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Fig.1 Average distributions of redshifted chirp mass M of simulated binary BH 
detections for a 1-month period, and a simulated observation result for a 1-month 
period of GW detection simulation in KAGRA.
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4. Evaluate the probability of identifying the existence of Pop III stars

3. Simulation of GW detections

6. Summary and Acknoledgement

  Inspiral GW waveform can be predicted. So, we can use matched filter 
analysis for Inspiral GWs in signal to noise ratio (S/N) calculation. We can 
estimate redshifted chirp mass      of binary by Inspiral GW detection. 

Detection threshold (S/Nth) is defined 8
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Pop III

  Redshifted chirp mass distribution is the key to distinguish Pop III from 
Pop I/II. We performed likelihood analysis using redshifted chirp mass. 

Pop I/II  
=Pop I+Pop II

Log-likelihood ratio distributions

Fig.2 Distributions of the log likelihood 
ratio for equivalent a 1-month period of 
observation. The probability of identifying 
the existence of Pop III stars is estimated 
to be 98.0% at 37 events.
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  In order to simulate the GW events from the binary BH mergers, we use 
the results of the binary population synthesis. For an example of 
population synthesis model of Pop I/II and Pop III, we employ Dominik’s 
standard model [1,2] and Kinugawa’s standard model [3,4], 
respectively. For details of these models, see our paper [5].
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Present

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

1 Ｈ He

2 Li Be B C N O F Ne

3 Na Mg Al Si P S Cl Ar

4 K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

5 Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe

6 Cs Ba * 
57

Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn

7 Fr Ra ** 
89～103 

Metal

Periodic table

Metallicity : is 
mass fraction of metal 
in a star

  Star is classified as one of Population I (Pop I), Population II (Pop II),  
and Pop III depending on metallicity.

Typical redshifted chirp 
mass of binary BH of 
   : Pop I/II 
   : Pop III
Miyamoto et al. PRD 96, 064025 [5]

Likelihood

Detection events from redshifted chirp mass :

Log-likelihood ratio

Which model is closer?
Pop I/II（without PopIII） Pop I/II/III（with PopIII）

n : the number of detections

L( ~M(n)|✓I/II) =
nY

i=1

pI/II(Mi)
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Standard and IMF:Flat

  We propose a method for confirmation of the existence of Population III (Pop III) stars with massive black hole (BH) binaries in gravitational wave 
(GW) observation. The first GW event, GW150914, is the binary BH whose masses are 36 solar mass and 29 solar mass. To explain the existence of 
such massive BHs, there are some BH formation scenarios. One of the possible origins of GW150914 is the Pop III stars, i.e. the zero metal stars. 
We discussed a method for confirmation of the existence of the Pop III stars using likelihood analysis of mass distributions of binary BH mergers. In 
typical cases, our analysis can distinguish “Pop I/II/III model” from “Pop I/II model” with 90% probability by 22 GW signals from binary BH mergers.

✓I/II ✓I/II/III

Pop I/II/III 
=Pop I/II+Pop III

Reach 90% 
with 22 events

Detector : KAGRA

Pop I/II(without PopIII)

Pop I/II/III(with  PopIII)

 is
  is

Detector antenna patterns :

GW frequency at innermost   
stable circular orbit :

(M = (1 + z)(M1M2)
3/5/(M1 +M2)

1/5)

M

  We simulated GW detections of binary black holes assuming KAGRA. 
The detection rates with typical population synthesis models are

~30 events/month (Pop I/II), ~5 events/month (Pop III).

Fig.3 The probability of identifying the 
existence of Pop III stars P as a function 
of the number of simulated binary BH 
detections n.

Our results depend on merger rates and chirp mass distributions of Pop I/II 
model and Pop III model. The merger rate depends heavily on the star 
formation rate, the common envelope parameters. The chirp mass distribution 
depends on the initial mass function, binary parameters and the metallicity of 
stars. In our paper [5], we also performed our simulations using more two 
examples of Pop I/II models and more two examples of Pop III models. In 
those models, the probability is also  >90% with O(10) events.

Probability of identifying  
the existence of Pop III stars P
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  If a data set satisfies

  The probability of identifying the existence of Pop III stars P

,

  We determine a log-likelihood ratio threshold            as defined below by 
1% false probability by log-likelihood ratio distribution from Pop I/II models.

ln⇤( ~M(n)) > ln⇤th the Pop I/II model and Pop I/II/III

ln⇤th

model are distinguished with 1% false probability.

P = (# of data sets satisfies ln⇤( ~M(n)) > ln⇤th )/(# of simulated data sets=107)
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Detection rates of binary BH mergers in KAGRA are calculated as ~30 [/month] for Pop I/II model, and ~5 [/month] for Pop III model. 
We calculated the probability of identifying the existence of Pop III binary black holes by likelihood analysis with the redshifted chirp mass distribution from population synthesis. 
The probability of identifying the existence of Pop III stars reaches 90% or more with O(10) events.
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See also Ref. [5], Miyamoto et al., “How to confirm the existence of population III 
stars by observations of gravitational waves”, Phys. Rev. D 96, 064025
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