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loss due to stellar winds because this approximation would
be reasonable for PopIII stars (§2.1). Before including the
binary interactions, we check that results of single stellar
evolution for various masses (20 ! M ! 50M⊙) agree well
with those by Marigo et al. (2001).

For binary stellar evolution, we use the binary module
in MESA to calculate MT processes more precisely than the
semi-analytic model. The mass transfer rate is calculated by
a method proposed by Kolb & Ritter (1990), in which the
rate is self-consistently estimated considering properties of
atmosphere of donor stars. Note the MT rate adopted in
our semi-analytic model (Eq. 10) cannot capture the ther-
mal properties because the rate assumes that the transferred
gas is described by a single polytropic equation of state. We
assume conservative mass transfer, i.e. J̇orb = 0 and Ṁ = 0
in the same way as in our semi-analytical model. We do not
follow evolution of a star in which carbon ignition begins at
the center because the C burning phase finish within a few
years, which is short enough not change the binary proper-
ties (mass, separation etc). Instead, we replace the star with
a BH (point gravitational source) of the same mass.

3 POPIII BINARY BH FORMATION
WITHOUT COMMON ENVELOPE PHASES

Fig. 3 shows a schematic picture of a typical pathway to form
PopIII BBHs without common envelope phases. We here
discuss this evolutionary sequence using our semi-analytical
model (see §2). The two stars in this binary exchange their
mass twice via stable MT, collapse into BHs during the MT,
and form a BBH eventially.

3.1 evolution of an individual PopIII binary

In Fig. 4, we show time evolution of two PopIII stars in
a binary (red and blue solid), their Roche radii (red and
blue dashed) and the orbital separation (black solid). In Fig.
5, time evolution of the mass of the primary (red solid),
secondary (blue solid), the total mass (black solid) and their
core masses (red and blue dashed) are shown. The initial
masses are M1,0 = 50 M⊙ and M2,0 = 20 M⊙, and the
initial separation is set to a0 = 0.25 AU.

Both of the two stars evolve from their ZAMS phases
with their stellar radii expanding. First, the primary star
(more massive) fills its Roche lobe after the end of the He
core burning and then MT to the secondary star begins at
t ≃ 4.2 Myr (open circle in Figs. 4 and 5). Since the mass
ratio at the onset of the MT is larger than unity (q1 > 1)
and the mass transfer is supposed to be conservative (Ṁ1 =
−Ṁ2 > 0), the separation initially shrinks (see Eq. 2). Even
after the mass ratio becomes below unity, the MT continues
and thus the separation gets wider. When the envelope of
the primary star is stripped and the core mass occupies 90%
of the total mass, the stellar radius would rapidly shrinks
and thus the MT terminates (open square in Figs. 4 and 5).
Since the core mass of ≃ 20 M⊙ is massive enough to form
a BH by direct collapse, we do not follow the evolution of
the (primary) naked He star but consider it as a BH with
M1 ≃ 22 M⊙.

During the first MT, the mass of the secondary star
increases to ≃ 48 M⊙ via accretion. The accretion rate has

1. PopIII main-sequence stars

2. Roche lobe overflow from the primary

3. the primary forms a BH

4. Roche lobe overflow from the secondary

5. a binary BH forms

Figure 1. Schematic overview of a typical pathway to form
PopIII BBH without experiencing CE phases.
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