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ABSTRACT
We perform a binary population synthesis calculation incorporating very massive population (Pop.) III stars up to 1500 M� and
investigate the nature of binary black hole (BBH) mergers. Above the pair-instability mass gap, we find that the typical primary
black hole (BH) mass is 135–340 M�. The maximum primary BH mass is as massive as 686 M�. The BBHs with both of their
components above the mass gap have low effective inspiral spin ∼ 0. So far, no conclusive BBH merger beyond the mass gap
has been detected, and the upper limit on the merger rate density is obtained. If the initial mass function (IMF) of Pop. III stars is
simply expressed as ξm(m) ∝ m−α (single power law), we find that α � 2.8 is needed in order for the merger rate density not to
exceed the upper limit. In the future, the gravitational wave detectors such as Einstein Telescope and Pre-DECIGO will observe
BBH mergers at high redshift. We suggest that we may be able to impose a stringent limit on the Pop. III IMF by comparing the
merger rate density obtained from future observations with that derived theoretically.
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1 IN T RO D U C T I O N

The gravitational wave (GW) observations have been conducted by
the GW observatories, the advanced laser interferometer gravitational
wave observatory (aLIGO) and advanced Virgo, and the new GW
catalogue, GWTC-2 was recently released by the LIGO Scientific
Collaboration and the Virgo Collaboration (Abbott et al. 2020). This
catalogue includes 50 GW sources and 47 of which are binary black
holes (BBHs). The typical mass of the detected BBHs is ∼ 30 M�,
and this is heavier than that of X-ray BBHs.

Origins of BBH mergers have been proposed by many authors:
field population (Pop.) I or II binary stars (e.g. Kruckow et al.
2018; Belczynski et al. 2020), dynamical interactions in star clusters
(e.g. Rodriguez, Chatterjee & Rasio 2016; Di Carlo et al. 2020;
Kumamoto, Fujii & Tanikawa 2020), active galactic nuclie (AGN)
discs (e.g. Tagawa, Haiman & Kocsis 2020), and triple or multiple
star systems (e.g. Antonini, Toonen & Hamers 2017). Pop. III
binary stars can also become BBH mergers. The typical mass of
Pop. III BBHs is ∼ 30 M� + 30 M� (e.g. Kinugawa et al. 2014;
Kinugawa, Nakamura & Nakano 2020), and this is consistent with
the observation (Kinugawa, Nakamura & Nakano 2021). Therefore,
Pop. III binary stars are one of the promising origins of BBH mergers.

Previously, Belczynski, Bulik & Rudak (2004), Kinugawa et al.
(2014, 2020), and Tanikawa et al. (2021) performed binary pop-
ulation synthesis calculations for Pop. III stars and predicted the
property of BBH mergers. The maximum zero-age main-sequence
(ZAMS) masses in their calculations are 500, 150, and 300 M�,
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respectively. According to Pop. III star formation simulations (e.g.
Susa, Hasegawa & Tominaga 2014; Hirano et al. 2015), there is a
chance that Pop. III stars as massive as ∼1000 M� could be formed
(e.g. Hirano et al. 2015), although the typical mass is 10–100 M�.
Future GW observatories, such as Cosmic Explorer (Reitze et al.
2019), Einstein Telescope (Punturo et al. 2010; Sathyaprakash et al.
2012), and Pre-DECIGO (Kawamura et al. 2006; Nakamura et al.
2016) can detect very massive compact binary mergers (total mass
∼ 100–1000 M�) up to the redshift z ∼ 10–1000. If there are BBHs
originating from very massive Pop. III stars, these observatories may
be able to detect them. Therefore, in this letter, we focus on the very
massive Pop. III stars up to 1500 M� and investigate the contribution
of very massive Pop. III stars to the BBH merger by means of binary
population synthesis in preparation for future observations.

2 M E T H O D

2.1 Binary population synthesis

In order to perform a population synthesis calculation, we use the
binary population synthesis code (Tanikawa et al. 2021), which is
an upgraded version of BSE (Hurley, Pols & Tout 2000, 2002).1 In
our code, the fitting formulae for extremely metal poor stars were
implemented (Tanikawa et al. 2020, 2021). We use the same mass
transfer rate for the stable Roche lobe overflow and tidal coefficient
factor E as in Kinugawa et al. (2020).

1http://astronomy.swin.edu.au/∼jhurley/

C© 2021 The Author(s)
Published by Oxford University Press on behalf of Royal Astronomical Society

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nrasl/article/505/1/L69/6279697 by guest on 11 April 2024

http://orcid.org/0000-0002-8461-5517
http://orcid.org/0000-0002-8967-7063
mailto:hijikawa@astron.s.u-tokyo.ac.jp
http://astronomy.swin.edu.au/~jhurley/


L70 K. Hijikawa

We use the αλ formalism for common envelope evolution (Web-
bink 1984) and set αCE = 1 and λCE = 1. We adopt the ‘rapid’
model in Fryer et al. (2012) with the modification for the pulsational
pair-instability and pair-instability supernova (see equations 5–7 in
Tanikawa et al. 2021). We assume that the mass of a BH formed
through pulsational pair-instability is 45 M� and the minimum
helium core mass of direct collapse is 135 M� in the same way
as Belczynski et al. (2016).

2.2 Initial conditions

In this study, we follow the evolution of 106 binaries consisting of
ZAMS stars with the metallicity Z = 10−8 Z�. Although we adopt
the metallicity Z = 10−8 Z� for Pop. III stars (Z = 0), this difference
has little effect on our results for the following reason. As the
abundance of heavy elements in a Z = 10−8 Z� star is extremely low,
the CNO cycle does not operate initially. The abundance of carbon,
nitrogen, and oxygen are increased by the triple alpha reaction,
and then the CNO cycle commences. These evolutionary properties
are the same as those of Z = 0 stars. Therefore, the difference in
metallicity, Z = 0 and Z = 10−8 Z� has little effect on the stellar
evolution.

We use the following initial distributions for the primary mass,
mass ratio, and orbital separation. The initial primary mass mZAMS, p

distribution is logarithmically flat [ξm(mZAMS,p) ∝ m−1
ZAMS,p], and the

mass range is 10–1500 M�. The initial mass ratio q distribution is flat
[ξ q(q)∝const.] and the range is qmin–1, where qmin = 10M�/mZAMS, p.
The initial orbital separation a distribution is logarithmically flat, and
the range is amin–105R�, where amin is determined so that the ZAMS
radius does not exceed the Roche lobe radius. In this study, we
assume that the initial eccentricity is zero.

We adopt the star formation history in de Souza, Yoshida & Ioka
(2011) for Pop. III stars, but reduce it by a factor of 3 (Inayoshi et al.
2016; Kinugawa et al. 2020). We assume that the binary fraction fb

is 0.5.

3 R ESULTS

3.1 Mass distribution

The mass distribution of BBHs that merge within a Hubble time
is shown in Fig. 1. The distribution is divided into three sub-
populations due to the pair-instability mass gap. Hereafter, we call
the combination of low-mass BH (� 50 M�) and low-mass BH ‘low
mass + low mass’, that of low-mass BH and high-mass BH (�
130 M�) ‘low mass + high mass’, and that of high-mass BH and
high-mass BH ‘high mass + high mass’.

The peak of high-mass primary BH is around 140–180 M�. The
BBH with the most massive primary BH in our calculation is the
pair of 686 and 219 M� BH, and their ZAMS masses are 1220 and
360 M�, respectively. We show in Fig. 2 the evolutionary channel
leading to this BBH. This BBH is formed through double common
envelope scenario in which both of the stars are giant phases with
a clear core–envelope structure. The primary ZAMS stars having a
ZAMS mass higher than ∼ 1220 M� cannot contribute to the BBH
merger. The reason for this is as follows. A massive Pop. III star with
a ZAMS mass higher than ∼ 600 M� extremely expands, can reach
the Hayashi track during the main sequence (MS) phase, and has a
convective envelope when it is still in its MS phase. Therefore, if such
a massive Pop. III MS star fills its Roche lobe, the mass transfer may
become unstable and the binary system enters a common envelope
phase. After that, the binary system always coalesces because the

Figure 1. Mass distribution of the BBHs that merge within a Hubble time.
The dashed black line indicates the line where primary mass mBH,p is equal
to the secondary mass mBH,s. Each 1D histogram and the shades of colour for
2D histogram are on a log scale.
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Figure 2. Evolutionary channel leading to the BBH with the most massive
primary BH. ‘CHeB’, ‘ShHeB’, and ‘nHe’ stand for the core helium burning
phase, shell helium burning phase, and naked helium star, respectively.

MS star does not have a clear entropy jump between its core and
envelope, and it will no longer evolve to a BBH. In order to avoid
this common envelope episode, the orbital separation needs to be
large enough not to fill the Roche lobe during the MS phase.

Hereafter, in order to understand why there is an upper limit on the
primary ZAMS mass of merging BBHs, we consider the dependence
of the merging time-scale of the binary system on the primary ZAMS
mass. The merging time-scale through GW emission is expressed
as tGW ∝ a4m−2

BH,p, where a is the orbital separation. Based on the
above discussion, a∝rgiant,p, where rgiant,p is the primary radius in
the giant phase. rgiant,p ∝ m0.6

ZAMS,p for Pop. III stars with mZAMS, p

� 600 M�, and mBH,p∝mZAMS,p. Therefore, tGW ∝ m0.4
ZAMS,p. As the

primary ZAMS mass increases, the mering time-scale increases and
exceeds a Hubble time at a critical ZAMS mass. That is why there is
an upper limit on the primary ZAMS mass of merging BBHs. If we
use a smaller (larger) αCEλCE, the maximum mass of merging BBHs
is expected to get larger (smaller), because how much the orbital
separation shrinks due to the common envelope friction depends on
αCEλCE.

As can be seen from Fig. 1, the number of the primary BH mass
decreases sharply at ∼ 340 M�, which is equal to the helium core
mass of a 600 M� Pop. III ZAMS star. This reason is as follows.
In our calculation, all ‘high mass + high mass’ BBHs are formed
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Figure 3. An example evolutionary channel leading to ‘low mass + high
mass’.

Figure 4. Effective inspiral spin parameter distribution of the BBHs that
merge within a Hubble time. The black solid line indicates the effective
inspiral spin distribution of all the BBHs. The red, green, and blue lines
correspond to the ‘low mass + low mass’, ‘low mass + high mass’, and ‘high
mass + high mass’, respectively.

through double common envelope phase and some of them undergo
a stable mass transfer before the double common envelope phase. As
mentioned earlier, a Pop. III star with the ZAMS mass � 600 M�
becomes a red supergiant when it is still in its MS phase. Therefore,
if the primary ZAMS mass is � 600 M�, the mass transfer may
become unstable and thus the binary systems coalesce because the
primary star does not have a clear entropy jump between its core and
envelope. The binary systems can not form BBHs.

In our calculation, all ‘low mass + high mass’ BBHs have ∼ 45 M�
secondary BHs, and those BHs are formed through pulsational pair-
instability. An example evolutionary path to ‘low mass + high mass’
is shown in Fig. 3. The primary ZAMS mass is ∼150 M� and it
will generally cause a pair-instability supernova without mass-loss
through mass transfer. However, the mass transfer rate is so high that
the primary star significantly loses its mass to the secondary star and
can avoid a pair-instability supernova.

3.2 Spin distribution

In Fig. 4, we show the effective inspiral spin parameter χ eff

distribution. Since we do not assume the kick, no negative χ eff is
obtained.

Figure 5. Redshift evolution of merger rate density when the IMF is
ξm(mZAMS,p) ∝ m−1

ZAMS,p. The colour codes are the same as Fig. 4. The purple
circle with the error bar indicates the merger rate density estimated from
GW observation (The LIGO Scientific Collaboration 2020) in the current
Universe. The orange dash–dot curve indicates the redshift evolution of the
binary formation rate density in number, based on de Souza et al. (2011).

In our calculation, all ‘high mass + high mass’ BBHs are formed
through double common envelope phase. If a binary system enters
a double common envelope phase, both stars lose their hydrogen
envelopes and spin angular momenta. Therefore, both dimensionless
spins of ‘high mass + high mass’ are very low, and 99.8 per cent of
‘high mass + high mass’ BBHs have χ eff less than 0.1.

On the other hand, χ eff of ‘low mass + high mass’ peaks at around
0.75–0.80. Since the secondary BH progenitor of ‘low mass + high
mass’ significantly loses its mass to the primary BH progenitor due
to stable mass transfer (the phase b and d in Fig. 3), the secondary
spin χBH,s of all ‘low mass + high mass’ is about 0. Thanks to
the short orbital separation after the common envelope phase, the
primary BH progenitor can be highly spun up by tidal interaction.
Therefore, χBH,p peaks at around 1, even though the primary BH
progenitor loses its hydrogen envelope and angular momenta during
the common envelope phase. When the primary spin is 1, secondary
spin is 0, secondary mass is 45 M�, and both spin vectors are aligned
with the orbital angular momentum vector,

χeff = mBH,pχBH,p + mBH,sχBH,s

mBH,p + mBH,s
= mBH,p

mBH,p + 45
. (1)

Since the primary BH mass of ‘low mass + high mass’ is 135–
180 M�, χ eff = 0.75–0.80. Therefore, χ eff of ‘low mass + high
mass’ peaks at around 0.75–0.80.

3.3 Merger rate density

The merger rate density evolution is shown in Fig. 5. In the current
Universe ( z = 0), the merger rate density of all Pop. III BBHs and
‘high mass + high mass’ BBHs are Rall(z = 0) = 0.383 Gpc−3yr−1

and Rhh(z = 0) = 0.0714 Gpc−3 yr−1, respectively. The delay time
of ‘low mass + high mass’ is so short that the merger rate density
Rlh(z) is 0 where z � 3.

Our merger rate density of BBHs beyond the mass gap is higher
than the upper limit obtained from GW observations. We discuss this
disagreement in the next section.
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Figure 6. Dependence of Rhh(z = 0) on the exponent of IMF α.

4 D ISCUSSION

So far, no BBH merger beyond the pair-instability mass gap has
been observed (but see Fishbach & Holz 2020; Nitz & Capano
2021). According to Marı́a Ezquiaga & Holz (2020), the current GW
detectors can observe the BBH mergers beyond the mass gap if they
exist within their detection horizons. In the absence of detections,
they also set the upper limit on the merger rate density above
the mass gap at z = 0 to be 0.01 Gpc−3 yr−1. Our merger rate
density of ‘high mass + high mass’ Rhh(z = 0) is 0.0714 Gpc−3

yr−1 and is higher than this upper limit. The slope of the Pop. III
IMF may be responsible for this discrepancy. Although the Pop.
III IMF is not well understood, we adopt the logarithmically flat
IMF [ξm(mZAMS,p) ∝ m−1

ZAMS,p] in this study. In order to decrease
Rhh(z = 0), the Pop. III IMF needs to be steeper or have a cut-off.
Here, we investigate howRhh(z = 0) would change if a different IMF
is adopted. We simply assume that the Pop. III IMF is expressed as
a single power law, i.e. ξm(mZAMS,p) ∝ m−α

ZAMS,p. Fig. 6 shows the
dependence of Rhh(z = 0) on the exponent of IMF α. In order for
Rhh(z = 0) not to exceed the upper limit, 0.01 Gpc−3 yr−1, α must
be greater than 2.8. Note that, the Pop. III star formation rate and
common envelope parameters we adopt may affect our result. For
example, the Pop. III star formation rate is lower, less steeper IMFs
(smaller α) are permissible.

We also obtain the redshift evolution of the merger rate density
when α = 2.8 (Fig. 7). The merger rate density of all Pop. III BBHs
evolves with redshift according to (1 + z)1.21 within z < 2, and the
local merger rate density of all the BBHs Rall(z = 0) is 2.89 Gpc−3

yr−1. The merger rate density peaks at around z ∼ 8 and this reflects
the peak of star formation rate. Kinugawa et al. (2020) also performed
population synthesis calculations and derived that the merger rate
density of Pop. III BBH mergers at z = 0 is 3.34–21.2 Gpc−3 yr−1.
Our merger rate density is roughly consistent with theirs. The BBH
merger rate density estimated by The LIGO Scientific Collaboration
(2020) from GW observations is 19.1+16.2

−9.0 Gpc−3 yr−1 at z = 0. Thus,
some portions of BBHs observed by aLIGO and Virgo may be Pop.
III origin.

In the future, the third-generation ground-based GW observatories,
such as Einstein Telescope (Punturo et al. 2010; Sathyaprakash et al.
2012), and space-borne GW observatories, such as LISA (Amaro-
Seoane et al. 2017), Pre-DECIGO (Kawamura et al. 2006; Nakamura
et al. 2016), TianQin (Luo et al. 2016; Wang et al. 2019), and TianGO
(Kuns et al. 2020) will operate. The detection horizons of these
detectors and aLIGO are shown in Fig. 8. Compared to aLIGO, these

Figure 7. Redshift evolution of merger rate density when α = 2.8. The colour
codes and line styles are the same as Fig. 5.

Figure 8. Horizon redshift of GW detectors for face-on compact binary
mergers. The red, orange, green, blue, purple, and yellow solid lines indicate
the horizons of Einstein Telescope, LISA, Pre-DECIGO, TianQin, TianGO,
and aLIGO.

Table 1. Detection rate of Pop. III BBH mergers beyond the mass gap when
α = 2.8.

Observatory Detection rate (yr−1)

Einstein Telescope 126.1
LISA 1.1
Pre-DECIGO 200.9
TianGO 200.9
TianQin 7.9

observatories will detect many compact binary mergers and will
observe BBHs beyond the mass gap up to z ∼ 10–1000. Furthermore,
by comparing the merger rate density obtained from observation
with that derived theoretically, we may be able to impose a stringent
limit on the Pop. III IMF. Here, assuming α = 2.8, we estimate the
detection rate of BBHs beyond the mass gap for some GW detectors
and the results are summarized in Table 1. In our calculation, most of
the BBHs beyond the mass gap have the chirp mass of 100–300 M�.
Pre-DECIGO and TianGO can see beyond the beginnings of Pop. III
star formation in this mass range, and the detection rate is as high as
200.9 yr−1. The horizon redshift of LISA in this mass range is lower
than that of the others, and thus the detection rate is also lower. Since
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Figure 9. Relation between the merger rate density of BBHs beyond the
mass gap at z = 10 Rhh(z = 10) and the exponent of Pop. III IMF α.

α � 2.8 is needed as discussed above, the detection rates in Table 1
can also be interpreted as upper limits.

Let us consider that future GW detectors observe BBH mergers,
and the merger rate density at z = 10 is obtained. We investigate
how the exponent α is restricted from the merger rate density of
BBHs beyond the mass gap at z = 10, Rhh(z = 10) (see Fig. 9).
For example, if Rhh(z = 10) = 0.1–0.3 Gpc−3 yr−1, the exponent of
IMF is restricted to 3.0–3.3. In this way, we may be able to impose a
stringent restriction on the Pop. III IMF by future GW observations.
Note that we assume that all BBH mergers beyond the mass gap at
z = 10 are originating from Pop. III stars. In this letter, we consider
only the single power-law IMF for Pop. III stars. However, a double
power-law IMF or an IMF with a cut-off are also possible candidates
for the Pop. III IMF. In the future study, we will adopt such an IMF
and investigate how we can impose restrictions on Pop. III IMF from
GW observations.

5 SU M M A RY

In this letter, we performed a binary population synthesis incorpo-
rating very massive Pop. III stars up to 1500 M� and investigated
the sub-populations beyond the pair-instability mass gap. Our main
results are as follows.

The typical primary BH mass of ‘high mass + high mass’ is 135–
340 M� and the maximum primary BH mass is as high as 686 M�.
χ eff of ‘high mass + high mass’ peaks at around 0 and 99.8 per cent
of those have χ eff � 0.1. In order for the merger rate density of BBHs
beyond the mass gap not to exceed the upper limit (Marı́a Ezquiaga
& Holz 2020), the exponent α of single power law IMF needs to
be greater than 2.8. When α = 2.8, space-borne GW observatories,
Pre-DECIGO and TianGO, will be able to detect as much as ∼200
BBHs beyond the mass gap per year. We suggest that we may be
able to impose a stringent limit on the Pop. III IMF by comparing
the merger rate density obtained from future observations with that
derived theoretically.
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