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What do we measure?
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LIGO is designed to detect mergers of stellar-mass objects.
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Motivation: Detection of Gravitational Waves

Event GW150914 GW151226 LVT151012
Signal-to-noise ratio p 23.7 13.0 9.7
False alarm rate FAR/yr~! < 6.0 x 1077 < 6.0 x 1077 0.37
p-value 7.5% 1078 7.5 % 1078 0.045
Significance > 5.30 > 5.30 1.70
Primary mass m{®“"¢/M 36.27372 14.2183 2378
Secondary mass ms°"ce /M., 29.1°3] 75123 1372
Chirp mass M /M, 28.1°]% 8.9103 15.11 1
Total mass M*°¥¢ /M, 65.3734 21.8132 37_'413
Effective inspiral spin y.g -0.06" 14 021793 0.0°93
Final mass M /M, 62.3:37 20.86:] 352"
Final spin a; 0.68 502 0.7475:5% 0.66°00
Radiated energy E.q/(Mc?) 3,0_*8_‘2 1.0_*8_2‘ 1.5_’8“2
Peak luminosity #pe./(ergs™) 3.6702 x 10% 3.3198 % 10°¢ 3.1708 x 10°°
Luminosity distance D; /Mpc 420*10 4407189 1000250
Source redshift z 0.09105 0.097 50 0.20755%
Sky localization AQ/deg? 230 850 1600




Motivation: Detection of Gravitational Waves

Summary of properties:

Event GW150914 GW151226 LVT151012
ISignal-to-noise ratio p 23.7 13.0 9.7
False alarm rate FAR /yr~! < 6.0 x 1077 < 6.0 x 1077 0.37
p-value 7.5% 1078 7.5 % 1078 0.045
Significance > 5.30 > 5.30 1.70
Primary mass m{®""* /M 36.21332 14.2753 2378
Secondary mass ms°"ce /M., 29.1°3] 75123 1372
Chirp mass M /M, 28.1°]% 8.9103 15.11 1
Total mass M*“"*¢ /M, 65.3:34 21.8739 3757
Effective inspiral spin y.g -0.06" 14 021793 0.0°93
Final mass M /M, 62.3737 20.8+6] 352"
Final spin a; 0.68 02 0.7475:5% 0.66°00
Radiated energy E.q/(Mc?) 3.0°92 1. 0_'8 2‘ 15797
Peak luminosity #pe./(ergs™) 3.6702 x 10% 3.3108 x 10° 3.1708 x 10°°
Luminosity distance D; /Mpc 420*10 4407189 1000250
Source redshift z 0.09105 0.097 50 0.20755%
Sky localization AQ/deg? 230 850 1600




Motivation: Detection of Gravitational Waves

Summary of properties:

Event GW150914 GW151226 LVT151012
Signal-to-noise ratio p 23.7 13.0 9.7
False alarm rate FAR/yr~! <6.0x 1077 <6.0x 1077 0.37
p-value 7.5 x107% 7.5 x 1078 0.045
[Significance > 5.30 > 5.30 170
Primary mass m3°""¢ /M, 36.2372 14.2753 2378
Secondary mass ms°"ce /M., 29.1°3] 75123 1372
Chirp mass M /M, 28.1°]% 8.9103 15.11 1
Total mass M*“"*¢ /M, 65.3:34 21.8752 3757
Effective inspiral spin y.g -0.06" 14 021793 0.0°93
Final mass M /M, 62.3737 20.8+6] 352"
Final spin a; 0.68 02 0.7475:5% 0.6654%
Radiated energy E.q/(Mc?) 3.0°92 1. O_'g 2‘ 15797
Peak luminosity £, /(ergs™") 3.6103 x 10% 3.3198 % 10°¢ 3.1708 x 10°°
Luminosity distance D; /Mpc 420*10 4407189 1000250
Source redshift z 0.09105 0.097 50 0.20755%
Sky localization AQ/deg? 230 850 1600




Motivation: Detection of Gravitational Waves

Summary of properties:

Event GW150914 GW151226 LVT151012
Signal-to-noise ratio p 23.7 13.0 9.7
False alarm rate FAR/yr~! <6.0x 1077 <6.0x 1077 0.37
p-value 7.5%x 1078 7.5x 1078 0.045
Significance > 5.30 > 5.30 1.70
Primary mass m3°""¢ /M, 36.2372 14.2753 2378
Secondary mass ms°"ce /M., 29.1737 75433 1372
Chirp mass M /M, 28.1718 8.9+03 15.1_*,1_-;‘r|
Total mass M*°U"¢ /M, 653734 21.8772 377,
Effective inspiral spin y.g -0.06" 14 021793 0.0°93
Final mass M /M, 62.3737 20.8+6] 352"
Final spin a; 0.68 02 0.7475:5% 0.6654%
Radiated energy E.q/(Mc?) 3.0°92 1. O_'g 2‘ 15797
Peak luminosity £, /(ergs™") 3.6103 x 10% 3.3198 % 10°¢ 3.1708 x 10°°
Luminosity distance D; /Mpc 420*10 4407189 1000250
Source redshift z 0.09105 0.097 50 0.20755%
Sky localization AQ/deg? 230 850 1600




Motivation: Detection of Gravitational Waves

Summary of properties:

Event GW150914 GW151226 LVTI151012
Signal-to-noise ratio p 23.7 13.0 9.7
False alarm rate FAR/yr~! < 6.0 x 1077 < 6.0 x 1077 0.37
p-value 7.5x 1078 7.5x 1078 0.045
Significance > 5.30 > 5.30 1.70
Primary mass m{®""* /M 36.21332 14.2753 2378
Secondary mass ms*uce /M, 29.1°37 7.51%3 1375
Chirp mass MU /M, 28.1°1% 8.9193 15.1+14
[Total mass M /M, 65.3 %] 21.8+59 3757 |
Effective inspiral spin y.s —0.06_'((-))_'113 0 21_%’ 0.0°95
Final mass M{°""¢ /M, 62.3737 20.8761 355"
Final spin a; 0.68 02 0.742506 0.66 4110
Radiated energy E.q/(Mc?) 3.0_*8_‘2 1.0_'8"2' 1.5;8_‘3
Peak luminosity #pe./(ergs™) 3.6702 x 10% 3.3108 x 10° 3.1708 x 10°°
Luminosity distance D; /Mpc 420*10 440750 10007250
Source redshift z 0.09150; 0.097 50 0.20755%
Sky localization AQ/deg? 230 850 1600




Motivation: Detection of Gravitational Waves

Summary of properties:

Event GW150914 GW151226 LVT151012
Signal-to-noise ratio p 23.7 13.0 9.7
False alarm rate FAR/yr~! < 6.0 x 1077 < 6.0 x 1077 0.37
p-value 7.5%x 1078 7.5x 1078 0.045
Significance > 5.30 > 5.30 1.70
Primary mass mi°""¢ /M, 36.21332 14.2753 2378
Secondary mass ms°"ce /M., 29.1°3] 75123 1372
Chirp mass M3°U¢ /M, 28.1°1% 8.919:3 15.1+14
[Total mass M**""**/M,, 65.3 ';‘ ; 218137 3703
Effective msmm Xeff —0.06 01 F0.14 0.21 ;r(‘).lzg 0.0703
[Final mass Mo /M, 62.3:37 20.86] 35004 |
Final spin a; 0.68_'3_-33 0.7470:9 0.6654%
Radiated energy E.q/(Mc?) 3.0°92 1.0 15797
Peak luminosity £, /(ergs™") 3.6103 x 10% 3.3198 % 10°¢ 3.1708 x 10°°
Luminosity distance D; /Mpc 420*10 4407189 1000250
Source redshift z 0.09105 0.097 50 0.20755%
Sky localization AQ/deg? 230 850 1600




Motivation: Detection of Gravitational Waves

Summary of properties:

Event GW150914 GW151226 LVTI151012
Signal-to-noise ratio p 23.7 13.0 9.7
False alarm rate FAR/yr~! < 6.0 x 1077 < 6.0 x 1077 0.37
p-value 7.5%x 1078 7.5x 1078 0.045
Significance > 5.30 > 5.30 1.70
Primary mass m{®""* /M 36.21332 14.2753 2378
Secondary mass ms°"ce /M., 29.1°3] 75123 1372
Chirp mass M /M, 28.1°]% 8.9103 15.11 1
Total mass M*“"*¢ /M, 65.3:34 21.8739 3757
Effective inspiral spin y.g -0.06" 14 021793 0.0°93
Final mass M /M, 62.3737 20.8+6] 352"
Final spin a; 0.681 )02 0.74:008 0.66 170
Radiated energy E.q/(Mc?) 3,0_*8_'2 1. 0_'8 2‘ 1.5 93
Peak luminosity e,/ (ergs™") 3.6702 x 10% 3.3108 x 10 3.1708 x 10°°
Luminosity distance D; /Mpc 420*10 4407189 1000250
Source redshift z 0.09105 0.097 50 0.20755%
Sky localization AQ/deg? 230 850 1600




Motivation: Detection of Gravitational Waves

Summary of properties:

Event GW150914 GW151226 LVTI151012
Signal-to-noise ratio p 23.7 13.0 9.7
False alarm rate FAR/yr~! < 6.0 x 1077 < 6.0 x 1077 0.37
p-value 7.5% 1078 7.5 % 1078 0.045
Significance > 5.30 > 5.30 1.70
Primary mass m{®""* /M 36.21332 14.2753 2378
Secondary mass ms°"ce /M., 29.1°3] 75123 1372
Chirp mass M /M, 28.1°]% 8.9103 15.11 1
Total mass M*“"*¢ /M, 65.3:34 21.8739 3757
Effective inspiral spin y.g -0.06" 14 021793 0.0°93
Final mass M /M, 62.3737 20.8+6] 352"
Final spin a; 0.68 02 0.7475:5% 0.66°00
Radiated energy E.q/(Mc?) 3.0592 1. 0_'8 2‘ 1.5:92
Peak luminosity #pe./(ergs™) 3.6702 x 10% 3.3108 x 10° 3.1708 x 10°°
Luminosity distance D; /Mpc 420*10 4407150 1000250
Source redshift z 0.09105 0.097 50 0.20755%
Sky localization AQ/deg? 230 850 1600




Motivation: Detection of Gravitational Waves

Summary of properties:

Event GW150914 GW151226 LVTI151012
Signal-to-noise ratio p 23.7 13.0 9.7
False alarm rate FAR/yr~! < 6.0 x 1077 < 6.0 x 1077 0.37
p-value 7.5% 1078 7.5 % 1078 0.045
Significance > 5.30 > 5.30 1.70
Primary mass m{®""* /M 36.21332 14.2753 2378
Secondary mass ms°"ce /M., 29.1°3] 75123 1372
Chirp mass M /M, 28.1°]% 8.9103 15.11 1
Total mass M*“"*¢ /M, 65.3:34 21.8739 3757
Effective inspiral spin y.g -0.06" 14 021793 0.0°93
Final mass M /M, 62.3737 20.8+6] 352"
Final spin a; 0.68 02 0.7475:5% 0.66°00
Radiated energy E.q/(Mc?) 3. 0_*8'2 1. 0_'8 2‘ 15797
Peak luminosity #pe./(ergs™) 3.6:97 x 105 3.3108 x 10°¢ 3.1798 x 10
[Luminosity distance Dy /Mpc 420 ' ]158 4407189 1000 '&I
Source redshift z 0.09100 0.09" 50 0.20755%
Sky localization AQ/deg? 230 850 1600




Motivation: Detection of Gravitational Waves

Summary of properties:

Event GW150914 GW151226 LVTI151012
Signal-to-noise ratio p 23.7 13.0 9.7
False alarm rate FAR/yr~! < 6.0 x 1077 < 6.0 x 1077 0.37
p-value 7.5%x 1078 7.5x 1078 0.045
Significance > 5.30 > 5.30 1.70
Primary mass m{®""* /M 36.21332 14.2753 2378
Secondary mass ms°"ce /M., 29.1°3] 75123 1372
Chirp mass M /M, 28.1°]% 8.9103 15.11 1
Total mass M*“"*¢ /M, 65.3:34 21.8739 3757
Effective inspiral spin y.g -0.06" 14 021793 0.0°93
Final mass M /M, 62.3737 20.8+6] 352"
Final spin a; 0.68 02 0.7475:5% 0.66°00
Radiated energy E.q/(Mc?) 3.0°92 1. 0_'8 2‘ 15797
Peak luminosity #pe./(ergs™) 3.6702 x 10% 3.3108 x 10° 3.1708 x 10°°
Luminosity distance D; /Mpc 420*10 4407189 1000250
Source redshift z 0.09 003 0.09 593 0.2050%
Sky localization AQ/deg? 230 850 1600
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Motivation: Detection of Gravitational Waves

Rates:

Simple estimation based on GW150914:

1 event in 16 days —s total number: N ~ 25 yr—1 )

max dist.; z ~ 0.3 —— total volume: V ~ 7 Gpc®

LIGO estimates after O1 run:

»

R/(Gpe™ yr™!)

Mass distribution PyCBC GstLAL Combined
Event based

GW150914 32183 3613 34158

LVT151012 921303 92314 9.173%°

GW151226 35192 37+3% 3613

All 53100 56105 55741
Astrophysical

Flat in log mass 314483 29+43 31557

Power law (—2.35) 100143° 9417 9716

> ——> R ~ 3.5Gpc Pyr~
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- The Mass Function of Merging Black Holes

- The History of Black Hole Mergers

- Summary and observational outlook
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The Mass Distribution of Stellar Objects

The initial mass function (IMF):
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The Mass Distribution of Stellar Objects

The initial mass function (IMF):
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The Mass Distribution of Stellar Objects

The initial mass function (IMF):

Above 1M, “universal” power-law: : e 3% T -
Chabrier 2005 = =

1 .OOO 3 Thies & Kroupa 2007 E
C de Marchi & Paresce 2001 =.:: 1

dN ~ M~™“dM '
0.100

Salpeter (1955): a = 2.35

dN/d log M
O
O
O

0.001 ¢

0.01 0.10 1.00 10.00 100.00
M (Mg)  Offner et al. 2014)

Value remains a good fit after ~60 yrs. Does it extend to Black Hole remnants?
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Mass Bounds of Stars

Stars span over two orders of magnitude in mass.

Minimum mass:

Can be derived from minimum conditions required for hydrogen burning.

Maximum mass:

Depends on efficiency of wind-driven mass loss during Wolf-Rayet phase.

Function of the opacity, strongly metallicity dependent.
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White Dwarfs: endpoints of stars with M < 8M

Minimum: determined by stellar lifetime vs. age of the Universe, M ,in ~ 0.4Mq
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White Dwarfs: endpoints of stars with M < 8M

Minimum: determined by stellar lifetime vs. age of the Universe, M ,in ~ 0.4Mq

dm = 4nr?p(r)dr 1 d (r?dP\ o
d_P:_Gm(T) > > 12 dr ?% -
dr 2z P

Equation of state for non-relativistic electron degenerate gas: P = Kp5/3

Solution: M R3 = const

> mass /
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White Dwarfs: endpoints of stars with M < 8M

Minimum: determined by stellar lifetime vs. age of the Universe, M ,in ~ 0.4Mq

dm = 4nr?p(r)dr 1 d (r?dP\ o
d_P:_Gm(r) > > 12 dr ?% -
dr 2z P

Equation of state for non-relativistic electron degenerate gas: P = K p®/3

Solution: M R3 = const

> mass /' —— radius \,




Mass Bounds of Stellar Remnants: White Dwarfs

White Dwarfs: endpoints of stars with M < 8M

Minimum: determined by stellar lifetime vs. age of the Universe, M ,in ~ 0.4Mq

dm = 4nr?p(r)dr 1 d (r?dP\ o
d_P:_Gm(r) > > 12 dr ?% -
dr 2z P

Equation of state for non-relativistic electron degenerate gas: P = K p®/3

Solution: M R3 = const

> mass /' — radius \, —> velocities /




Mass Bounds of Stellar Remnants: White Dwarfs

White Dwarfs: endpoints of stars with M < 8M

Minimum: determined by stellar lifetime vs. age of the Universe, M ,in ~ 0.4Mq

dm = 4nr?p(r)dr 1 d (r?dP\ o
dp _ Gm(r) > “2ar\pdr ) map
dr 2 P

Equation of state for non-relativistic electron degenerate gas: P —= Kp5/3

Solution: M R® = const > mass / — radius \, ——> Velocities /

——> Equation of state for relativistic electron degenerate gas: P = K’p4/3



Mass Bounds of Stellar Remnants: White Dwarfs

White Dwarfs: endpoints of stars with M < 8M

Minimum: determined by stellar lifetime vs. age of the Universe, M ,in ~ 0.4Mq

dm = 4nr?p(r)dr 1 d (r?dP\ o
P Gm(r) (T 2a\par )T 1P
dr 2z P

Equation of state for non-relativistic electron degenerate gas: P —= Kp5/3

Solution: M R® = const > mass / — radius \, ——> Velocities /

——> Equation of state for relativistic electron degenerate gas: P = K’p4/3

Maximum mass: M .. < 1.4M; (Chandrasekhar mass)
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White Dwarfs: mass distribution overlaps with stars
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Neutron Stars: endpoints of stars with 8Mo <M <15M
Minimum mass: no clear bound, overlap with white dwarfs.

Maximum mass: similar argumentation to WDs naively leads to M., < 5.6M g

However:

1) Relativistic limit:

62_]: o g <p(r) : P(r)) (m )+ ng(r)) (1 _QGm(r)>1

2 2 rc?
Oppenheimer-Volkov (1939)

Changes the bound to: M.« < 0.7M4

2) Strong force:

Maximum mass: M., S 2 —3Ms (depends on equation of state)
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Mass Bounds of Stellar Remnants: Neutron Stars

Neutron Stars: mass distribution overlaps with stars and with white dwarfs



Neutron Stars

Neutron Stars: mass distribution overlaps with stars and with white dwarfs
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Black hole minimum mass: evidence for a gap at low masses?

Empirical: |-LL‘ - OBSERVATIONS Belczynski et al.
| _I (2012)

Theoretical: ,,,,,,,,[M@]
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Black hole minimum mass: evidence for a gap at low masses?

Empirical:

Theoretical:
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Black hole Maximum mass:

Set by wind-driven mass loss
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Black hole Maximum mass:

Set by wind-driven mass loss > model dependent
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Black hole Maximum mass:

Set by wind-driven mass loss > model dependent
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Black Holes of Known Mass

X-Ray Studies

GW150914

LVT151012
GW151226

Source: LIGO




The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)




The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

Stellar black hole mass function:



The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

Stellar black hole mass function:

Ansatz:



The Black Hole Mass Function from GWs
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Stellar black hole mass function:
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(EDK et al., arXiv:1611.01157)

Stellar IMF

Stellar black hole mass function: o — 9235

Ansatz: p(m) o< m”™“
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The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

Stellar IMF

Stellar black hole mass function: o — 9235

Ansatz: p(m) X m_a%(m_m(}ap)

Black Hole Mass Function
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The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

Stellar IMF NS vs. BH

Stellar black hole mass function: o — 935 /_ My ~ 57

Ansatz: p(m) X m_o"]—[(m—mgap)

Black Hole Mass Function
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The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

Stellar IMF NS vs. BH

Stellar black hole mass function: o — 935 /_ My ~ 57

Ansatz: p(m) X m_aH(m—mGap)e_m/mCap

Black Hole Mass Function
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The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

. Stellar IMF NS vs. BH Mass Cutoff
Stellar black hole mass function: . > )
Ck — 2.35 [- MGap ~ 5' f- MCap i 60.

Ansatz: p(m) X m_aH(m—mGap)e_m/mCap

Black Hole Mass Function
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(EDK et al., arXiv:1611.01157)

Mass measurement error in observed BHMF:

1 2 e 2
Ansatz: meps = Tmyn Where: z ~ N (1,07%) and: Pg = ———¢ (@-1)7/20

V2mo?



The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

Mass measurement error in observed BHMF:

1 2 /oy 2
Ansatz: meps = Tmyn Where: z ~ N (1,0°) and: P = ?6—(1‘—1) /20
o

> P(Mops) / (M) Pa ()6 (Mobs — £min) da dmygy,

/ (mn) Pa (Mobs/Mmin) dmen /min



The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

Mass measurement error in observed BHMF:

1 2 /oy 2
Ansatz: mops = M, Where: © ~ N(1,0°) and: Pg = o—(2=1)?/20
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(EDK et al., arXiv:1611.01157)

The merger rate:
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The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

The merger rate:
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(EDK et al., arXiv:1611.01157)

The merger rate:
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The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

The merger rate:
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The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

The merger rate:
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(EDK et al., arXiv:1611.01157)

Signal-to-noise ratio:
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The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

Signal-to-noise ratio: @ 102
4 Jmax hQ(f) %
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The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

Signal-to-noise ratio:

A fmax hQ(f)
2 = C n
(S/N) 5/mm e

where:

__ 1,inspiral merger ringdown
h, = hinspiral | pmerger | pr
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The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

Signal-to-noise ratio: @ 102
4 Jmax h2 (f) %
(S/N)QZ—/ - dln f 3
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The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

Signal-to-noise ratio:

A fmax hZ(f)
2 = C n
(S/N) 5/mm e

where:

__ 1,inspiral merger ringdown
h, = hinspiral | pmerger | pr

Amplitude depends on redshift: h, = h.(z)

Setting a threshold per detector: S/N > 8.0
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(EDK et al., arXiv:1611.01157)

. . . -21
Signal-to-noise ratio: 10

A fmax hZ(f)
2 = C n
(S/N) 5/mm e

where:

__ 1,inspiral merger ringdown
h, = hinspiral | pmerger | pr .

S(f) and he(f)/2+/f (strain/vVHz)
o

- — Hanford
. — Livingston

Amplitude depends on redshift: h, = h.(z)
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(EDK et al., arXiv:1611.01157)

. . . -21
Signal-to-noise ratio: 10

A fmax hZ(f)
2 = C n
(S/N) 5/mm e

where:

__ 1,inspiral merger ringdown
h, = hinspiral | pmerger | pr

1023}

S(f) and he(f)/2+/f (strain/vVHz)
o

- — Hanford
. — Livingston

Amplitude depends on redshift: h, = h.(z)

10t 1072 103

Setting a threshold per detector: S/N > 8.0 Frequency (Hz)

gives us the maximum distance to detect a BBH merger: zmax(ml, mg)

For GW1509014, the maximum distance with aLIGO is: ZGW150914 ~ 0.7

Imax
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Binary black hole mass function:

Heavier mass: p(m1) o< my “H(m —mgap)e_ml/mCap

Mass Ratio

Lighter mass: p(mz) X (mg/ml)ﬁ X_ B =07

To minimize model dependence, we can marginalize over the mass ratio.



The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

Binary black hole mass function:

Heavier mass: p(m1) o< my “H(m —mGap)e_ml/mCap

Lighter mass:  p(mz2) o< (ma/ m1)5 \,M;SS:R;;iO

To minimize model dependence, we can marginalize over the mass ratio.

The number of black holes observed:

m1 Zmax(mlamQ)

= 4 Ay, p(my) / Amgp(m2)dm2/

Meap 0

dN(ml)
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The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

Binary black hole mass function:

Heavier mass: p(m1) o< my “H(m —mGap)e_ml/mCap

Lighter mass:  p(mz2) o< (ma/ m1)5 \,M;SS:ROa;iO

To minimize model dependence, we can marginalize over the mass ratio.

The number of black holes observed:

m1 Zmax(mlamQ)
IN(my) x(:)°R(2)
dmi Am A, plma) / Amap(ma)dim; / (1+ z)H(z)dZ

Meap 0

Binning:

Mmax,1 dN
M:/ (1) g
dm1

Mmin,1



The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

Binary black hole mass function:

Heavier mass: p(m1) o< my “H(m —mGap)e_ml/mCap

Mass Ratio

Lighter mass: p(ma) o (mz/m1)5 X 3 =07

To minimize model dependence, we can marginalize over the mass ratio.

The number of black holes observed:

m1 Zmax(mlamQ)
dN(m) cx(2)°R(2)
=47 A,, A, d d
Meap 0
Binning:

Mmax,1 dN
M:/ (1) g
dm1

Mmin,1

Assume Poisson noise in each bin.



The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

Observed mass spectrum with 6 years of advanced LIGO data:
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(14 2)H(2)

m1 Zmax(m17m2)
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Megap 0
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The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

Observed mass spectrum with 6 years of advanced LIGO data:

dN( ) r P (11,712) ( )ZR( )
g cx(z Z
o) — g Ayp(mn) [ Aap(ma)dms [ 0+ 2)H ()"
Mgap 0
|
300 S il
A dN(ml)
N; = d
Z /’rn,min,i dml ml adese
* g *,\§
Z 100 i "V““ ”$4’ \\;“ |
30 | | |
10 30 100



The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)




The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

Probing the mass function parameters:



The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

Probing the mass function parameters:

1D BH-Mass PDF Constraints
BN aLIGO: 6yrs

gap



The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

Probing the mass function parameters:

» Mass gap:

1D BH-Mass PDF Constraints

BN aLIGO: 6yrs

gap




The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

Probing the mass function parameters:

1D BH-Mass PDF Constraints
« Mass gap. PaLIGO: 6yrs

——> > 50 detection? g

gap



The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

Probing the mass function parameters:

1D BH-Mass PDF Constraints
« Mass gap. PaLIGO: 6yrs

—— > 5o detection? g

- BHMF index «: 48]

gap



The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

Probing the mass function parameters:

1D BH-Mass PDF Constraints

« Mass gap. PaLIGO: 6yrs
5.2 -
——> > 50 detection? g .
S
- . 4.8
- BHMF index
150
—— better than Aame (o0l
20
50
O.

gap



The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

Probing the mass function parameters:

» Mass gap:

—— > 50 detection?

« BHMF index (v:

—— better than Aaqyr

« Mass cap:

1D BH-Mass PDF Constraints

BN aLIGO: 6yrs

gap




The Black Hole Mass Function from GWs

(EDK et al., arXiv:1611.01157)

Probing the mass function parameters:

» Mass gap:

—— > 50 detection?

« BHMF index (v:

—— better than Aaqyr

« Mass cap:

—> need more data

1D BH-Mass PDF Constraints

BN aLIGO: 6yrs

gap
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Progenitor models:

Field (isolated binaries):
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Progenitor models:

Field (isolated binaries)

Dynamical formation in GCs:

Types of Interactions

(3{ *g Binary-Single Scattering

(Sg Binary-Binary Scattering

Binary-Single
Exchange
Binary-Binary
Exchange
{ Three-body
Binary Formation

Source: Rodriguez et al. (2016)




Progenitors of Coalescing Binary Black Holes

: 35M, 32M,
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Progenitor models:

Field (isolated binaries)

Dynamical formation in GCs

Dynamical formation in NCs: EHEaree o Hardening | GW Inspiral

BH cluster formation via three body interactions
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massive black hole °
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star formation emission
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‘ 9 105AU 3
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Credit: F. Antonini
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Progenitors of Coalescing Binary Black Holes

Progenitor models:

v |

Field (isolated binaries)

Pop lll binaries

Dynamical formation in GCs °*° L.
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time Credit: T. Kinugawa
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2D

Recall the 2D Black Hole mass function:
Heavier mass: p(m) X m_aH(m—mGap)e_m/mCaP

Mass Ratio
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2D

Recall the 2D Black Hole mass function:
Heavier mass: p(m) X m_aH(m—mGap)e_m/mCaP

Mass Ratio

Lighter mass: p(m/) X (m//m)ﬁk B — 07

1D BH-Mass PDF Constraints
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The Black Hole Mass Function from GWs: 2D

(EDK et al., arXiv:1611.01157)

Recall the 2D Black Hole mass function:
Heavier mass: p(m) X m_aH(m—mGap)e_m/mCaP

Mass Ratio

Lighter mass: p(m/) X (m//m)ﬁk B — 07
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The Black Hole Mass Function from GWs: 2D

(EDK et al., arXiv:1611.01157)

Recall the 2D Black Hole mass function:

Heavier mass:

Lighter mass:

The mass ratio is a sensitive probe of the progenitor model!

2D Binned Mass Distribution of BBH Mergers: = —1
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The Black Hole Mass Function from GWs: 2D

(EDK et al., arXiv:1611.01157)

Recall the 2D Black Hole mass function:

Heavier mass: p(m) X m_o"]—[(m_mGap)e—m/mcap
Lighter mass: p(m/) X (m//m)ﬁ,\’ M;SS:R()a‘;iO

The mass ratio is a sensitive probe of the progenitor model!

2D BH-Mass PDF Constraints

" Rate fixed
P Rate margin
1D Rate margin

gap

100 |

20 40 60 80 100
M
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(EDK et al., arXiv:1611.01157)

The mass-ratio is degenerate with the merger rate.

2D constraints help to break the degeneracy.

Constraints using the 2D BH-Mass PDFs Constraints using the 2D BH-Mass PDFs
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101 Black Hole Mass Function Constraints

B 1300 events
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BHMF Constraints: Next Decade Forecasts

(EDK et al., arXiv:1611.01157)

How well we can do over the next decade:

Scenario N Oa OMgap (Mo) OMeap, (Mo) or, (Gpc ?yr 1) OR, o

S/N > 8 and 1 years 440 0.41 0.24 27.29 43.46 3.65 0.42
S/N > 8 and 3 years 1330 0.23 0.14 15.75 25.09 2.11 0.24
S/N > 8 and 6 years 2670 0.17 0.10 11.14 17.74 1.49 0.17
S/N > 10/\/§ and 6 years 3790 0.14 0.08 9.43 15.01 1.13 0.14
S/N > 8/+/2 and 6 years 7050 0.11 0.06 7.87 11.85 0.72 0.11




BHMF Constraints: Next Decade Forecasts

(EDK et al., arXiv:1611.01157)

How well we can do over the next decade:

Scenario N

Ta OMgap(Mo)  OMey(Mo)  or, (Gpe™Pyr™') o, o5

S/N > 8 and 1 years 440 0.41 0.24 27.29 43.46 3.65 0.42
S/N > 8 and 3 years 1330 0.23 0.14 15.75 25.09 2.11 0.24
S/N > 8 and 6 years 2670 0.17 0.10 11.14 17.74 1.49 0.17
S/N > 10/\/§ and 6 years 3790 0.14 0.08 9.43 15.01 1.13 0.14
S/N > 8/+/2 and 6 years 7050 0.11 0.06 7.87 11.85 0.72 0.11

Reducing the S/N threshold is invaluable.
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More Tools to Determine Progenitors: Eccentricity

(Cholis, EDK et al., PRD 94 (2016))

Some binary formation models lead to highly eccentric orbits:

- -

Initial conditions: (ag,eq) semi-major axis; eccentricity

As the BHs coalesce, the orbit circularizes.
ar 7
Merger time? 7y o —=— (1 —€f) ?
MPBH

> minutes to 0(10°) years.
eop — 1

Goal: detect deviation from e = 0



http://arxiv.org/abs/arXiv:1606.07437
http://arxiv.org/abs/arXiv:1606.07437

More Tools to Determine Progenitors: Eccentricity

(Cholis, EDK et al., PRD 94 (2016))



http://arxiv.org/abs/arXiv:1606.07437
http://arxiv.org/abs/arXiv:1606.07437

More Tools to Determine Progenitors: Eccentricity

(Cholis, EDK et al., PRD 94 (2016))

GW signal (+ noise):


http://arxiv.org/abs/arXiv:1606.07437
http://arxiv.org/abs/arXiv:1606.07437

More Tools to Determine Progenitors: Eccentricity

(Cholis, EDK et al., PRD 94 (2016))

GW signal (+ noise):
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More Tools to Determine Progenitors: Eccentricity

(Cholis, EDK et al., PRD 94 (2016))

GW signal (+ noise):
Hanford, Washington (H1) Livingston, Louisiana (L1)
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More Tools to Determine Progenitors: Eccentricity

(Cholis, EDK et al., PRD 94 (2016))

GW signal (+ noise):

Hanford, Washington (H1) Livingston, Louisiana (L1)
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Spin aligned vs. non-aligned:
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More Tools to Determine Progenitors: Spin

(Cholis, EDK et al., PRD 94 (2016))

Spin aligned vs. non-aligned:

& - m,x, + m,X
X1i2 = G2 Sl,Q'L Xetf — 1 1M —
1,2

Data indicates |x_,.| < 0.17,0.28,0.36 at 90% confidence.
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More Tools to Determine Progenitors: Spin

(Cholis, EDK et al., PRD 94 (2016))

Spin aligned vs. non-aligned:
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X1,2

Data indicates |x_,.| < 0.17,0.28,0.36 at 90% confidence.

Need more statistics. Inspiral phase important.
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More Tools to Determine Progenitors: Spin

(Cholis, EDK et al., PRD 94 (2016))

Spin aligned vs. non-aligned:

C . m, X, + Mm,X
X1,2 — Gm2 51,2 ) L Xeff — 1 1M —
1,2

Data indicates |x_,.| < 0.17,0.28,0.36 at 90% confidence.

Need more statistics. Inspiral phase important.
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(Raccanelli, EDK et al., PRD 94 (2016))

Angular cross-correlation: C;"" 8 = (aGW8) = 45 d—:AZ(k)WfW(k)ngal(k)

The effective amplitude: A, oc b&W window functions J

Method: cross-correlate GW event map with galaxy surveys at different redshifts.

— If 0(A.) small enough, we can distinguish between progenitor populations.

With advanced GW detectors, some prospects:
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Synergy between Different GW Probes

(In progress, with J. Munoz)

In the future:
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We will be literally probing the history of the mergers!
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Cosmology with merging Black Holes?

Standard sirens?

SMBHs? counterparts? delensing?
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Experiment 2015 24020 2025 2030 beyond ———

aLIGO (O1+) B

aLIGO (design) B

ET B
DECIGO B
(e)LISA B

BBO B



Conclusions

Merging black holes provide unigue and ... tool to probe astrophysics,
..... copy from paper

Lots of tools at our disposal: Mass, eccentricity, spin, points of origin

We can learn about:

- Stellar physics: black hole formation, stellar winds....
» Galaxy evolution: star-formation history, metallicity,
 Binary black hole progenitors: isolated, dynamical....

* Hubble expansion.....
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Teaser: Did LIGO Detect Dark Matter?

Was GW150914 a merger of Primordial Black Holes?

GW

What could this have to do with Fast Radio Bursts?

Tomorrow, 10:00am @Holzblatt Auditorium
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