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Gravitational waves detected!! 

Greatest achievement in 21century. 

GW astronomy has finally started. 
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"for decisive contributions to the LIGO 
detector and the observation of 
gravitational waves" 

The 2017 Nobel Prize in Physics 
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What is GWs？ 

Propagation of distortion of spacetime 

Propagate at c, 2 DOFs, transverse 

Prediction of general relativity 

Detected 100 years after the birth of GR!! 
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I think over the coming decades we will see enormous 
numbers of things. Just as electromagnetic astronomy was 
begun in essence, at least modern astronomy, by Galileo 
pointing his telescope in the sky and discovering Jupiter's 
moons. This is the same thing but for gravitational waves.  

                                                                                      –Kip Thorne- 

「ガリレオガリレイが自作の望遠鏡で初めて月を見
たことに対応する。その後の電磁波によって我々が
得た宇宙の知見は膨大である」   
 
 

中村卓史(京大名誉教授) 物理学会誌71巻4号 
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GWs detected by LIGO 

Predicted by 
theory 

What emitted GWs? 



GWs from black hole binary!! 

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

(Until LIGO, we didn’t know if they exist.) 
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So far, 5 merger events have been detected. 
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When and where did those BHs form and 

how did they form binaries?  

We now know that many BH-BH mergers 
are occurring in the Universe. 
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1AU 

~0.1AU 

30𝑀⨀ 



11 

LIGO BHs are anomalously heavy? 
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−1 ≤ 𝜒𝑒𝑓𝑓≤ 1 

BH spin 
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BHs have low spin? 

BH spins are misaligned? 
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What is the origin of LIGO BHs? 

• list possible scenarios as many as we can. 

• propose many ideas of how to test and 

distinguish them observationally.  
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The seemingly unusual features may suggest that 

those BHs are new population. 

Maybe, primordial black holes! 
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The seemingly unusual features may suggest that 

those BHs are new population. 

Maybe, primordial black holes! 
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What are primordial BHs? 

PBHs=BHs that formed in the very early Universe 

Several formation mechanism of PBHs 

• Direct gravitational collapse of primordial 

density perturbation. (widely investigated) 

S.Hawking 1971 

PBHs might comprise all/fraction of dark matter. 

• Collapse of cosmic strings 

• Creation of vacuum bubbles 

PBHs are fossils of high energy physics such as inflation. 

• ……. 



Formation of PBHs 

𝐻−1 = 𝑎/𝑘 

𝜌 

𝜌(1 + 𝛿) 

If density contrast is ~1 at the horizon reentry,  

the overdense region collapses to BH.  

𝑟SCH~𝐺𝑀~𝐺𝜌𝐻−3~𝐻−1 ∼ 𝑡 
Shortly after the overdensity starts to contract, it falls within its Schwarzschild radius. 
So the mass is roughly determined by the horizon mass:  

𝑴𝐏𝐁𝐇 ∼ 𝝆𝑯−𝟑 ∼
𝟏

𝑮𝑯
∼ 𝟏𝟎𝑴⊙

𝒕

𝟎. 𝟏𝒎𝒔
∼ 𝟏𝟎𝑴⊙

𝒌

𝟏𝐩𝐜−𝟏

−𝟐
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Collapse of primordial density perturbation 



Formation of PBH 

It has been confirmed by simulations that BH forms 
out of primordial overdense region. 

𝛿 

0.4 

0.5 

0.6 

BH forms at around 𝛿 = 0.4~0.5 

T.Nakama et al. 2014 

Consistent with analytic estimation T.Harada, C.Yoo, K.Kohri 
2013 



～1cm 

PBHs originate from very small-scale perturbations. 

It is not known observationally if such 

perturbations exist. 

PBH is complementary to large scale 

observations. 

Is 𝜹~𝟏 allowed observationally? 



𝝈𝟐 ~𝓟𝜻 ≲ 𝟎. 𝟒/𝟏𝟎 𝟐 ≃ 𝟐 × 𝟏𝟎−𝟑 

CMB, LSS 

Bringmann, Scott, Akrami, 2012 

Even non-detection of PBH provides useful 
information about primordial perturbation. 

PBH can constrain primordial perturbation on small 
scales. 

All scales generated 
during inflation!! 



(Kawasaki, Kusenko, Yanagida, 2012) 
An inflation model predicting PBHs 

CMB scales 

PBH scale 
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Since its original proposal in 70s, PBH has been studied 

both theoretically and observationally. 

• PBH with any mass can be produced in the early Universe.  

• Small PBH (≲ 𝟏𝟎𝟏𝟓𝒈) evaporates by now by the Hawking radiation. 

• Large PBH (≳ 𝟏𝟎𝟏𝟓𝒈) behaves as (cold) dark matter. 

• No detection of PBHs and only upper limits on PBH abundance exist. 

22 
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Observational limits on 𝒇𝑷𝑩𝑯 = 𝜴𝑷𝑩𝑯/𝜴𝑫𝑴 
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• How PBHs formed binaries? 

• Do their mergers explain the 

observed merger rate? 

Coming back to LIGO BHs, 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 

Nobel Prize again? 

(candidate of my master thesis) 
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Two assumptions 

1. After PBHs are formed (by some mechanism), 

they distribute uniformly in space (Poisson). 

(Nakamura et al. 1997) 

2. All PBHs have the same mass 

Initially, PBHs are on the flow of the cosmic expansion. 
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Binary formation in RD era 

As the universe expands, distance between PBHs becomes 

smaller than the Hubble horizon.  

When the PBH energy 2 𝑀𝐵𝐻 in the volume ~𝑑3 exceeds 𝜌𝑟𝑎𝑑𝑑3, the 

PBHs in pair decouple from cosmic expansion and start to come 

closer by the gravitational force.  (Ioka et al. 1998, Ali-Haimoud et al. 2017) 

𝑑 

This can happen only in the RD era.  

(Nakamura et al. 1997) 

(The rest is not assumption but physical consequence.) 



𝑥 

𝑦 

𝑎 
𝑏 
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The surrounding PBHs (especially the nearest one) exert torque 

and the bound system acquires the angular momentum. 

x, y: initial comoving distance a,b: major and minor axis of binary 

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

Once 𝒙 and 𝒚 are fixed, 𝒂 and 𝒃 are determined as 

(Binary formation!) 



0 < 𝑥 < 𝑦 < 𝑥  

Probability in (𝑎, 𝑎 + 𝑑𝑎) and 𝑒, 𝑒 + 𝑑𝑒  
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Uniform distribution 

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

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



Life time of the binary 

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

eccentricity 𝑒. 
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The next thing to do is to convert the probability in (𝑎, 𝑒) 

to the merger probability in 𝑡, 𝑡 + 𝑑𝑡 . 
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In the paper by Nakamura et al. 1997, 𝑀𝐵𝐻 =
0.5𝑀⨀ and Ω𝑃𝐵𝐻 = Ω𝐷𝑀 was considered. 

In the paper by Sasaki et al. 2016, 𝑀𝐵𝐻 = 30𝑀⨀ 

and the formula was extended to the case 

Ω𝑃𝐵𝐻 < Ω𝐷𝑀. 
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LIGO 

Predicted merger rate 

𝛀𝐏𝐁𝐇/𝛀𝐃𝐌 

Consistent with LIGO if 𝟑𝟎𝑴⨀PBHs constitute about 

0.1% of dark matter.  

Merger event rate (Sasaki et al. 2016) 



Remark  

PBH paper S.Bird et al. PRL 116, 201301(2016). 

DM halo in present 
universe 

Different binary formation 
mechanism is considered. 

33 



Remark  

PBH paper S.Bird et al. PRL 116, 201301(2016). 

Consistent with LIGO if PBH is whole dark matter 
34 
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Recently, the same formula has been used to place 

upper limit on Ω𝑃𝐵𝐻 from the LIGO observation.     

It is important to keep in mind that monochromatic mass 

function is assumed. 

Additional consideration is necessary for the extended mass 

function. (Carr et al. 2017) 

(Ali-Haimoud, Kovetz, Kamionkowski 2017) 
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LIGO BHs could be primordial BHs. 

PBH hypothesis 

By testing this scenario, we get more knowledge about 
the condition of the extremely early universe. 
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• Tidal force from outer BHs 

• Initial peculiar velocity of PBHs  

• Three body collisions  

• Additional tidal force from dark matter perturbations 

• Encounters of other PBHs (later time effect) 

• Tidal force from halos (later time effect) 

• Dynamical 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) 

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. 



How do we test the PBH scenario? 
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• Cosmic evolution of merger rate  

• Spin distribution 

• Stochastic GWs 

• Event 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 



PBH merger rate at high-z 

T.Nakamura et al. 1607.00897 

We can test the PBH scenario by observing the 
merger rate at high-z. 

Image of Pre-DECIGO 
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Spin distribution 

𝜒𝑒𝑓𝑓 
0 0.2 0.4 0.6 −0.2 −0.4 −0.6 
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GW151226 
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GW170814 

GW170608 
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Chiba, Yokoyama 2017 

Spin distribution of PBHs (formed in RD) 

PBHs are expected to be slowly rotating. 
(simply because rotation requires more 𝛿 to form PBH ) 

Positive 𝜒𝑒𝑓𝑓 and negative one are equally likely.  



GWs from many PBH binaries (Stochastic GWs) 

V.Mandic, S.Bird, I.Cholis, 1608.06699 I.Cholis, 1609.03565 

S.Clesse, J.Garcia-Bellido, 1609.03565 

S.Wang et al., 1610.08725 

S.Wang et al., 1610.08725 V.Mandic et al., 1608.06699 

Distinguishing from stellar-origin BHs is crucial. 



How do we test the PBH scenario? 
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Main message 

B.Kocsis, TS, T.Tanaka, S.Yokoyama 2017 

Merger rate distribution in the PBH mass 

plane has hidden universality and is an 

interesting observable to address this 

question. 

-Merger event distribution in mass plane- 



𝑚1 

𝑚2 

10 100 

10 

100 

𝑚1 

𝑚2 

10 100 

10 

100 

？ 

Current (2018) Future(20??) 

In the future, we will have observed many merger 

events and will be able to discuss about the 

distribution in the PBH mass plane (𝒎𝟏,𝒎𝟐). 
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In order to investigate what kind of feature appears 

in the distribution in the mass plane in the PBH 

scenario, we first generalized the formula to the case 

of the extended PBH mass function 𝒇(𝒎𝑩𝑯). 

Assumption 

In Kocsis et al.2017, we considered the extended mass function 

which is not so broad (≲ 10) since 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 𝑓 𝑚 . 
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Merger event rate distribution in (𝒎𝟏,𝒎𝟐) plane 

Observable in the future 
Probability that given BH pair (𝒎𝟏,𝒎𝟐) 

form a binary and merge at time 𝒕. 

Mass function 

Non-trivial task is to evaluate ℛ𝑖𝑛𝑡𝑟. 
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𝑎 = 𝐴𝑥4, 𝐴 =
1

1 + 𝑧𝑒𝑞
 

𝜌𝑐Ω𝑚

𝑚1 + 𝑚2
 

Distribution of (𝑎, 𝑒) is determined by statistical 

variables: 𝑥, 𝑦𝑖 , 𝑀𝑖 , 𝒆𝑖 

To derive the merger rate for given (𝑚1, 𝑚2), we need to 

know the probability distribution of (𝑎, 𝑒). 

𝑎 

𝑦𝑖  

We evaluated the merger rate under 

two different approximations. 

• Nearest BH only (𝑁 = 1), analytically 

• Flat mass function (numerically) 



48 

We found an approximate fitting formula for the 

probability distribution of the eccentricity.  

Flat mass function   
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𝐶, 𝑓 (𝑚): sensitive to the PBH mass function 

In both cases, we found that the merger rate 

distribution is given by 

Dependence on the total mass is not 

sensitive to the mass function!! 

lnℛ = ln𝐶 + ln𝑓 𝑚1 + ln𝑓 𝑚2 + 𝛼ln (𝑚1 + 𝑚2) 

𝜕2

𝜕𝑚1𝜕𝑚2
lnℛ = −

𝛼

𝑚1 + 𝑚2
2
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Hidden Universality of 𝑹(𝒎𝟏, 𝒎𝟐, 𝒕)  

Construct a quantity 𝜶 out of the distribution 𝑹(𝒎𝟏, 𝒎𝟐, 𝒕) as  

Then, the PBH mergers in the present mechanism predict 

for any PBH mass function (as long as it is not broad). 

Statement 

𝛼 ≈ 1.43 

Different formation mechanisms predict different value 

0.97 ≲ 𝛼 ≲ 1.05 

𝛼 ∼ 4 

PBH binary formation at low redshift.  
(Bird et al. 2016, Clesse, Garcia-Bellido 2016) 

Dynamical formation scenario (astrophysics BHs) 



Summary  

The PBH scenario can be tested in the 

future by GW data. 
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LIGO might have detected PBHs for the 

first time. 

GW astronomy has just begun. 


