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Rates:  
trigger number density



Counting and confusion

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, II
• 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.



Counting and confusion, III



Rates:  
candidate eventsLVT151012 



Rates:  
population assumptions



Advanced detector timelines

[Aasi+ (LSC+Virgo), arXiv:1304.0670]



Rates: 
Future expectations



Rates vs. past predictions

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



Rates vs. predictions
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Key lessons learned

1. BBHs exist



First prediction



Key lessons learned

1. BBHs exist 

2. Merging BBHs exist



How do you get  
a BBH to merge?

A. Isolated binary evolves and merges through 
GW emission 

B. Dynamical processes form the binary and/or 
help it harden



Isolated binary
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Belczynski+,  
arXiv:1602.04531

see also 
Eldridge & Stanway,  
arXiv: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 ApJ 800 9; Rodriguez et al. arXiv:1505.00792]

§ BH-BH scattering in galactic nuclei with a density cusp caused by a 
massive black hole (MBH)
» [O’Leary, Kocsis, Loeb, 2009 arXiv:0807.2638; Tsang, 2014 ApJ 777 103] for more 

conservative estimate]
§ 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 tighten 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]



Rodriguez, Haster+,  
arXiv:1604.04254 

see also Mapelli, 
arXiv:1604.03559



Mandel & de Mink,  
arXiv:1601.00007,  

MNRAS

see also Marchant+,  
arXiv:1601.03718, A&A; 

de Mink & Mandel, 
arXiv:1603.02291,  

MNRAS

Chemically homogeneous 
evolution?



Chemically homogeneous 
evolution

see mock catalogs at 
http://www.sr.bham.ac.uk/~imandel/CaseM/



Chemically homogeneous 
evolution

de Mink & Mandel, 
arXiv:1603.02291,  

MNRAS



Chemically homogeneous 
evolution



Key lessons learned

1. BBHs exist 

2. Merging BBHs exist 

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



BH mass distribution

Black hole masses in low-mass  
and high-mass X-ray binaries 
[Farr et al., 2011 ApJ 741, 103]; 
see also Ozel+, 2010 ApJ 725, 1918



Metallicity and winds

adapted from 
Belczynski+, 2010

adopted from 
Spera+, 2016



Stochastic background

[but see, e.g., Callister+, arXiv:arXiv:1604.02513]



Key lessons learned
1. BBHs exist 

2. Merging BBHs exist 

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

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

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

6. 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: 

• 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 
broad hyper-parameter space (e.g., common-envelope 
physics, BH natal kicks, etc.), interpolating, comparing 
to reconstructed source population



Clustering on observations

[Mandel+, 2015, MNRAS Letters,  
arXiv:1503.03172]



Clustering on observations
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Model comparison

[Stevenson+, arXiv:1504.07802;  
based on data from Dominik+, 2012 — 
see syntheticuniverse.org]



Model comparison

Stevenson+,  
arXiv:1504.07802
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