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Introduction
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▶ The third observing run (O3): 2019/4—2020/3
▶ Catalogue, GWTC-3 (O1—O3): 2021/11

BBHs detected by aLIGO and Virgo
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93 events
  85: binary BH (BBH)
    2: binary NS (BNS)
    4: BH-NS
    2: BH-gap
typical mass ~ 30—40M⦿

typical spin ~ 0
⇔ BHs in X-ray binaries:
     low mass (~ 10M⦿)
     high spin (~ 1)
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▶ Formation channel candidates of BBHs:
Pop. I/II binaries, clusters, AGN disks, primordial BHs,…

▶ Pop. III binaries can also form BBHs.
Binary population synthesis for Pop. III binaries
⇒ Belczynski et al. (2004), Kinguawa et al. (2014,2020) and
　 Tanikawa et al. (2021)

▶ typical mass ~ 30M⦿ + 30M⦿; 
spin ~ 0 at z~0 
⇔consistent with observation

▶ promising candidate

Pop. III BBH mergers
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Figure 6. The normalized distribution of the total mass (Mtot = M1 + M2) of compact binaries for each model. Each panel corresponds to Models III.s (a),
III.f (b), I.h (c) and I.l (d), respectively. In each figure, the red, green and blue lines correspond to the NS–NSs, NS–BHs and BH–BHs, respectively.

Note that in our calculation, if the stellar mass exceeds 100 M⊙, the binary evolution is stopped since the numerical results of Marigo
et al. (2001), and thus, our fitting formulae are given for stars only up to 100 M⊙. Therefore, for the binaries with Mtotal > 100 M⊙, our result
is an underestimated one. We are planning to cover this mass range in future.

3.2.2 The differences between Pop III and Pop I

(1) Same initial mass range

The stellar evolution of Pop III stars is entirely different from that of Pop I stars as we describe in Section 2.1.1. In the Pop III case, stars more
massive than !50 M⊙ evolve into RSGs and those with "50 M⊙ evolve into BSGs with radiative envelope (Fig. 1). On the other hand, in
the Pop I case, all stars evolve into RSGs with deep convective envelope. Therefore, some fractions of Pop III binaries avoid the CE phase.
Here, by comparing Models III.s and I.h, which have the same IMF and mass range, we clarify how the difference in stellar population affects
the formation and coalescence of compact binaries. The clear differences between them can be seen in the distributions of the coalescence
time, total mass and chirp mass of compact binaries in Figs 5–7. In particular, for Pop I, the number of the merging NS–NSs is the largest,
while for Pop III, that of BH–BHs (Figs 5–7).

First, we focus on NS–NSs. From Tables 2 and 3, in Model III.s, much smaller number of NS–NSs are formed and merge within 15 Gyr
than those in Model I.h. This comes from the fact that Pop III binaries lose a smaller amount of mass from the system by the stellar wind and
the mass ejection in the CE phase than Pop I. Therefore, Pop III binaries are easier to be disrupted or separated further away by losing the
mass of the system at SN explosions.

Secondly, the number of NS–BHs formed in Model III.s is almost the same as that in Model I.h (Table 2). However, in Model III.s,
the number of coalescing NS–BHs is much smaller than that in Model I.h (Table 3). The reason is the same as the NS–NS case: the major
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▶ Previous works: ZAMS mass range 10—O(102)M⦿

▶ There is a chance that O(103)M⦿ Pop.III
stars can be born.

▶ THIS WORK: 10—1500M⦿

▶ Aims:
▶ mass distribution
▶ spin distribution
▶ merger rate density
▶ the maximum primary BH mass

   of BBHs with massive BHs (>100M⦿)

▶ Furthermore, we impose restrictions on the Pop.III IMF

Pop. III BBH mergers
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Figure 5. The local FUV intensity field, J21, in the same comoving cosmological volume with (3 h−1 Mpc)3 at z = 25, 20, 19.5, 19, and 15. The colour
contours indicate the FUV intensity ranging from J21 = 0.025–6.3 (blue to red). The yellow and red clumps show the active Population III.1 and III.2D stars,
respectively. The local FUV radiation field decreases with decreasing redshifts (from left- to right-hand panels), because the typical stellar mass becomes lower
and separations between the stars are stretched by the cosmic expansion.
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Figure 6. Mass distribution of Pop III.1 and III.2D stars. The dotted line
shows the sum of the two populations (see also Fig. 17 below).

the early runaway collapse stage, which are driven by either H2

cooling alone or H2 cooling plus HD cooling (Paper I). Pop III.2D

stars have relatively large masses, clustering around ≃400 M⊙. We
discuss the redshift-dependence of the mass distribution in Sec-
tion 6.

4 C O S M O L O G I C A L S A M P L E O F
P R I M O R D I A L S TA R - F O R M I N G C L O U D S

We study the physical properties of the 1540 primordial star-forming
clouds found in our cosmological simulation. In this section, we ig-
nore the effect of FUV fields and assume that all the clouds bear
Pop III.1 stars, allowing a direct comparison with the statistical re-
sults presented in Paper I. The dependences of cloud properties and
stellar mass distribution on the formation redshifts are discussed.

The cloud properties are calculated at two different mass scales
by averaging over the gas in the virialized DM haloes and over
the gravitationally collapsing gas at the Jeans scale. We define the
boundary for the former to be the halo virial radius, within which
the average matter density is 200 times higher than the cosmic
mean value. For the latter mass scale, the boundary is defined as the
cloud radius, where the ratio of the enclosed mass to the local Jeans

mass (equation 1) has its maximum value. We present the statistical
analyses for the cloud properties calculated for the two mass scales.

4.1 Virial scale: DM mini-haloes

The distributions of the formation redshift and the virial mass of
mini-haloes are shown in Fig. 3. We see that most of the mini-haloes
form at z = 30–10 with Mvir = 2 × 105–1 × 106 M⊙. The virial
temperature of a star-forming halo is about Tvir ≃ 1000 K,5 and thus
the virial mass is

Mvirial,3σ ∼ 4 × 105
(

1 + z

20

)−3/2

M⊙ , (6)

which gives Mvir = 2.1 × 105 and 9.9 × 105 M⊙ at z = 30 and 10,
in good agreement with the typical masses of our mini-haloes. As
shown in Fig. 3, the average halo mass increases with decreasing
redshift, which is also consistent with the redshift-dependence in
equation (6). We have more than 100 haloes per each redshift bin
in the range of z = 22–14, which allows us to study even redshift-
dependences of the properties of our samples.

One of the important quantities at the halo scale is the spin pa-
rameter, λ ≡ jvir/

√
2RvirVvir (following the definition of Bullock

et al. 2001), which characterizes the rotational degree of a halo.
Fig. 7 shows the spin parameters for both DM and baryonic com-
ponents and the relative angle of their angular momentum vectors.
The lognormal distributions and the time (redshift) evolution are
consistent with previous studies. At high redshift, the baryon spin
parameter is lower than that of DM. The distribution of baryon
spin parameter becomes close to that of DM at lower redshift (after
z ∼ 14) because of the momentum redistribution between the two
components (de Souza et al. 2013). The average angle is θ ave ≃ 35◦,
suggesting that the spin vectors of the two components are roughly
aligned with each other in most haloes, although with a few excep-
tions whereby θ > 90◦. Interestingly, we find a trend that the offset
angle and the spin parameter are anticorrelated, i.e. the gas and the
DM components rotate differently in slowly rotating haloes.

5 This is the critical temperature for a primordial cloud to collapse with
efficient H2 molecular cooling which is weakly dependent on redshift (e.g.
Glover 2013). In fact, our samples of DM mini-haloes have temperatures
close to the critical value (see also Paper I).
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▶ Pop.III star formation: z ~ 35—

▶ Pop.III massive BBHs: 102—103 M⦿

▶ third generation detector: Einstein telescope(2035—)
space-borne detectors:
    LISA(2034–)
    B-DECIGO(late 2020s)
    TianGO(20XX—)
    TianQin(天琴)(2030s)
can detect BBHs
up to z ~ O(10)

Future observations and detectability
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beginning of Pop.III star formation
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Method
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▶ The fitting formulae for massive pop. III (~ 103 M⦿)

▶ number of simulated binaries: 106

IMF: m-1 (10M⦿ < m < 1500M⦿)

▶ Common envelope: αCEλCE = 1

Binary Population Synthesis (BPS)
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What is population synthesis?

Using fitting formulae (e.g. Hurley et al. 2000) that describe stellar 
parameters (such as luminosity, radius, core mass, …) as a function of 
time and metallicity, we can follow up a large number of stellar evolution.

We can obtain a statistical quantity, such as the event rate of SNe, chirp 
mass distribution of BBH merger events …
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Results
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Mass Distribution
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high mass + high mass

low mass + high mass

low mass + low mass

pair-instability mass gap

pulsational pair-instability
pair-instability supernova

pair-instability mass gap

↓ Pop.III single stellar evolution ↓
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▶ MS(1220M⦿)+MS(360M⦿) → BH(686M⦿)+BH(219M⦿)

▶ MS(>1220M⦿)+MS → BH+BH ??

The maximum primary BH mass
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MSMS

360M⦿1220M⦿

a = 31475R⦿

nHe

double common envelope

219M⦿

BH

686M⦿

a = 314R⦿

(A)

(B)
(D)

BH

686M⦿

BH

219M⦿

a = 314R⦿(E)

CHeBShHeB

a = 26086R⦿

(C)

1220M⦿ 360M⦿

(P = 45yr) (P = 21day)
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The maximum primary BH mass
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1.If ZAMS > 600M⦿, it reaches the Hayashi track (convective) during MS.
2.If a convective star fills its Roche lobe, a common envelope may occur.
3.If a MS star causes a common envelope, the binary disrupts.

m > 600M⦿

wide enough not to fill the Roche lobe during the MS phase
If fills, the binary system always coalesces

primary ZAMS mass~600M⦿ ~1200M⦿

The heavier, the larger the radius ⇒ The heavier, the wider the orbital separation needs to be.

time until merger~13.8Gyr

Roche lobe radius ∝ orbital separationMS MS

MS MS MS MS
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The maximum primary BH mass
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MS

shorter orbital separation
⇒shorter Roche lobe radius

MS

Roche lobe (RL)

MS

wider orbital separation
⇒wider Roche lobe radius

MSMS

fills the RL when the primary is
still in the MS phase

He
core

H envelope

fills the RL when the primary is
in the giant phase

MS

common
envelope

double
common
envelope

single H star ?

binary naked He star

> 600M⦿

> 600M⦿

convective

convective∵Roche lobe radius ∝ orbital separation
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▶ mBH,s = 45M⦿ ← formed through pulsational pair-instability

low mass + high mass
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MSMS

141M⦿150M⦿

a = 78R⦿

BH

45M⦿

nHe

136M⦿

a = 11R⦿

stable mass transfer

(A)

(B)

(C)
(F)

MSMS

188M⦿103M⦿

a = 87R⦿

(D)

CHeB

MSCHeB

235M⦿
56M⦿

a = 176R⦿(E)

a = 184R⦿

45M⦿

MS

235M⦿

BH

common envelope

(G)

(H)

stable mass transfer

MS MS

MS

BH

45M⦿

BH

136M⦿

a = 11R⦿
(I)

(P = 4.6day)

(P = 7.5h)
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▶ high mass + high mass: ~ 0
▶ low mass + high mass: ~ 0.75—0.8

▶ high+high
▶ primary ~ 0
▶ secondary ~ 0

▶ low+high
▶ primary ~ 1
▶ secondary ~ 0

▶ mBH,p = 135—180M⦿

Spin Distribution
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�e↵ =
mBH,p�BH,p +mBH,s�BH,s

mBH,p +mBH,s

~�BH,i =
c ~JBH,i

Gm2
BH,i

�e↵ =
mBH,p

mBH,p + 45
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Merger Rate Density
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upper limit of ‘high mass + high mass’

! our ‘high mass + high mass’ rate (z = 0) > upper limit !
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Discussion

17



2021 / 12 / 8

The exponent of Pop. III IMF (m-α)

upper limit of ‘high mass + high mass’ (z = 0)

Dependence of IMF (single power law)

18

Pop. III ZAMS mass
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▶ α = 2.8

▶ Rall(z=0) = 2.89 Gpc-3 yr-1

▶ obs.: 19.1+16.2-9.0 Gpc-3 yr-1

▶ ~ 15% (8–28%)

▶ Rlh(z=0) = 0
too short merger time

(Updated) Merger Rate Density
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α=2.8
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▶ α = 2.8

▶ Chirp mass of high+high BBH
→100—300M⦿

Detection Rate of ‘high mass + high mass’
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Survey Detection Rate [yr-1]
B-DECIGO 200.9

TianGO 200.9
Einstein telescope 126.1

TianQin(天琴) 7.9
LISA 1.1

aLIGO(O5) 0.9

Mc =
(mBH,pmBH,s)3/5

(mBH,p +mBH,p)1/5

beginning of Pop.III star formation
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▶ Future work:
▶ double power law IMF
▶ initial orbital separation distribution
▶ αCEλCE

Future works
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Appendix
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The maximum primary BH mass (more strictly)
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mBH,p / mZAMS,p

tGW / m0.4
ZAMS,p

tGW / a4m�2
BH,p

a / rgiant,p / m0.6
ZAMS,p

(mZAMS,p > 600M�)


