyo Institute of Technology, Meguro-ku, Tokyo 152-8551, Japan
219Um’versity of Washington Bothell, Bothell, Washington 98011, USA
pnstitute of Applied Physics, Nizhny Novgorod, 603950, Russia
2 Evwha Womans University, Seoul 03760, Republic of Korea
Inje University Gimhae, South Gyeongsang 50834, Republic of Korea
223Department of Physics, Myongji University, Yongin 17058, Republic of Korea
Korea Astronomy and Space Science Institute, Daejeon 34055, Republic of Korea
*National Institute for Mathematical Sciences, Daejeon 34047, Republic of Korea
Ulsan National Institute of Science and Technology, Ulsan 44919, Republic of Korea
227Department of Physical Science, Hiroshima University,
Higashihiroshima City, Hiroshima 903-0213, Japan
2School of Physics and Astronomy, Cardiff University, Cardiff, CF24 3AA, United Kingdom
2 Institute of Astronomy, National Tsing Hua University, Hsinchu 30013, Taiwan
%Bard College, 30 Campus Rd, Annandale-On-Hudson, New York 12504, USA
B nstitute of Mathematics, Polish Academy of Sciences, 00656 Warsaw, Poland
2National Center for Nuclear Research, 05-400 Swierk-Otwock, Poland
B stituto de Fisica Teorica, 28049 Madrid, Spain
234Department of Physics, Nagoya University, Chikusa-ku, Nagoya, Aichi 464-8602, Japan
Université de Montréal/Polytechnique, Montreal, Quebec H3T 1J4, Canada
BSLaboratoire Lagrange, Université Cote d’Azur,
Observatoire Cote d’Azur, CNRS, F-06304 Nice, France
Canadian Institute for Theoretical Astrophysics, University of Toronto,
Toronto, Ontario M5S 3HS, Canada
238Depatrtment of Physics, Hanyang University, Seoul 04763, Republic of Korea
2395ungkyunkwan University, Seoul 03063, Republic of Korea
" NAVIER, Ecole des Ponts, Univ Gustave Eiffel, CNRS, Marne-la-Vallée, France
241Department of Physics, National Cheng Kung University, Tainan City 701, Taiwan
*2National Center for High-performance computing, National Applied Research Laboratories,
Hsinchu Science Park, Hsinchu City 30076, Taiwan
Institute for High-Energy Physics, University of Amsterdam,
Science Park 904, 1098 XH Amsterdam, Netherlands
*MNASA Marshall Space Flight Center, Huntsville, Alabama 35811, USA
24SUniversity of Washington, Seattle, Washington 98195, USA
246Dipartimento di Matematica e Fisica, Universita degli Studi Roma Tre, I-00146 Roma, Italy
247INFN, Sezione di Roma Tre, 1-00146 Roma, Italy
*SESPCI, CNRS, F-75005 Paris, France
Concordia University Wisconsin, Mequon, Wisconsin 53097, USA
Universita di Camerino, Dipartimento di Fisica, 1-62032 Camerino, Italy
School of Physics Science and Engineering, Tongji University, Shanghai 200092, China
2Southern University and A&M College, Baton Rouge, Los Angeles 70813, USA
3 Centre Scientifique de Monaco, 8 quai Antoine ler, MC-98000, Monaco
4 nstitute for Photon Science and Technology, The University of Tokyo,
Bunkyo-ku, Tokyo 113-8656, Japan
Indian Institute of Technology Madras, Chennai 600036, India
pnstituto de Fisica Teorica, Universidad Auténoma de Madrid, 28049 Madrid, Spain
*TSaha Institute of Nuclear Physics, Bidhannagar, West Bengal 700064, India

213

217

218

222

226

237

243

249

251

011048-73



R. ABBOTT et al. PHYS. REV. X 13, 011048 (2023)

¥The Applied Electromagnetic Research Institute, National Institute of Information and Communications

Technology (NICT), Koganei City, Tokyo 184-8795, Japan
Institut des Hautes Etudes Scientifiques, F-91440 Bures-sur-Yvette, France
*OFaculty of Law, Ryukoku University, Fushimi-ku, Kyoto City, Kyoto 612-8577, Japan
! ndian Institute of Science Education and Research, Kolkata, Mohanpur, West Bengal 741252, India
26ZDepartment of Astrophysics/IMAPP, Radboud University Nijmegen,
P.O. Box 9010, 6500 GL Nijmegen, Netherlands
Department of Physics, University of Notre Dame, Notre Dame, Indiana 46556, USA
264Consiglio Nazionale delle Ricerche—Istituto dei Sistemi Complessi,
Piazzale Aldo Moro 5, 1-00185 Roma, Italy
Korea Astronomy and Space Science Institute (KASI), Yuseong-gu, Daejeon 34055, Republic of Korea
20 Hobart and William Smith Colleges, Geneva, New York 14456, USA
27 mternational Institute of Physics, Universidade Federal do Rio Grande do Norte,
Natal RN 59078-970, Brazil
Museo Storico della Fisica e Centro Studi e Ricerche “Enrico Fermi”, I-00184 Roma, Italy
*Lancaster University, Lancaster LAI 4YW, United Kingdom
Universita di Trento, Dipartimento di Matematica, 1-38123 Povo, Trento, Italy
Indian Institute of Science Education and Research, Pune, Maharashtra 411008, India
272Dipartimen10 di Fisica, Universita degli Studi di Torino, I-10125 Torino, Italy
BIndian Institute of Technology, Palaj, Gandhinagar, Gujarat 382355, India
Department of Physics, Kyoto University, Sakyou-ku, Kyoto City, Kyoto 606-8502, Japan
275Department of Electronic Control Engineering, National Institute of Technology,
Nagaoka College, Nagaoka City, Niigata 940-8532, Japan
276Departament0 de Matemdtica da Universidade de Aveiro and Centre for Research and Development in
Mathematics and Applications, Campus de Santiago, 3810-183 Aveiro, Portugal
277Marquette University, 11420 W. Clybourn St., Milwaukee, Wisconsin 53233, USA
" Graduate School of Science and Engineering, Hosei University, Koganei City, Tokyo 184-8584, Japan
279Faculty of Science, Toho University, Funabashi City, Chiba 274-8510, Japan
28OFaculty of Information Science and Technology, Osaka Institute of Technology,
Hirakata City, Osaka 573-0196, Japan
Bl Universita di Firenze, Sesto Fiorentino 1-50019, Italy
*2INAF, Osservatorio Astrofisico di Arcetri, Largo E. Fermi 5, I-50125 Firenze, Italy
Indian Institute of Technology Hyderabad, Sangareddy, Khandi, Telangana 502285, India
BUTHEMS ( Interdisciplinary Theoretical and Mathematical Sciences Program), The Institute of Physical
and Chemical Research (RIKEN), Wako, Saitama 351-0198, Japan
INAF, Osservatorio di Astrofisica e Scienza dello Spazio, I-40129 Bologna, Italy
286Departmem of Space and Astronautical Science, The Graduate University for Advanced Studies
(SOKENDAI), Sagamihara City, Kanagawa 252-5210, Japan
T Andrews University, Berrien Springs, Michigan 49104, USA
8 Research Center for Space Science, Advanced Research Laboratories, Tokyo City University,
Setagaya, Tokyo 158-0082, Japan
2 Institute for Cosmic Ray Research (ICRR), Research Center for Cosmic Neutrinos (RCCN),
The University of Tokyo, Kashiwa City, Chiba 277-8582, Japan
National Metrology Institute of Japan, National Institute of Advanced Industrial Science and
Technology, Tsukuba City, Ibaraki 305-8568, Japan
P Dipartimento di Scienze Aziendali—Management and Innovation Systems (DISA-MIS),
Universita di Salerno, 1-84084 Fisciano, Salerno, Italy
Van Swinderen Institute for Particle Physics and Gravity, University of Groningen,
Nijenborgh 4, 9747 AG Groningen, Netherlands
Faculty of Science, Department of Physics, The Chinese University of Hong Kong,
Shatin, N.T., Hong Kong
Vrije Universiteit Brussel, Boulevard de la Plaine 2, 1050 Ixelles, Belgium
295Deparl‘ment of Communications Engineering, National Defense Academy of Japan,
Yokosuka City, Kanagawa 239-8686, Japan
2%Department of Physics, University of Florida, Gainesville, Florida 32611, USA
Department of Information and Management Systems Engineering, Nagaoka University of Technology,
Nagaoka City, Niigata 940-2188, Japan

259

263

265

268

270

271

274

283

285

292

293

294

297

011048-74



POPULATION OF MERGING COMPACT BINARIES INFERRED ... PHYS. REV. X 13, 011048 (2023)

298Vrije Universiteit Amsterdam, 1081 HV Amsterdam, Netherlands

299Departmem‘ of Physics and Astronomy, Sejong University,
Gwangjin-gu, Seoul 143-747, Republic of Korea
®Department of Electrophysics, National Chiao Tung University, Hsinchu, Taiwan
3OlDepartmem‘ of Physics, Rikkyo University, Toshima-ku, Tokyo 171-8501, Japan

011048-75



