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expected sensitivity of the AdLIGO/Virgo detectors in the
observing run O5 (black dotted curves). The typical chirp
mass and redshift of PopIII BBHs are both higher than for
PopII/I BBHs ( ∼ 30 M⊙ vs ∼ 10 M⊙ and z ∼ 8 vs. z ∼ 3),
causing the GW frequency to be redshifted. As a result, the
spectrum in the AdLIGO/Virgo band becomes flatter than
the canonical Ωgw(f) ∝ f2/3 expected from lower-redshift
and lower-mass PopII/I sources. Kowalska, Bulik & Belczyn-
ski (2012) also have noted the spectral flattening by assum-
ing a different chirp mass distribution and a high PopIII
SFR which is inconsistent with the Planck result and does
not include important physics (e.g. LW feedback, metal en-
richment and reionization). In the bottom panel, the open
circles mark the frequencies above which the spectral in-
dex falls below 0.3; this critical frequency is ∼ 40 Hz, well
inside the AdLIGO/Virgo band. The deviation could be de-
tectable with S/N ∼ 3 in the O5 run (Abbott et al. 2016b).
Note that PopII/I BBHs can produce such a significant flat-
tening of the GWB spectrum at ∼ 100 Hz (black curve; see
also Kowalska-Leszczynska et al. 2015 that show a similar
flattening at ! 70−100 Hz, depending on their models.) Al-
though a sub-dominant population of massive PopII BBHs
with ! 30 M⊙ would form, depending on a model of cosmic
metal enrichment (Belczynski et al. 2016), the severe flat-
ting requires the majority of such massive stars, as expected
only in the PopIII model (although of course this remains
uncertain). Finally, we increase the chirp mass to 50 M⊙
to see its impact (green solid curve). In this case, the crit-
ical frequency shifts to ∼ 25 Hz, allowing the deviation of
the spectral index to be measured more easily. The spectral
shape near 30 − 50 Hz would be precisely observed by the
Einstein Telescope (ET)3 with the expected sensitivity of
Ωgw ≈ 10−10 − 10−11 at f ∼ 30 Hz.

4 SUMMARY AND DISCUSSION

In this paper, we show that GW background produced by
PopIII binary BHs can dominate other populations at 10−
100 Hz, even considering tight constraints on PopIII star
formation by the recent Planck optical depth measurement
from the CMB. We also find that the spectral index of the
background from PopIII BHs becomes significantly flatter
at ! 30 Hz than the canonical value of ≈ 2/3 expected from
lower-z and less-massive circular binaries.

As discussed in §2, massive PopIII stars are also sources
of ionizing photons in the early Universe. Thus, future ob-
servations of reionization and high-redshift galaxies could
yield constraints on the PopIII BBH scenario. Fig. 5 shows
the amplitude of the PopIII GWB at f = 30 Hz for dif-
ferent values of the CMB optical depth (red solid), as-
suming fesc,m = 0.1, a flat IMF with 10 − 100 M⊙ and
⟨Mchirp⟩ = 30 M⊙. For our fiducial case, the PopIII GWB
would be above the expected sensitivity of AdLIGO/Virgo
in the observing run O5 (dotted) as long as τe ! 0.07.
However, for a small value of τe " 0.064, ionizing photons

3 http://www.et-gw.eu/etdsdocument
4 Recently, new values of τe by Planck have been proposed as
0.055 ± 0.009 and 0.058 ± 0.012 (1σ), respectively (Adam et al.
2016; Aghanim et al. 2016).
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Figure 5. The PopIII GWB at f = 30 Hz as a function of the
CMB optical depth (red solid), for fesc,m = 0.1, a flat IMF with
10 − 100 M⊙ and ⟨Mchirp⟩ = 30 M⊙. For τe ! 0.07, the PopIII
GWB can be above the expected sensitivity of the future O5
AdLIGO/Virgo (dotted). The results of the Planck optical depth
measurement with 1σ and 2σ errors are shown (Ade et al. 2015;
Adam et al. 2016).

from PopIII stars would contribute negligibly to reioniza-
tion (e.g. Mitra, Choudhury & Ferrara 2015; VHB15)5. A
detection of the PopIII GWB by the future observations (O5
AdLIGO/Virgo, KAGRA6 and ET), if any, implies that the
IMF of PopIII stars would be more top-heavy, where PopIII
stars form more BBHs but produce less ionizing photons
(see Fig. 2). The GWB (even an upper limit) would provide
a useful constraint on the PopIII BBH scenario, combining
with theoretical studies of high-z star formation.

The origin of massive BBHs such as GW150914 is still
uncertain. Future detections of multiple GW events with a
BBH coalescence rate of RBBH ∼ 10 Gpc−3 yr−1 and a typi-
cal chirp mass of ∼ 30 M⊙ would suggest a PopIII BBH sce-
nario. In this case, the GWB could also be detectable, along
with a significant flattening of the spectral index. There are
three other effects which can cause a deviation of the spec-
tral slope from the canonical value for circular, GW-driven,
non-spinning inspirals: (i) environmental effects (interaction
of the BHs with nearby gas and/or stars), (ii) high orbital
eccentricities and (iii) high BH spins. The first two of these
effects would generically steepen the spectral slope because
environmental effects remove energy preferentially at large
separations, and eccentricities move power from low to high
frequencies. In principle, strong BH spins anti-aligned with
the orbital angular momentum can flatten the spectrum sig-
nificantly, but only at high frequencies near the merger (e.g.
Zhu et al. 2011). Therefore, the detection of a flattening of
the spectral index of GWB at frequencies as low as 30 Hz
would be an unique smoking gun of a high-chirp mass, high-
redshift BBH population, as expected from PopIII stars.

5 A lower escape fraction of ionizing photons from PopII galaxies
(fesc,II < 0.1) would allow a higher PopIII star (BBH) formation
rate, however reducing this escape fraction prevents the comple-
tion of reionization by z = 6.
6 http://gwcenter.icrr.u-tokyo.ac.jp/en/
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