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THE LIGO ScCIENTIFIC COLLABORATION AND THE VIRGO COLLABORATION

ABSTRACT

We present results on the mass, spin, and redshift distributions of the ten binary black hole mergers
detected in Advanced LIGO’s and Advanced Virgo’s first and second observing runs. We constrain
properties of the binary black hole (BBH) mass spectrum using models with a range of parameteriza-
tions of the BBH mass and spin distributions. We find that the mass distribution of the more massive
black hole in each binary is well approximated by models with almost no black holes larger than 45
Mg, and a power law index of o = 1.67]2 (90% credibility). We also show that BBHs are unlikely
to be composed of black holes with large spins aligned to the orbital angular momentum. Modelling
the evolution of the BBH merger rate with redshift, we show that it is increasing with redshift with
credibility 0.88. Marginalizing over uncertainties in the BBH population, we find robust estimates of
the BBH merger rate density of R = 52.975%°0 Gpe™3 yr=1(90% credibility). As the BBH catalog grows
in future observing runs, we expect that uncertainties in the population model parameters will shrink,
potentially providing insights into the formation of black holes via supernovae, binary interactions of
massive stars, stellar cluster dynamics, and the formation history of black holes across cosmic time.
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GWTC-1: A Gravitational-Wave Transient Catalog of Compact Binary Mergers Observed by
LIGO and Virgo during the First and Second Observing Runs

The LIGO Scientific Collaboration and The Virgo Collaboration
(Compiled: 30 November 2018)

We present the results from three gravitational-wave searches for coalescing compact binaries with component
masses above 1My during the first and second observing runs of the Advanced gravitational-wave detector
network. During the first observing run (O1), from September 12, 2015 to January 19", 2016, gravitational
waves from three binary black hole mergers were detected. The second observing run (O2), which ran from
November 30%, 2016 to August 25", 2017, saw the first detection of gravitational waves from a binary neutron
star inspiral, in addition to the observation of gravitational waves from a total of seven binary black hole mergers,
four of which we report here for the first time: GW170729, GW 170809, GW 170818 and GW170823. For all
significant gravitational-wave events, we provide estimates of the source properties. The detected binary black
holes have total masses between 18.6%;7M, and 85.1*]>5M,,, and range in distance between 320*[30 Mpc
and 27507352 Mpc. No neutron star — black hole mergers were detected. In addition to highly significant
gravitational-wave events, we also provide a list of marginal event candidates with an estimated false alarm rate
less than 1 per 30 days. From these results over the first two observing runs, which include approximately one
gravitational-wave detection per 15 days of data searched, we infer merger rates at the 90% confidence intervals
of 1103840 Gpc™ y~! for binary neutron stars and 9.7—101 Gpc™ y~! for binary black holes, and determine

a neutron star — black hole merger rate 90% upper limit of 610 Gpc™ y~'.

PACS numbers: 04.80.Nn, 04.25.dg, 95.85.Sz, 97.80.-d 04.30.Db, 04.30.Tv

I. INTRODUCTION use waveform models to compare against the data, but instead
identifies regions of excess power in the time-frequency rep-



Abstract

« LIGO & Virgo have reported the detection of
10 BBHs (+1 BNS) during O1 and O2

« 6 already reported BBHs + 4 new BBHs

« Based on the parameters of the detected
BBHs, better or new constrains on the
population properties of BBHs have been
Inferred

« BBH population will provide information on the
formation process and surrounding
environments



Observation runs
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Newly reported binaries

LLO LLO

BNS : 69 Mpc BNS : 84 Mpc

BBH : 845 Mpc BBH : 1029 Mpc

LHO LHO Virgo

BNS : 76 Mpc BNS : 68 Mpc BNS : 26 Mpc

BBH : 931 Mpc BBH : 831 Mpc BBH : 7
2015 2016 2016 2017
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10 BBHs & 1 BNS



Parameters of BBHs

Event  m/My mo/Mo  M/My  xer  Mi/My a5 Eng/Moc?) lpen/(ergs™) dy/Mpc  z AQ/deg®
GW150914 35.6"55 30.670 28.67% —0.0170)3 63.173; 0.69700,  3.1707  3.6703x10°° 430750 0.09790 179
GWIS1012 233740 13.6%1 15220 004028 35799 067:013 1505 32:08510% 1060730 021709 1555
GWI51226 13788 7722 8903 20.5764 0747007 10700 347 10% 4407150 0.0970% 1033
GW170104 31.072 20.1%9 21521 —0.04:07729.1%32 0.66*0% 2203 33106510% 96080 0.19%00 924
GW170608 10.9j;3 7.9%02 0037019 17.8732 069004 09700 35045 10% 3207120 00702 396
GW170729 (0.6 (83437, 3573 36702 8037146 0.81°007  4.8°17 42909 x 10 2750713 1033
GWI70809 352755 23877 25007 007918 56437 07018 2797 3595x 10 9903 02000 340 | 44y,
GW170814 30.7%37 25329  242t14  007+012 53432 (72:007  p7:04 3710451056  5g0+led (12003 /R7
GW170817 146012 12709 1.18670%0! 00012 <28 <089 =004  >01x10° 40710 001799 [ 16
GW170818 355" 26.8%%5 26771  —0.0970% 59.8%3% 0.67°00: 27707 34705 x10°° 1020730 0.207007 \39
GWI170823 39.67100 29463 293#42 (0802 65694 0.71+008 3309 361065 10% 18507840 0347013 1651

TABLEIII. Selected source parameters of the eleven confident detections. We report median values with 90% credible intervals that include
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Component mass

*m;>my , q=my/m
« many m ~ 30 M ,, BHs were observed
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Mass ratio
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* X.¢=1: Spin is aligned to orbital angular moment
* Xo=0: Spin is small or misaligned to orbital angular

moment
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Sky localization

 Virgo contributed to three events
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Binary population properties

* IS determined by the physical process and
evolutionary environments of binaries
* isolated massive binaries through common envelope
e dynamical processes in stellar clusters

* COmMmon processes to most pathways
* mass loss
* supernova (affected by metalicity)

« Information on these process can be inferred
from the distribution of mass, spin, etc...




Models of mass distribution

1
mi1msy

- flat-in-log distribution 1 p(my, ms)
. power law :  p(my) o m7®

* Previous works used these models

« The power law iIndex a was estimated after
GW170104, with fixed mass range :

m; >b Mg,,, mi+m, < 100 M,



New (more general) model
« three models (A, B, C) parametrized by

2

m —
1) + A B(0) exp (—( 1202Nm) )] S(mq, Mmin, 0M)
v ] y m 77\ v )
power law component Gaussian component low-mass cutoff

(only included in model C)
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Mass Parameters Spin Parameters
Model « Mmax Mmin ,Bq Am Hm Om om E[a] Var [a'] C ¢
A ||[4,12] [30, 100]|| 5 0 0 N/A  N/A N/A [[0,1] [0,025 1 [0,
B -4, 12]  [30, 100] | [5, 10] [-4, 12]|| © N/A N/A N/A |[0,1] [0,0.25] 1 [0,
C | [-4,12] [30, 100] | [5, 10] [-4,12] | [0, 1] [20,50] (0, 10] [0, 10] | [0, 1] [0, 0.25] [0,1] [0

free parameters



Gaussian component : PPISN

 Pulsational Pair Instability SuperNova
e one of the types of supernova

« remove significant amount of mass from star
prior to the core collapse

= mass distribution of born BHs have cutoff

Mpedep *== Mpn —— with PPISNe 0-PPISN 2-PPISN
PPISN 1-PPISN
100 —————————————— no PPISNe I-PPIS

10° 3

||||||||||||

|||||||||

GW170104
GW170814
GW150914 j




Inferred distribution

maximum
mass (99%)

model A | 0.4 113 | 5(fixed) | 43.8

a mmin [Msun]

model B | 16 ='° | 797 | 428
modelC | 7.3 72 | 7042 | 41.8

yrevious assumotion arXiv:1811.12940

— Model A
——  Model B
= Model C

cutoff at ~ 45 M,
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Inferred distribution
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How likely? : Bayesian factor

modell
e PlalMn)
° pla|My)

model2

Bayesian factor

(In BF'. >0 : modeliis more preferred than model C)

Model A B C,Am=01]C,0,n =0

InBF, | -2.37 | -1.40 -2.12 0.14

—— !

(model A) < (model B) < (model C)

not significant difference

\ 4
contribution from Gaussian component is likely to exist



Mass gap at 2 - 5 M,

« suggested by X-ray binary (origin Iis uncertain)

« BBH distribution cannot confirm this because
no BBHs at this mass was observed
* detectability was not enough

Masses in the Stellar Graveyard
in Solar Masses

¢gap




Mass gap above 50 M,

« The maximum mass of BHs born after PPISN is

predicted to be 50 Mg,

« BBH mass distribution is consistent with this

* high-mass cutoff at ~ 45 M,
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Mass ratio

« Model B and C give consistent 8 > O (95% conf))
e |large mass ratio (q ~ 0) is disfavored
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Merger rate
« after O1 (3 BBHs) :

e flat-in-log + power-law

- after O2 (10 BBHS) :

 model C (power law + Gaussian)

Rp(R)

0.7

Phys. Rev. X 6, 041015
AT | ol R

Flat
Event Based
Power Law

10t 102
R (Gpc 2 yr~1)

103



Redshift dependence

R(z|\) = Ro (14 2)"

« A=0:uniform merger rate
A~ 3 : (approximately) follows star formation rate

« other factors :
* metallicity evolution
 globular cluster formation

« Redshift dependence implies which factors are
related?



Evolution of merger rate with z

(using model A with zero spin for simplicity)
e cannot distinguish different formation rate histories
* A> 0 at 88% credibility

10°
Fixed Parameter (power-law)

- 1074 Fixed Parameter (flat-in-log)
L - Redshift Evolution Model
‘L/
& 10%;
/(T )
§ 10°4

10! ;

0.0 0.2 0.4 0.6 0.8
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Spin magnitude distribution

* [arge spins are disfavored
* 50% of BH spins : < 0.27
* 90% of BH spins : < 0.55

8

N |

S
~~~
~_-_--

— Mixture

a
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Spin tilt distribution

« modeled with parameter ¢ as follows

I— — oy
—0)l
p(cos ty, costa|or, 02,() ::M| isotropic . .
S {=0: isotropic
12¢ exp (—(1 — cost;)?/(207))! a. : i
+ H | Gaussian (=1 : Gaussian (aligned)
e oierf(v/2/0;) I

- e s e s e e B B B B e e e e s sl

arXiv:1811.12940

— Mixture

—  (Gaussian

— = [sotropic

almost no constrain on the

spin orientation distribution is achieved 0.0 . . :
~1.0 —0.5 0.0 0.5 1.0




Interpretation of spins

» Observation provided only spin magnitude
distribution

« Spin mMagnitude Is affected by many uncertain
ProCcesses
* mass transfer
e tidal interaction
* internal mixing

»magnitude distribution is difficult to predict
theoretical models



Summary

- Mass distribution :
* high-mass cutoff at ~ 45 M, is consistent with PPISN prediction

* low-mass cutoff at <9 M,,,, but cannot set constrain on the suggested mass
gap between 2 M,,(NS) and 5 M,,,(BH)

* large mass ratio is disfavored

« Merger rate :
e updated:9-240 Gpc3yr!(01)= 25.9-108.5 Gpc3yr?
* increasing with redshift (88% credibility), but the origin cannot be clarified
due to large uncertainty

« Spin distribution :
 |arge spin magnitude is disfavored (90% of BHs have spins less than 0.55)
e observation can not provide any preference for orientation distribution
* due to many uncertain effects, spin magnitude distribution cannot predict
theoretical model




