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Figure 3. Merger rate of PopIII BBHs for different assumed
IMFs, as in Fig. 2. The data is taken from K14, but renormalized
to be consistent with the electrons scattering optical depth τe
measured by Planck within the 1σ (solid) and 2σ (dashed) error
(Eq. 1 with fesc,m = 0.1 and ηion = 5× 104).

ers. Furthermore, PopIII stars with ∼ 30 M⊙ are unlikely to
evolve into red giants (Marigo et al. 2001), and as a result,
the typical chirp mass of PopIII BBHs is ⟨Mchirp⟩ ≃ 30 M⊙
for both a flat and a Salpeter IMF with 10−100 M⊙ (K14).

By comparison, when massive PopII stars experience
strong mass loss, they go through a red giant phase. These
effects would reduce the average PopII BBH chirp mass to
∼ 10 M⊙ (Kowalska-Leszczynska et al. 2015), and suppress
the formation of BBHs somewhat (Belczynski et al. 2010).
Furthermore, the average separation of PopII BBHs which
escape mergers during the red giant phases would be larger,
and their GW inspiral time is longer, so that only a few
percent merges within a Hubble time (K14).

Fig. 3 shows the evolution of the PopIII BBH merger
rate RBBH for the flat (blue) and Salpeter (red) IMF with
10 − 100 M⊙. The distribution of the initial binary sepa-
ration a is assumed to be ∝ a−1 (Abt 1983). The rates are
normalized using the cumulative mass density of PopIII stars
consistent with the Planck τe within the 1σ (solid) and 2σ
(dashed) error (Eq. 1 for fesc,m = 0.1 and ηion = 5 × 104),
with the redshift-dependence of the SFR following de Souza,
Yoshida & Ioka (2011). The rates peak between z ≈ 4− 10
at ! 100 Gpc−3 yr−1, with most merging PopIII BBHs un-
resolved by AdLIGO/Virgo, and with ! 106 PopIII BBHs
contributing to a strongly redshifted GWB over five years.
The merger rates decrease toward low redshift once PopIII
star formation is quenched. However, the rate remains as
high as RBBH ≃ 10 Gpc−3 yr−1 even at z ≃ 0, because
BBHs with suitable initial separations take a Hubble time
to merge. For a massive 30 + 30 M⊙ circular BBH with
an initial separation of ∼ 0.2 AU, the GW inspiral time is
10 Gyr (Peters & Mathews 1963). Note that the merging
rate is consistent with ∼ 2− 400 Gpc−3 yr−1 inferred from
GW150914 (Abbott et al. 2016d).

We estimate the spectrum of the PopIII GWB as

ρcc
2Ωgw(f) =

∫ ∞

zmin

RBBH

1 + z
dt
dz

(
fr

dEgw

dfr

) ∣∣∣
fr=f(1+z)

dz (4)

(Phinney 2001), where f and fr are the GW frequencies
observed at z = 0 and in the source’s rest frame, respec-
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Figure 4. Top: spectra of GWB produced by PopIII BBHs for the
same IMFs, fesc,m and τe as in Fig. 3 (blue and red curves). We
assume binaries with the average chirp mass of ⟨Mchirp⟩ = 30 M⊙
on circular orbits. The background expected from all unresolved
PopII+PopI BBHs is shown for reference (solid black curve, Ab-
bott et al. 2016b, their fiducial model). Black dotted curves show
the expected sensitivity of AdLIGO/Virgo in the observing runs
O2 and O5. The green solid curve is the same as the blue solid
curve, but with a higher chirp mass of ⟨Mchirp⟩ = 50 M⊙ and
with a lower merging rate by a factor of 3/5. Bottom: the spec-
tral index; open circles mark the frequencies above which α < 0.3.

tively, and ρc is the critical density of the Universe. We set
the minimum redshift to zmin = 0.28, the detection horizon
of AdLIGO/Virgo. The GW spectrum from a coalescencing
BBH is given by

dEgw

dfr
=

(πG)2/3M5/3
chirp

3

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

f−1/3
r FPN fr < f1,

ωmf2/3
r GPN f1 " fr < f2,

ωrσ
4f2

r

[σ2 + 4(fr − f2)2]2
f2 " fr < f3,

(5)
where Egw is the energy emitted in GWs, Mchirp ≡
(M1M2)

3/5/(M1 + M2)
1/5 is the chirp mass, and fi (i =

1, 2, 3) and σ are frequencies that characterize the inspiral-
merger-ringdown waveforms, ωm(r) are normalization con-
stants chosen so as to make the waveform continuous, and
the Post-Newtonian correction factors of F (G )PN (Ajith
et al. 2011). We assume that the BBHs have circular or-
bits because the PopIII BBHs should circularize by the time
they move into the LIGO band (see Fig.3 in Abbott et al.
2016a). Note that the background spectrum in the inspiral
phase scales with frequency as Ωgw(f) ∝ f2/3.

Fig. 4 shows spectra of the GWB produced by PopIII
BBHs for the same IMFs, fesc,m and τe as in Fig. 3 (blue and
red curves). For the two IMFs with 10− 100 M⊙ and a flat
mass ratio distribution, the typical merger is an equal-mass
binary with a chirp mass of ⟨Mchirp⟩ ≃ 30 M⊙ (K14; K16).
For comparison, we show the background produced by all
PopII/I BBHs (black solid curve), which typically merge at
z # 2−4 (Dominik et al. 2013; Abbott et al. 2016b). For all
cases shown, the GWB from PopIII BBHs is higher than the
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