
Teruaki Suyama 

(Tokyo Institute of Technology) 

Merger rate of primordial black hole binaries 

1 

M.Sasaki, TS, T.Tanaka, S.Yokoyama, CQG 35, 063001(2018) [arXiv:1801.05235] 



GWs from black hole binary!! 

GWs show that BH- BH binaries exit and 
they merge in the age of the Universe. 

ό¦ƴǘƛƭ [LDhΣ ǿŜ ŘƛŘƴΩǘ ƪƴƻǿ ƛŦ ǘƘŜȅ ŜȄƛǎǘΦύ 
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So far, 10 merger events have been detected. 

1811.12907 
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What is the origin of LIGO BHs?  

4 

The answer is not known yet. 

Accumulation of data will tell us about the 
nature of the BH binaries. 

Å list possible scenarios 

Å propose ideas of how to test and distinguish 

them observationally.  
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redshift 
ᾀẢρπ 

ᾀẢρπ 

Formation of PBHs 

Formation of PBH binaries I 

Maybe, primordial black holes!  

Nakamura et al. 1998, Ioka et al. 1999 

Sasaki et al. 2016, Eroshenko 2016 

Ali-Haimoud et al. 2017 

Raidal et al. 2017, Raidal et al. 2018 

Mergers of the PBH binaries 

Formation of PBH binaries II 

Initially mean separation is super-Hubble distance. 

Bird et al. 2016, Clesse and Garcia-Bellido 2016 ᾀẢπ 

in the radiation dominated epoch 

inside DM halos at present epoch 

(άẢσπὓἄ) 



Å How PBHs formed binaries?  

Å Do their mergers explain the 

observed merger rate?  

Two things need to be explained before 

including the PBH as a possible 

explanation of LIGO events.  
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Binary formation in the RD era  
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Two assumptions 

1. After PBHs are formed, they distribute 

uniformly in space (Poisson). 

(Nakamura et al. 1997) 

2. All PBHs have the same mass 

Initially, PBHs are separated by super-Hubble distance 

and on the flow of the cosmic expansion. 
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Binary formation in RD era 

BH mass :ς ὓ   
Radiation mass: ” Ὠ ᶿρȾὥ 

(Nakamura et al. 1997) 

(The rest is not assumption but physical consequence.) 
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Binary formation in RD era 

When ς ὓ  > ” Ὠ, the PBHs in pair becomes bound.   

Ὠ 

(Nakamura et al. 1997) 

(The rest is not assumption but physical consequence.) 

This happens for Ὠ Ὢ ȾЉ  and in the RD era. (Ὢ ) 

Only a fraction of PBHs (Ὢ ) form a bound system. 
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Ends up with direct collision 
(no binary formation)  

A 

B 

C 

BH A is pulled more than BH B. 

Ends up with eccentric binary 

The surrounding PBHs (especially the nearest one) exert torque 

and the bound system acquires the angular momentum. 

Binary formation in RD era (Nakamura et al. 1997) 



ὼ 

ώ 

ὥ 

x, y: initial comoving distance a,e: major and eccentricity 

Binary formation in RD era (Nakamura et al. 1997) 

Once ● and ◐ are fixed, ╪ and ▄ are determined as 
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π ὼ ώ ὼӶ 

PÒÏÂÁÂÉÌÉÔÙ ÉÎ ὥȟὥ Ὠὥ and ὩȟὩ ὨὩ 

Uniform distribution  

We can compute probability distribution of (a,e). 

Binary formation in RD era (Nakamura et al. 1997) 
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Life time of the binary 

Life time of the binary is a function of major axis ὥ and 

eccentricity Ὡ. 

The next thing to do is to convert the probability in ὥȟὩ 

to the merger probability in ὸȟὸ ὨὸȢ 
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In the paper by Nakamura et al. 1997, ὓ
πȢυὓἄ and ɱ ɱ  was considered. 

In the paper by Sasaki et al. 2016, ὓ σπὓἄ 

and the formula was extended to the case 

ɱ ɱ . 

15 



LIGO 

Predicted merger rate 

ἜἌἒȾ ἎἙ 

Consistent with LIGO if PBHs constitute about 0.1% of DM. 

Merger event rate Sasaki et al. 2016 
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Monochromatic mass function is assumed. 

Additional consideration is necessary for the extended mass 

function. (Carr  et al. 2017) 



Recently, the same mechanism has been used to place 

upper limit on ɱ  from the LIGO observations.     
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LIGO-Virgo 
Collaboration 2018 

Ali-Haimoud et al. 2017 

Raidal et al. 2018 



ÅTidal force from outer BHs 

Å Initial peculiar velocity of PBHs  

ÅThree body collisions  

ÅAdditional tidal force from dark matter perturbations 

ÅEncounters of other PBHs (later time effect) 

ÅTidal force from halos (later time effect) 

ÅDynamical friction from DM and baryon (later time effect) 

Various effects that are ignored have been evaluated in 

other papers. (Ioka et al. 1998, Hayasaki et al. 2009, Sasaki et al. 2016, 

Eroshenko 2016, Ali-Haimoud et al. 2017, Raidal et al.2018) 

Simple analytical estimation suggest that those effects do not 

lead to the significant change of the result. 

We have to keep in mind that these studies adopt the two 

assumptions. 18 



How do we test the PBH scenario? 

ÅCosmic evolution of merger rate  

ÅSpin distribution  

ÅStochastic GWs 

ÅMerger distribution in 

BH mass plane  

T.Nakamura  et al. 2016  

T.Chiba  and S.Yokoyama 2016 

K.Ioka  et al 1999, S.Wang et al. 2016, M.Raidal  et al. 2017  

B.Kocsis, TS, T.Tanaka , S.Yokoyama 2017 
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Current ( 2019) Future(20??) 

In the future, we will observe many merger events 

and will be able to discuss about the distribution in 

the PBH mass plane (□ ,□ ). 
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In order to derive ד(□ ȟ□ ), we first generalized 

the formula to the case of the extended PBH mass 

function █□║╗ . 

Two assumptions 

Ὢά  is not so broad ( Ṃὕρπ). It is not clear at all 

if the same mechanism of the binary formation can still work 

dominantly for very broad mass function. 

 

No correlation between different PBH masses. 

 

 

Apart from this, we do not assume a specific form of ὪάȢ 
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βThere is no unique prediction on the shape of the PBH mass function. 
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ρππά 

Ὠ 

ρπὨ 

If ṃρππ, force from the third BH could become dominant. 



Merger event rate distribution in (□ ,□ ) plane 

Observable in the future 
Probability that given BH pair (□ ȟ□ ) 

form a binary and merge at time ◄. 

PBH mass function 

Non-trivial task is to evaluate ὖ . 
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Distribution of ( ὥȟὩ) is determined by statistical 

variables: {ὼȟώȟὓȟ▄  

To derive ὖ (άȟά ), we need to know the probability 

distribution of ( ὥȟὩ). 

ὥ 

ώ 
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Probability density of (ὼȟ‒): 

Known functions 

Evaluation of F is a non-trivial task. 



We evaluated the merger rate under two 

different approximations.  

ÅNearest BH only (ὔ ρ), analytically 

ÅFlat mass function (ὔḻρ) (numerically) 

26 



27 

ÅNearest BH only (ὔ ρ), analytically 


