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Strain:

Food for thought

How can LIGO measure changes of 10-18  
meters with wavelength of 10-6 meters?

Arms change by: Laser:



~36 Gravitational Wave Detections
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But before 2015… 
0 Gravitational Wave Detections

• BHs expected to be 5 ~10 solar masses.   

• Effective Spin ~ 0.5.  

• Rates: 33 ~ 100 more NS-NS binaries events 
compare to BH-BH binaries.
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[LIGO Collaboration arXiv:1003.2480]

[Mandel, et al. arXiv:0912.1074]



“…The black holes 
were a little heavier 
than I expected…”

Masses Spin

[LIGO/Virgo Collaboration arXiv:1811.12940]

LIGO Parameters
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Rate

[Zaldarriaga, et al. arXiv:1806.10610] 

[Kip Thorne on Mindscape: Ep 24.]



Is there a hidden population of black holes?
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Dimensionless spin parameter

It gives information about: 

• Direction. +++ 
• Spin magnitude. ++ 
• masses. +

!S2

!S1

!S= !S1+ !S2

!L

θLSχeff

!J=!L+ !S

[Rodriguez, et al. arXiv:1609.05916] 
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Possible formation channels

[Belczynski, et al. arXiv:1706.07053] 

Isolated field binary scenario.


Dynamical assembling. Cluster 
evolution. (Many three body 
interactions)
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<latexit sha1_base64="QvH32x26DBKdBu3FXWvMtV+fRiU=">AAACAXicbVBNSwMxFHxbv2r9WvUieAkWwVPZVUGPRS8eK9ha6C4lm2bb0CS7JFmhLPXiX/HiQRGv/gtv/hvTdg/aOhAYZubx8iZKOdPG876d0tLyyupaeb2ysbm1vePu7rV0kilCmyThiWpHWFPOJG0aZjhtp4piEXF6Hw2vJ/79A1WaJfLOjFIaCtyXLGYEGyt13YOADFg3D5RANI7HKOgbGxbI67pVr+ZNgRaJX5AqFGh03a+gl5BMUGkIx1p3fC81YY6VYYTTcSXINE0xGeI+7VgqsaA6zKcXjNGxVXooTpR90qCp+nsix0LrkYhsUmAz0PPeRPzP62QmvgxzJtPMUElmi+KMI5OgSR2oxxQlho8swUQx+1dEBlhhYmxpFVuCP3/yImmd1vyzmnd7Xq1fFXWU4RCO4AR8uIA63EADmkDgEZ7hFd6cJ+fFeXc+ZtGSU8zswx84nz/JnZZy</latexit>

�e↵ ⇠ 0
<latexit sha1_base64="1Qpzx3RRmdUDJEcfvzT7Rx9ddeg=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyVRQZdFNy4r2Ac0IUymN+3QmUmYmQglFPwVNy4Ucet3uPNvnD4W2nrgwuGce7n3njjjTBvP+3ZKK6tr6xvlzcrW9s7unrt/0NJprig0acpT1YmJBs4kNA0zHDqZAiJiDu14eDvx24+gNEvlgxllEArSlyxhlBgrRe5RQAcsKgIlMCTJGAeaCexFbtWreVPgZeLPSRXN0Yjcr6CX0lyANJQTrbu+l5mwIMowymFcCXINGaFD0oeupZII0GExPX+MT63Sw0mqbEmDp+rviYIIrUcitp2CmIFe9Cbif143N8l1WDCZ5QYknS1Kco5NiidZ4B5TQA0fWUKoYvZWTAdEEWpsYhUbgr/48jJpndf8i5p3f1mt38zjKKNjdILOkI+uUB3doQZqIooK9Ixe0Zvz5Lw4787HrLXkzGcO0R84nz9HtJUH</latexit>

[Rodriguez, et al. arXiv:1604.04254] 
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Possible formation channels

[Belczynski, et al. arXiv:1706.07053] 

Isolated field binary scenario.


Dynamical assembling. Cluster 
evolution. (Many three body 
interactions)
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[Rodriguez, et al. arXiv:1604.04254] 

There are a lot of 
uncertainties involve  
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• Non-particle candidate of DM or a fraction of DM. 

• Candidate of gravitational wave events observed by LIGO 

• Seeds of SMBHs

Why Primordial Black Holes (PBHs)?

How do you produce them?
• Bubble collisions 

• Cosmic Strings Loops  

• Large density fluctuation 

Primordial Black Holes

Smoking gun?
• BH less than one solar mass 

• Mergers at high redshift z > 40 
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Horizon Horizon

PBH!

Collapse

[Carr, ’ 75 ] 

Formation of PBHs
Large density contrast

�⇢/⇢
<latexit sha1_base64="Co1JOJfqsMWbjxiXTXiJheubvL0=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFc1UQFXRbduKxgH9CEMpnctEMnkzAzEUvor7hxoYhbf8Sdf+M0zUJbD1zu4Zx7mTsnSDlT2nG+rZXVtfWNzcpWdXtnd2/fPqh1VJJJCm2a8ET2AqKAMwFtzTSHXiqBxAGHbjC+nfndR5CKJeJBT1LwYzIULGKUaCMN7JoXAtcEe3KU4LOiDey603AK4GXilqSOSrQG9pcXJjSLQWjKiVJ910m1nxOpGeUwrXqZgpTQMRlC31BBYlB+Xtw+xSdGCXGUSFNC40L9vZGTWKlJHJjJmOiRWvRm4n9eP9PRtZ8zkWYaBJ0/FGUc6wTPgsAhk0A1nxhCqGTmVkxHRBKqTVxVE4K7+OVl0jlvuBcN5/6y3rwp46igI3SMTpGLrlAT3aEWaiOKntAzekVv1tR6sd6tj/noilXuHKI/sD5/AMvmk6A=</latexit>

Gravity > Pressure

MPBH ⇡ MH ⇡ �⇢
4⇡

3
H

�3 ⇡ 10M�

✓
106 Mpc�1

k

◆2

⇡ 10M�

✓
100MeV

T

◆2

<latexit sha1_base64="wkGhQgWVHP98dsQBv+HI0ZwLOzI="></latexit>

Mass:

� ⌘ ⇢PBH

⇢tot
=

Z

�c

P (�) d�
<latexit sha1_base64="BxVS/9t28JiP4F+sKtyNvm0GhXg="></latexit>

A precise value of the threshold 
for PBH formation has been 

extensively investigated

Abundance of PBHs:

�c ⇡ 0.45
<latexit sha1_base64="Ri93wx58b+Pow7bRNWzdKuOS2C0=">AAACAHicbVC7TsMwFHV4lvIKMDCwWFRITFUCRTBWsDAWiT6kJoocx2mtOo5lO4gqysKvsDCAECufwcbf4LYZoOVIVzo6517de08oGFXacb6tpeWV1bX1ykZ1c2t7Z9fe2++oNJOYtHHKUtkLkSKMctLWVDPSE5KgJGSkG45uJn73gUhFU36vx4L4CRpwGlOMtJEC+9CLCNMoyHEBPSSETB+hU29cBHbNqTtTwEXilqQGSrQC+8uLUpwlhGvMkFJ91xHaz5HUFDNSVL1MEYHwCA1I31COEqL8fPpAAU+MEsE4laa4hlP190SOEqXGSWg6E6SHat6biP95/UzHV35Oucg04Xi2KM4Y1CmcpAEjKgnWbGwIwpKaWyEeIomwNplVTQju/MuLpHNWd8/rzl2j1rwu46iAI3AMToELLkET3IIWaAMMCvAMXsGb9WS9WO/Wx6x1ySpnDsAfWJ8/hd2VsA==</latexit>

Gaussian
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Can we discriminate primordial versus 
astrophysical black holes using the 

LIGO-Virgo Events?

p(�;µ,�) =
N (µ,�)p

2⇡�
exp


� (�� µ)2

2�2

�

<latexit sha1_base64="ibsgE+buJTv5Rp3G6cImGd7x9s0="></latexit>

[T. Chiba, et al: arXiv: 1704.06573] Yes we can!Spin Distribution for PBH:

More careful studies show the spin distribution is smaller, but they are model dependent. 
[De Luca et al: arXiv: 1903.01179] 

µ = 0
<latexit sha1_base64="9vavdAU3Ya4FRWc5Ms14C6P5SEs=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hd0o6EUIevEYwTwgWcLsZDYZMo91ZlYIS37CiwdFvPo73vwbJ8keNLGgoajqprsrSjgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNCrVhDaI4kq3I2woZ5I2LLOcthNNsYg4bUWj26nfeqLaMCUf7DihocADyWJGsHVSuytSdI181CuV/Yo/A1omQU7KkKPeK311+4qkgkpLODamE/iJDTOsLSOcTord1NAEkxEe0I6jEgtqwmx27wSdOqWPYqVdSYtm6u+JDAtjxiJynQLboVn0puJ/Xie18VWYMZmklkoyXxSnHFmFps+jPtOUWD52BBPN3K2IDLHGxLqIii6EYPHlZdKsVoLzSvX+oly7yeMowDGcwBkEcAk1uIM6NIAAh2d4hTfv0Xvx3r2PeeuKl88cwR94nz9V947Z</latexit>
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P (✓|d) = P (d|✓) p(✓)R
P (d|✓)p(✓) d✓

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Posterior: how probable 
are these parameters 
given the observed data? 

Likelihood: how 
probable is the data 
given some 
parameters?

Prior: how probable 
is a set of parameters 
before getting new 
data? 

Evidence: how 
probable is the data 
under all possible 
parameters? 
(normalization factor)

Bayes' Theorem



16

LIGO PRIORS:
• Spin: Uniform in magnitude and isotropic in direction. 

• Masses: Uniform in individual masses.

But if we have prior knowledge…? 

Why it is important to talk about it? 
• The results of LIGO-Virgo already have some assumptions (priors) 

about the nature of the BHs. 

• LIGO has not provided the full likelihoods to the community yet.
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Does it matter?

P (✓|d) = P (d|✓) p(✓)R
P (d|✓)p(✓) d✓

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Data are weakly 
informative

Data is strong

P (✓|d) = P (d|✓) p(✓)R
P (d|✓)p(✓) d✓

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

P (✓|d) = P (d|✓) p(✓)R
P (d|✓)p(✓) d✓

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

LIGO data is middle informative 
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[Vitale, et al: arXiv:17007.04637] 

High agreement with Vitale, et al.

Priors are important for current data
* old data

• Isotropic 
• Spin  
• Masses Uniform

/ N (0, 0.1)
<latexit sha1_base64="b+SfY6wR3MFZ2ffmwDycVzR+EdQ=">AAACA3icbVDLSgMxFM3UV62vUXe6CRahggwZFXRZdONKKtgHdIaSSTNtaCYzJBmhDAU3/oobF4q49Sfc+Tdm2llo9UDgcM695J4TJJwpjdCXVVpYXFpeKa9W1tY3Nrfs7Z2WilNJaJPEPJadACvKmaBNzTSnnURSHAWctoPRVe6376lULBZ3epxQP8IDwUJGsDZSz97zEhknOoZehPWQYJ7dTGroGDnuUc+uIgdNAf8StyBVUKDRsz+9fkzSiApNOFaq66JE+xmWmhFOJxUvVTTBZIQHtGuowBFVfjbNMIGHRunDMJbmCQ2n6s+NDEdKjaPATOaXqnkvF//zuqkOL/yMiSTVVJDZR2HKocmcFwL7TFKi+dgQTCQzt0IyxBITbWqrmBLc+ch/SevEcU8ddHtWrV8WdZTBPjgANeCCc1AH16ABmoCAB/AEXsCr9Wg9W2/W+2y0ZBU7u+AXrI9vLDWWiQ==</latexit>

Re-weight posterior works!
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<latexit sha1_base64="ibsgE+buJTv5Rp3G6cImGd7x9s0="></latexit>
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Probability density functions for σ with μ=0 
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<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit> � = 0.18
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• Spin magnitude: Low (L), Flat (F) , 
High (H) and PBH 

• Spin orientations: Isotropic (I) and 
Aligned (A)

Model Selection

�e↵ =
m1�1 cos ✓1 +m2�2 cos ✓2

m1 +m2
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>
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Let’s build some toy models
Dynamical:

LI = Low spin magnitude and isotropic spins. 
FI = Flat spin magnitude and isotropic spins (LIGO). 
HI = High spin magnitude and isotropic spins. 

Binary star (Field evolution): 
LA = Low spin magnitude and align spins. 
FA = Flat spin magnitude and align spins.
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Effective Spin Distribution (Priors)
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Odds ratios

LIGO Low Flat High

Isotropic 0.0 �0.93 �2.07

Aligned �4.12 �12.92 �32.37
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Nico Low Flat High PBH

Isotropic 0.0 �1.18 �2.49 0.39

Aligned �6.07 �14.65 �36.41
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

� = 0.27
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

[LIGO/Virgo Collaboration arXiv:1811.12940]

Slightly 
preferred

In good agreement with LIGO

Which model explains better the data?
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Evolution of the Odds ratios with number 
of events for LI and FI. 
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Q: How many more event do we need to be sure?

A: only ~ 100 events 
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With only ~ 100 events we could discriminate PBH! 
LIGO O3  ~ 10-200 Events/Gpc^3/yr

Evolution of the Odds ratios with number 
of events for PBH. 
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What if there are 2 
populations?

• Can we differentiate 2 different populations? 
• Can we know how many events do we need?

Yes we can!
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Mix Models: PBH + a second population.
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Mix Models: PBH + Low Aligned
Q: How many more event do we need to be sure?

Simulated:
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95 LA
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Mix Models: PBH + Flat Isotropic
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Mix Models: PBH + Low Isotropic

Simulated:
245 PBH 
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What about GWTC-2?

• LIGO has presented an updated catalog +26 more events 

• LALSuite is the LIGO Scientific Collaboration Algorithm 
Library for gravitational-wave analysis.

• Better analysis but computational expensive 
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Conclusions
• Most likely LIGO has discovered a new population 

of black holes 

• PBH could explain the nature of this new BH 
population

• More events coming from O3b running. We can 
test PBH hypothesis in the near future
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Thank you!

Merging Black Holes by Ligo/caltech/mit/sonoma State (aurore Simonnet)
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[Musco, et al. arXiv:0811.1452] 

Numerical results show that  
density contrast slightly above 

the threshold: 

Critical collapse 

PBH Mass can be order 
of magnitude less than 

the horizon mass  

MPBH = CM |� � �c|�M
<latexit sha1_base64="lLldJeSZFphjZO7alidJt7yR990=">AAACHXicbVDLSgMxFM34tr6qLt0Ei+DGMqMF3QhFN24KFewDOnW4k6ZtaDIzJBmhTOdH3Pgrblwo4sKN+Ddm2i609UDgcM653NzjR5wpbdvf1sLi0vLK6tp6bmNza3snv7tXV2EsCa2RkIey6YOinAW0ppnmtBlJCsLntOEPrjO/8UClYmFwp4cRbQvoBazLCGgjeflSxUtcKXD16ia9xNdeUklHbodyDfgET4iXkHR0n7g9EAKyQOrlC3bRHgPPE2dKCmiKqpf/dDshiQUNNOGgVMuxI91OQGpGOE1zbqxoBGQAPdoyNABBVTsZX5fiI6N0cDeU5gUaj9XfEwkIpYbCN0kBuq9mvUz8z2vFunvRTlgQxZoGZLKoG3OsQ5xVhTtMUqL50BAgkpm/YtIHCUSbQnOmBGf25HlSPy06Z0X7tlQoX03rWEMH6BAdIwedozK6QVVUQwQ9omf0it6sJ+vFerc+JtEFazqzj/7A+voBSHCiFg==</latexit>

CM = 5.117MH
<latexit sha1_base64="Hon4zN767dpiocFn/7s7ta36mU4=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgKiQ+qBuh2E03hQr2AW0Ik+mkHTqZhJmJEEL8FTcuFHHrh7jzb5y2WWj1wIXDOfdy7z1+zKhUtv1llNbWNza3ytuVnd29/QPz8Kgno0Rg0sURi8TAR5IwyklXUcXIIBYEhT4jfX/WnPv9ByIkjfi9SmPihmjCaUAxUlryzGrTy9o5vIFXluPUYdvLWrln1mzLXgD+JU5BaqBAxzM/R+MIJyHhCjMk5dCxY+VmSCiKGckro0SSGOEZmpChphyFRLrZ4vgcnmplDINI6OIKLtSfExkKpUxDX3eGSE3lqjcX//OGiQqu3YzyOFGE4+WiIGFQRXCeBBxTQbBiqSYIC6pvhXiKBMJK51XRITirL/8lvXPLubDsu8ta47aIowyOwQk4Aw6ogwZogQ7oAgxS8ARewKvxaDwbb8b7srVkFDNV8AvGxzeqtZLX</latexit>

�M ⇡ 0.3558
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[T. Chiba, et al: arXiv: 1704.06573] 
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J = CJ |� � �c(q)|�J q
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Critical collapse 

[Gundlach, et al. arXiv:1608.0049, 1603.04373] 
CJ ⇡ 26.19M2

H
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Numerical simulations of 
the collapse of a rotating 
radiation fluid. Angular 
momentum also feature 

critical behavior

[T. Chiba, et al: arXiv: 1704.06573] 
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[J.C. Niemeyer, et al: arXiv: 9709072] 

[T. Chiba, et al: arXiv: 1704.06573] 

Mass Distribution

P (�) =
1p
2⇡�

exp


� �2

2�2

�

<latexit sha1_base64="UYv0OrPDqcymVATgixd0qOHysLE="></latexit>
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<latexit sha1_base64="+/VKn4rY3k2HDI8P/Oc51KuwF1M="></latexit>

dP = P(�, q)d�dq = F(MPBH,�)dMPBHd�
<latexit sha1_base64="7j5/QzyzpomzULlhayFVNh1p4WE="></latexit>

Change of variables:



[Zaldarriaga, et al. arXiv:1904.07214]

Zaldarriaga Parameters
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m1 ⇡ [62� 70]M�

m2 ⇡ [42� 47]M�
<latexit sha1_base64="2twKDHWfKlAC2vYUgRg9/LKmxjc="></latexit>
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Tough luck

• Build your own likelihood 

• Be an insider

LIGO has not provided the full likelihoods to the community yet.

[M. Zaldarriaga, et al: arXiv: 1806.10610] 

[Vitale, et al: arXiv:1707.04637] 

P (✓|d) = P (d|✓) p(✓)R
P (d|✓)p(✓) d✓

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

To calculate  this
You need this
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[Vitale, et al: arXiv:1707.04637] 

[Vitale, et al: arXiv:1712.06635] 
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P (✓|d) = P (d|✓) p(✓)R
P (d|✓)p(✓) d✓

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

P̃ (✓|d) = P (d|✓) p̃(✓)R
P (d|✓)p̃(✓) d✓

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

P̃ (✓|d) / P (✓|d) p̃(✓)
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<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

One model 
with some 

assumptions 

Other model with 
some other 

assumptions 

Third way:
Re-weight posterior
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• Ultimately we would like to calculate 
p(μ,σ|{d})

So assuming that the LIGO events are from PBHs. 
What are the best parameters that describe them?  

Hierarchical Inference

/ N (µ,�)
<latexit sha1_base64="MFNyZbJy8t8bNtVi3LkLr+HuGxI=">AAACCXicbVDLSgMxFM3UV62vUZdugkWoIGVGBV0W3biSCvYBnaFk0rQNzWNIMkIZunXjr7hxoYhb/8Cdf2OmnYW2HggczrmX3HOimFFtPO/bKSwtr6yuFddLG5tb2zvu7l5Ty0Rh0sCSSdWOkCaMCtIw1DDSjhVBPGKkFY2uM7/1QJSmUtybcUxCjgaC9ilGxkpdF8IgVjI2EgYcmSFGLL2dVAKenASaDjg67rplr+pNAReJn5MyyFHvul9BT+KEE2EwQ1p3fC82YYqUoZiRSSlINIkRHqEB6VgqECc6TKdJJvDIKj3Yl8o+YeBU/b2RIq71mEd2MjtXz3uZ+J/XSUz/MkypiBNDBJ591E8YtMGzWmCPKoING1uCsKL2VoiHSCFsbHklW4I/H3mRNE+r/lnVuzsv167yOorgAByCCvDBBaiBG1AHDYDBI3gGr+DNeXJenHfnYzZacPKdffAHzucP5seZ0Q==</latexit>
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Effective Spin Prior for PBHs
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Compare competing models, for example, the 10 events 
are coming from PBH vs FI

The odds ratio is equivalent to the Bayes factor if 
the prior probability for each model are equal 

Oij =
p(Mi|d)

p(Mj |d)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

OFI,PBH =
P (FI|d)

P (PBH|d)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Odds ratios



Simulated Events
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Choosing a random uncertainty from one of the ten events, picking a �true
e↵

from the flat-isotropic distribution, generating an ”observation” of this via
�obs
e↵ = �true

e↵ +N(0,�), from which the posterior is �e↵ ⇠ N
�
�obs
e↵ ,�

�
piso (�e↵).

<latexit sha1_base64="a+mbZpiSrBmMwSVf+Q6Jt4Gnwuc="></latexit>
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The distribution of the effective spin is 
not very sensitive to the mass ratio q
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The distribution of the effective spin is not very 
sensitive to the distribution of the masses
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The distribution of the effective spin is not 
very sensitive to the mass ratio q
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The lines show the z 
dependence of the BH 
merger rates normalised to 
one at z = 0 for early PBH 
binary formation  and for 
the astrophysical BH 
binaries. 

[Belczynski, et al. arXiv:1706.07053] 

Marger Rate
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Curvature Perturbation

[Inomata, et al. arXiv:1611.06130] 


