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On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultancously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 x 10~2'. It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
than 5.16. The source lies at a luminosity distance ()1’41()_‘#3? Mpc comresponding to aredshift z = 0.09:((,)"(‘;'1.
[n the source frame, the initial black hole masses are 36:;M_,_‘ and .29:; M ,, and the final black hole mass is
62:‘4‘M -, with 30_:;:’&[ 7,‘;03 radiated in gravitational waves. All uncentainties define 90% credible intervals.

These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.

DOI: 10.1103/PhysRevLett.116.061102
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Properties of GW150914
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EOBNR

[MRPhenom
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Rates:
trigger number density




Counting and confusion
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Globular cluster on top of a
galactic background with a

gradient [Farr, Gair, Mandel,
Cutler, 2015, PRD 91, 023005]

* Trouble distinguishing foreground and background signals



Counting and confusion, ||

* Allow each “event” to be assigned to foreground or
background.

 Parameterize the foreground and background
distributions as you wish.

« MCMC over distribution parameters and fore/back
status of each event.
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Rates:
candidate events



Rates:
population assumptions
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Advanced detector timelines
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[Aasi+ (LSC+Virgo), arXiv:1304.0670]




Rates:
Future expectations
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Rates vs. past predictions

TABLE IV: Compact binary coalescence rates per Mpc® per Myr.*
Source Rlow ch Rhigh Rmax

NS-NS (Mpc™ Myr™ ") 0.01 [1] 1 [1] 10 [1] 50 [16]
NS-BH (Mpc™® Myr™ 1) 6x10°* [18] 0.03 [18] 1 [18]
BH-BH (Mpc™® Myr~') | 1x10*[14] 0.005 [14] 0.3 [14]

[Abadie et al., CQG 27:173001,2010]



Rates vs. predictions
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Key lessons learneo

1. BBHs exist



~Irst prediction

m

ABOJ/IIOLMA MACCHUBHBIX TECHBIX [IBOHMHBIX
CHUCTEM

e27..

Info.

1973N

A.B. Tyrykon, /1, P, Onrenscou

[Tocne Bmropanrs smepHoro ropioyero B sape WR , oma BapuBaercs, Tepss
gacTh Macchl, OCTATOK - pendaTHBACTCKEE o6GbekT mMeer Mmaccy -Ra (2-%)*%m.
[Tockonbky Mbl He 3HaeM 3aBHCHMOCTHE [ OT MacCel, Mu OpEEEMaemM B  aag nep-
Bo##i m BTopoi WR onEHaKOBHIMH, NanbHe#LIHe ONEHKH NOATBEpPXIAalT 3TO NpHGIHE-
xenne. Paccmorpum Bompoc o pacnmane cmcremm WR+ R B MomenrT BapmBa xommo-
HeHTHl WR , KoOHeYHO, B NOpHHOHENE BO3MOXXHO, YTO H& NPeAlLUEeCTBYIILUHEX CTaIdHdX
apo/mionns obGe 3Be3anl mNoTepdalwT OOABLILUY® YacTh MACChl, H Kojjanc He 6ymer con-
poBoxknarbcd OGonpuio# morepelt Bemecrsa, CHCTeMa oOCTaHeTCd CBA3aHHON, H MOXKHO
6yaeT NONyYHTh CHCTeMbI THIOA HOyAbcap + NyJbcap HAH KoJuamncap + Koiancap. o
H3y4yeHHe OOHApy>XeHHhIX Ny/AbLCApOB He [aeT HH OHOr'o NpAMepa ABOHCTBEHHOCTH,

NO3TOMY TakKyl BO3MOXHOCTEL CllelyeT CHYHTATbL MAaJIOBEepOHATHOH, no kpa#Hed Mepe, ansa
OONBIUHHCTBA CHCTEeM.




Key lessons learneo

1. BBHs exist

2. Merging BBHSs exist



HOw do you get
a BBH to merge?

A. Isolated binary evolves and merges through
GW emission

3. Dynamical processes form the binary and/or
nelp it harden




|solated binary
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Belczynski+,
arXiv:1602.04531

see also
Eldridge & Stanway,
arxXiv:1602.03790;
Inayoshi+,
arXiv:1603.06921




Dynamical Formation

BH-BH mergers in dense black-hole subclusters of globular clusters

» [e.g., O’Leary, O’'Shaughnessy, Rasio, 2007 PRD 76 061504 ; Downing et al., 2011
MNRAS 416 133; Bannerjee et al., 2010 MNRAS 402 371, Morscher et al., 2013
ApJL 763 L15, 2015 ApdJ 800 9; Rodriguez et al. arXiv:1505.00792]

BH-BH scattering in galactic nuclei with a density cusp causeg

massive black hole (MBH)

» [O’Leary, Kocsis, Loeb, 2009 arXiv:0807.2638; Tsang, 2014 ApdJ 777]103] for more
conservative estimate]

by a

BH-BH mergers in nuclei without an MBH
» [Miller and Lauburg, 2009, ApJ 692 917]

Intermediate-mass-ratio inspirals of compact objects into intermediate-
mass black holes in globular clusters; 3-body interactions tighter IMBH-

CO binary [Mandel et al., 2008 ApJ 681 1431] *

Still no confident IMBH detections... but recent detection of very massive
(several hundred solar masses) stars [e.g., Crowther et al., 2010 MNRAS
L11]

» Direct formation of IMBH binaries? [Belczynski et al., 2014 ApJ 789 120]
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Rodriguez, Haster+,
arXiv:1604.04254

see also Mapelli,
arXiv:1604.03559




Chemically homogeneous
evolution®

chemically homogeneous
evolution

normal
evolution

Mandel & de Mink,
arXiv:1601.00007,
\WINIRTAS)

Roche lobe
overflow

see also Marchant+,
arXiv:1601.03718, AKA:
s aee kae b de Mink & Mandel,

Roche-lobe overflow arXiv:1603.02291,
MNRAS



Chemically homogeneous

evolution

All systems
= Too much widening

250 | Pair instability supernova?
» Binary black hole targets

3 Normal evolution

me (M)

"M
AL
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0! . | | ‘
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20 40 60 80 100 my (M)

Companion mass (M)

see mock catalogs at

http://www.sr.bham.ac.uk/~imandel/CaseM/



Chemically homogeneous
evolution

all mergers
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Chemically homogeneous
evolution

O1 sensitivity
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Key lessons learneo

. BBHs exist

. Merging BBHs exist

. Stellar-mass BHs with mass above 30 solar
masses exist (and take part in mergers)




BH mass aistripbution
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Stochastic background

GW150914: Implications for the stochastic gravitational-wave background from
binary black holes
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[but see, e.g., Callister+, arXiv:arXiv:1604.02513]



Key lessons learneo

. BBHSs exist
. Merging BBHSs exist

. Stellar-mass BHs with mass above 30 solar masses exist (and take
part in mergers)

. Don’t know formation channel from single event — isolated binary
with CE? chemically homogeneous evolution” dynamical formation??

. Likely formed in low metallicity environment (either locally, or at high
z with long time delay)

. Primary has spin of <0.7 at 90% confidence; no evidence for spins
being both large and strongly aligned



Inverse problem of
gravitational-wave astrophysics

 Unmodeled approach:
e Searching for clusters in observable parameter space
« Modeled approach

 Compare observed rates and distributions against
model predictions

 Requires building a catalog of models which explore a
oroad hyper-parameter space (e.g., common-envelope
ohysics, BH natal kicks, etc.), interpolating, comparing
to reconstructed source population




Clustering on observations

[Mandel+, 2015, MNRAS Letters,

arXiv:1503.03172]



Clustering on observations

log(M_/M_-1)



Model comparison

fraction

chirp mass [Msun]

[Stevenson+, arXiv:1504.07802;
based on data from Dominik+, 2012 —

see syntheticuniverse.org]




Model comparison
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THE GRAVITATIONAL. WAVE
DETECTOR WORKS! FOR THE
FIRST TIME, LE. CAN UISTEN
IN ON THE SIGNALS CARRIED
BY RIPPLES IN THE. FABRIC

EVENT BLACK HOLE MERGER IN CARINA (30 Mo, 30Mo)

EVENT: ZORWAX THE. MIGHTY LJOULD LIKE To CONNECT ON [INKEOIN
EVENT: BLACK HOLE MERGER IN ORION (20 Mg, 50 M)
EVENT? MORTGAGE. OFFER FROM TRIANGULLY) GALAXY

EVENT? ZORUAX THE MIGHTY LIOULD LIKE TO (ONNELT ON INKEDIN
EVENT: MEET LONELY SINGLES IN THE. LOCAL GROUP TONIGHT !




