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Figure 8. Mass ratio distributions of PopIII BBHs for different
initial masses of the primary star M1,0 = 30, 40 and 50 M⊙,
respectively. For all cases, initial distributions of q2,0 and log a0
are assumed to be uniform within the shaded regions in Fig. 7
(see also text).

atmosphere could be convective. Another reason is that the
MT rate from the primary to the secondary can be higher
than the critical value of Ṁcrit,2 (see §2.3.3), above which
the secondary star would expand and the material would be
lost from the Roche potential. In this case, PopIII binaries
with smaller (∼ 0.2 AU) or lager (∼ 4 AU) separations can
form BBHs via stable MT without experiencing CE phases.

In Fig. 7, the mass ratio and orbital separation of PopIII
binaries at the epoch of BBH formation are shown for each
initial primary mass of M1,0. Solid (black) and dashed (red)
curves present cases for the same initial values of q2,0 and
a0, respectively. For all cases, the BH mass ratio distributes
around unity (see Fig. 8). Since the BH mass is determined
by the He-core mass at the onset of stable MT, which can be
realized by donor stars with ! 50 M⊙ (the corresponding He
core mass is ! 25 M⊙), these BBHs tend to evolve to equal-
mass binaries. For close binaries with a0 ! 0.15 AU, efficient
MT is likely to reverse the mass ratio (i.e. q2 " 1) and
make the binary separation smaller. For wide binaries with
a0 " 0.2 AU, their separations do not change significantly
even after they experience MTs.

In Fig. 8, we show distributions of the mass ratio of
PopIII BBHs for different initial masses of the primary star
M1,0 = 30, 40 and 50 M⊙, respectively. We assume initial
distributions of the mass ratio and the orbital separation
to be Φ(q2,0) = const. and Γ(a0) ∝ a−1

0 within the shaded
blue regions shown in Fig. 7. For all cases, the mass ratio
distributes around unity (0.8 ! q2 ! 1.1).

Fig. 9 presents distributions of the chirp mass of PopIII
BBHs defined by

Mchirp ≡ (M1M2)
3/5

(M1 +M2)1/5
, (13)

Under the assumptions for the initial conditions (Φ(q2,0) =
const. and Γ(a0) ∝ a−1

o ), the chirp mass distribution shifts
towards higher mass with the primary mass. Thus, when the
initial mass function of primary stars is Salpeter-like (top-
heavy), the typical chirp mass becomes smaller (higher, re-
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Figure 9. Chirp mass distributions of PopIII BBHs for different
initial masses of the primary star M1,0 = 30, 40 and 50 M⊙. The
same initial conditions are adopted as in Fig. 8.

spectively). This result is consistent with those in Kinugawa
et al. (2014).

4 CONCLUSIONS AND DISCUSSIONS

4.1 Spin effect

In this paper, we neglect effects of stellar rotation on the
evolution so far. As we discussed, non-rotating PopIII stars
are likely to evolve to compact blue giants and thus can
avoid unstable MT and CE phases during their lifetime.
However, stellar rotations could change their features of
PopIII stellar evolution because of hydrodynamical insta-
bilities induced by rotation (e.g. meridional circulations).
For a slow-rotating PopIII star with vrot ∼ 0.2 vKep (vKep

is the Keplerian velocity of the star), the effective tempera-
ture at the end of the main-sequence phase tends to be lower
than for a non-rotating PopIII star with the same mass, be-
cause unburnt hydrogen is supplied to the core of the ro-
tating PopIII star due to the mixing (Ekström et al. 2008;
Takahashi, Umeda & Yoshida 2014). Furthermore, mixing of
heavy elements is would increase the opacity of the stellar
envelope (Joggerst & Whalen 2011). Therefore, the rotat-
ing PopIII star tends to evolve to red giants instead of blue
giants expected for the non-rotation case. Since a red gi-
ant has a bloated stellar envelope, which is convective, the
stellar radius is more likely to fill its Roche lobe and lead
unstable MT, which would result in CE phase. On the other
hand, a fast-rotating PopIII star with vrot " 0.5 vKep, would
experience chemically homogeneous evolution due to strong
mixing effects and then become bluer without any redwards
evolution (e.g. Yoon & Langer 2005; Woosley & Heger 2006).
In this case, the PopIII stars can avoid unstable MT and CE
phases.

We estimate the timescale for tidal force of the sec-
ondary with M/q to spin up the primary with M . We con-
sider the primary to be a main-sequence star with a radiative
envelope and convective core, whose size and mass are Rcon
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