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Abstract

The successive discoveries of binary merger events by Advanced LIGO-Virgo have been revealing the statistical
properties of binary black hole (BBH) populations. A stochastic gravitational wave background (GWB) is a useful
tool to probe the cosmological evolution of those compact mergers. In this paper, we study the upper bound on a
GWB produced by BBH mergers, whose stellar progenitors dominate the reionization process at the cosmic dawn.
Since early reionization by those progenitors yields a high optical depth of the unlverse inconsistent with
the Planck measurements, the cumulative mass density is limited to p, < 10" M. Mpc . Even with this upper
bound, the amplitude of a GWB owing to the high-z BBH mergers is expected to be as high as
Qg =~ 1.487189 % 1079 at f~ 25 Hz, while their merger rate at the present day is consistent or lower than the
observed GW event rate. This level of GWB is detectable at the design sensitivity of Advanced LIGO-Virgo and
would indicate a major contribution of the high-z BBH population to the local GW events. The spectral index is
expected to be substantially flatter than the canonical value of ~2/3 generically produced by lower-redshift and
less-massive BBHs. Moreover, if their mass function is more top heavy than in the local universe, the GWB
spectrum is even more skewed toward lower frequencies, which would allow us to extract information on the mass
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1. Introduction

Since the detections of gravitational waves (GWs) associated
with compact binary mergers have opened a new window to
explore our universe, the number of GW sources has been
increasing substantially (Abbott et al. 2016a, 2016b, 2016c).
Recently, a new catalog of 47 compact binary mergers
including 44 binary black holes (BBHs) detected in Advanced
LIGO-Virgo observing run O3a has been reported (Abbott
et al. 2021a). With the updated sample, the estimation of the
primary BH mass spectrum and BBH merger rate have been
substantially improved.

The origin of such massive BBHs and their formation pathway
have been extensively discussed based on the properties of detected
BBHs (e.g., the distribution of mass and spin components). So far,
various models have been proposed; through massive binary
evolution in low-metallicity environments (Dominik et al. 2012;
Kinugawa et al. 2014; Belczynski et al. 2016; Kinugawa et al.
2016; Inayoshi et al. 2017; van den Heuvel et al. 2017; Neijssel
et al. 2019; Santoliquido et al. 2021), dynamical processes in dense
stellar clusters and galactic nuclei (Portegies Zwart & McMillan
2000; Rodriguez et al. 2015; Mapelli 2016; O’Leary et al. 2016;
Bartos et al. 2017; Stone et al. 2017; McKeman et al. 2018;
Tagawa et al. 2020), and primordial BH formation (Nakamura et al.
1997; Sasaki et al. 2016; Ali-Haimoud et al. 2017).

Referring to the redshift-dependent BBH merger rate, a larger
number of BBHs would merge at earlier epochs and thus most of
the individually unresolved mergers produce a GW background
(GWB; Kowalska-Leszczynska et al. 2015; Dvorkin et al. 2016;
Hartwig et al. 2016; Abbott et al. 2016a; Inayoshi et al. 2016b;
Callister et al. 2020; Périgois et al. 2021; Abbott et al. 2021b). The
detection of a GWB will be used to probe the formation epoch

and efficiency of coalescing BBHs, constrain the mass function
for massive star/BH populations initiated in the early universe,
and even provide information on the history of cosmic
reionization. More specifically, the existence of high-z, massive
BBH populations (e.g., the remnant BHs of Population III stars;
hereafter Population III stars) expected to typically form at
z~ 10-30 would produce a GWB detectable by LIGO-Virgo with
a unique spectral shape that flattens significantly at ~30 Hz,
which is distinguishable from the spectral index of ~2/3
generically produced by lower-redshift and less-massive BBHs
(Inayoshi et al. 2016b). A recent population synthesis study also
claimed a deviation of the spectral index from the canonical value
if the Population III contribution is included (Périgois et al. 2021).

Massive stellar progenitors of merging BBHs formed at the
cosmic dawn (z 2 6) are also efficient producers of ionizing
radiation in the early universe and are expected to dominate the
reionization process. Recently, Planck reported an updated
estimate of the optical depth of the universe to electron
scattering inferred from the cosmic microwave background
(CMB) anisotropies; 7. =~ 0.052 4 0.008 (Planck Collaboration
et al. 2020). This low value would give a stringent constraint on
the star formation history and the total stellar mass budget
available for BBH formation at higher redshifts (Visbal et al.
2015; Inayoshi et al. 2016b). Therefore, this constrains the
amplitude of a GWB owing to BBH mergers originating from
high-z populations.

In this paper, we study the upper bound of the GWB
produced by BBH mergers taking into account the constraint
on the cumulative stellar mass from cosmic reionization. We
find that even with the upper bound, the GWB signal is still
detectable at the Advanced LIGO-Virgo design sensitivity,
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while the merger rate at z =0 is consistent or lower than the
observed GW event rate. Using the updated BBH properties
from the LIGO-Virgo O3a observing run and the new value of
Te, we infer a GWB spectral shape with a characteristic
flattening, which is even more skewed toward lower frequen-
cies if the mass function is more top heavy than in the local
universe. This is also an updated study on our previous paper
(Inayoshi et al. 2016b) published after the detection of the first
source GW150914, in which a single value of the BH mass was
assumed and the higher optical depth (7.2~0.06 4 0.016)
provided by the previous Planck estimate (Ade et al. 2016).

The rest of this paper is organized as follows: in Section 2, we
describe our reionization model and provide an upper bound on
the stellar mass density at the cosmic dawn, consistent with the
recent Planck result. In Section 3, we calculate the redshift-
dependent merger rate of BBHs under the constraint from the
reionization history. In Section 4, we present the expected GWB
spectra for various BH mass distributions, and discuss the
detectability of those GWB signals and possible implications.
Finally, in Section 5, we summarize the conclusion of this paper.
Throughout this paper, we assume a A cold dark matter (DM)
cosmology consistent with the latest constraints from Planck
(Planck Collaboration et al. 2020); & =0.6732, Q,,=0.3158,
), =0.02238, and Yy =0.247.

2. The Upper Bound of the Stellar Mass Density in the
Cosmic Dawn

In this paper, we consider two BBH populations originating
from different cosmic star formation histories, which are
referred to as low-z and high-z BBH populations, respectively.
The low-z BBH population follows the observed cosmic star
formation rate density (SFRD), which is characterized by
p o< (I + 2)>7 at 7 < 2, has a peak at the cosmic noon around
z~2, and declines p, o< (1 + z)~>° toward higher redshifts
(Madau & Dickinson 2014). This SFRD is often used for
estimating the merger rates of compact binaries in many
previous studies in the literature (e.g., Abbott et al. 2016a,
2021b).

The observed SFRD of the low-z stellar population is not
sufficient to reionize the universe by z ~ 6 and to then keep it
ionized (e.g., Robertson et al. 2015),6 unless a large fraction
(220%) of ionizing photons can escape from galaxies to the
intergalactic media (IGM; Madau & Dickinson 2014) or the
production efficiency of ionizing photons is sufficiently high (e.g.,
massive stars with stripped envelopes via binary interactions; see
Ma et al. 2016). Therefore, a stellar population formed in fainter,
undetected galaxies must exist beyond z > 6; the star formation
rate extends to higher redshifts and is responsible for the
completion of cosmic reionization by z = Z.jon. In this paper,
the high-z BBH population refers to BBHs originating from such
high-z stellar components. Their star formation activity is expected
to take place in metal-poor/low-metallicity environments, e.g.,
protogalaxies in DM halos with virial temperatures of
T, =~ 10°-10*K (Bromm & Yoshida 2011; Wise et al. 2012).
Although the cosmic SFRD at z = zion has not been constrained
tightly by direct observations of star-forming high-z galaxies, the
measurements of the optical depth of the universe to electron

6 Robertson et al. (2015) computed the SFRD by extrapolating the actual
observed luminosity function to a faint, unobserved value of L,,;, = 0.001 L,,
where L, is the characteristic luminosity of each parameterization, e.g.,
Schechter or broken power-law models (see also discussion by Madau &
Dickinson 2014).
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scattering imprinted into the CMB anisotropies would give a
constraint on the total stellar mass budget available for BBH
formation at higher redshifts (Visbal et al. 2015; Inayoshi et al.
2016b). In this section, we give the upper bound of the total
(comoving) mass density of stars at z = Zuion, depending on the
physical parameters related to reionization processes.

2.1. The Semi-analytical Cosmic Reionization Model

We describe the redshift-dependent cosmic SFRD at
Z 2 Zreion USINg a phenomenological model with three fitting
parameters:
ap

L+ [(1 + 2)/by]7

2, (2) = at 7 2 Zreion- (H

This parameterization is motivated by the functional form used
in Madau & Dickinson (2014), except the decline toward lower
redshifts. If ionizing photons from star-forming galaxies lead
the reionization process, the photon production rate per
comoving volume is proportional to p, (z) as

’;lion _ fésc nionp*(z)’ (2)
mp

where f., is the escape fraction of ionizing photons from
galaxies to the IGM, 7., is the ionizing photon number per
stellar baryon, and m,, is the proton mass. Evidently, the two
quantities have different values for each population depending
on the typical properties of their host DM halos, initial mass
function (IMF), and metallicity (see Yung et al. 2020a, 2020b,
and references therein). Following previous studies (e.g., Greif
& Bromm 2006; Johnson et al. 2013; Visbal et al. 2020; Liu &
Bromm 2020a), we adopt fiducial values of f.,.=0.1 and
Nion =4 x 10° for stellar populations that form in early
protogalaxies and dominate the reionization process (e.g., Wise
et al. 2014; f.,. ~0.1 for DM halos with >10% M). Note that
the value of 7, is consistent with that of a Z~0.02 Z, stellar
population (hereafter, Population II)’, which follows a Salpeter
IMF with a mass range of 0.1-100 M. Since these values are
uncertain, we also discuss the dependence on the product
JescTion that matters rather than their individual values.®

With the photon production rate, the IGM ionized volume
fraction Qp, (z) is calculated by the differential equation (e.g.,
Haiman & Loeb 1997; Madau et al. 1999; Wyithe & Loeb
2003; Haiman & Bryan 2006),

dQHn _ Flion . QHII
b

dt (nn) trec

3)

7 Relatively metal-enriched stellar populations with smaller 7;,, could
contribute to the reionization process at z > 6 if the metallicity of galaxies
decline toward high redshifts as weakly as seen at z ~ 2-3 (Sanders et al. 2021;
Suzuki et al. 2021).

8 Recent submillimeter observations have revealed the existence of star-
forming massive galaxies at z > 2 that are highly obscured by dust grains (e.g.,
Wang et al. 2019; Gruppioni et al. 2020). This galaxy population might not
significantly contribute to the reionization process (presumably smaller values
of fesc), but they still would produce a large amount of stars that potentially
constitute another source of BBHs (Boco et al. 2019, 2021). Throughout this
paper, however, their contribution to the BBH merger rate is not explicitly
considered.



THE ASTROPHYSICAL JOURNAL, 919:41 (12pp), 2021 September 20

s low-z SFRD
high-z SFRD E

107}
SFRD*(1-Qyy)

fiducial
------ Visbal et al. (2020)

102

cosmic SFRD (Msun/yr/Mpc?3)

redshift z

Inayoshi et al.

1.0  mmssm Robertson et al. (2015)
this work

0.8
I
q
S 06}
S
s
g T (f
=] 0.4 Wy, Dark Ly-a forest pixels
l]:) Z, a Quasar near zone

A

u

O GRB damping wing absorbtion
0.2} QO Ly-a emitters
*
*

Ly-a galaxy clustering
Ly-a emission fraction

5 6 7 8 9 10 1 12
redshift z

Figure 1. Left panel: cosmic SFRDs of the stellar population at z > 5 (light-blue region), for which the Planck result (7, = 0.0522 4 0.0080 and z 9% = 7.50 =+ 0.82)
are consistently reproduced. The green region presents the SFRD in neutral regions before the completion of reionization, and the solid curves show 50 cases that form
stars with p, =~ 10’ M., Mpc 2. Our fiducial SFRD model is highlighted with the yellow curve. For references, we overlay other SFRDs for the high-z population
(black dashed line; Visbal et al. 2020) and for the low-z population (blue region; Madau & Dickinson 2014; Robertson et al. 2015) together with the errors of the
observed SFRD at z 2> 6 (Robertson et al. 2015). Right panel: evolution of cosmic volume fraction of neutral regions 1 — Qg (z) in our model (light-blue region,
green curves, and yellow curve), together with the observational constraints compiled by Robertson et al. (2015) and the result consistent with the previous Planck

estimate (blue region).

where the IGM recombination time is given by

1
trec = [CHHCIB(l —+ Z;e )(nH>(1 + 2)3] , “4)

H

ap is the case B recombination coefficient at an IGM
temperature of 7=2 x 10* K, (ny) is the IGM mean comoving
number density of hydrogen, Cy, = (n3 )/(nm,)* is a
clumping factor of ionized hydrogen, and Xy =0.76 and
Yhe =0.24 are the hydrogen and helium mass fractions. We
adopt Cy, = 4 (e.g., Pawlik et al. 2009; Robertson et al. 2015).
Finally, for a given reionization history associated with an
SFRD model, the optical depth 7 is calculated with

Z N2 Y e

&)

where c is the speed of light, o is the cross section of Thomson
scattering, and H(z) is the Hubble parameter. Helium is
assumed to be singly ionized with hydrogen at z > 3 (ny. = 1),
but be doubly ionized at the lower redshifts (g, = 2).

In this framework, we investigate the ranges of the three
parameters (a,, b, and c,) in Equation (1), which are
constrained from (i) the SFRD estimated from UV luminosities
at z~6 (Robertson et al. 2015), (ii) the Planck measured
optical depth 7.=0.0522 4+0.0080, and (iii) reionization

redshift midpoint z0% = 7.50 + 0.82 (Planck Collaboration

reion
et al. 2020). We note that those values of 7. and zri?gﬁ are

estimated for a specific shape of Oy, (z) and the resultant shape
obtained from our semi-analytical model is similar to those
assumed by the Planck team. A recent paper by Ahn & Shapiro
(2021) showed with a suite of models of early reionization due
to Population III stars (see also our discussion in Section 2.3),
their best-fit models to the Planck polarization data go up to
Te ~20.064. Therefore, the optical depth we adopt is a
conservative choice.

2.2. The Upper Bound of the Total Stellar Mass

First, we consider the case where a single stellar population
dominates the reionization process, that is, a single value of
JescMion(=400) is adopted at all redshifts. In the left panel of
Figure 1, we show the range of cosmic SFRDs at z 2 5, for
which the Planck measured values of 7. and z .. are
consistently reproduced (light-blue region). Those SFRDs are
as high as p, ~ (2-4) x 1072 M., yr~! Mpc =3 at <9 and
begin to decline toward high redshifts at z > 10-14. All the
cases shown here are consistent with the observed SFRDs
within the errors over 5 < z < 10.5 and smoothly connect to the
SFRD measured at lower redshifts (blue region; Madau &
Dickinson 2014 and Robertson et al. 2015). For comparison,
we overlay an SFRD model calculated by Visbal et al. (2020),
where more realistic prescriptions for star formation, radiation
feedback, IGM metal pollution, and the transition from
Population IIT to Population II stars are considered. In the
right panel of Figure 1, we present the neutral fraction
(1 — Qp,) of the IGM as a function of redshift, together with
the observational constraints compiled by Robertson et al.
(2015, and references therein). The computed reionization
history is overall consistent with these observational results.
The result consistent with the previous Planck estimate (blue
region) is overlaid for comparison.

In this paper, we consider a GWB produced by stellar
populations that contribute to cosmic reionization and pre-
sumably form in DM halos with T.;, <2 x 10* K, where gas is
vulnerable to photoionization heating feedback (e.g., Dijkstra
et al. 2004; Okamoto et al. 2008). Therefore, we assume that
the formation of the early component is suppressed in ionized
regions and thus takes place only in neutral regions with a
cosmic volume fraction of 1 — Qy, (z).? The SFRDs of such
populations are shown with the green shaded region, which

® There would exist metal-free DM halos that are massive enough to
overcome the photoionization heating feedback and make Population III stars
even in ionized regions of the IGM after reionization (Johnson 2010; Kulkarni
et al. 2019). Although such a formation pathway of Population III stars is
allowed without violating the Planck constraint, we here do not consider their
remnant (binary) BHs as the high-z population.
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Figure 2. Left panel: cumulative stellar mass density consistent with the Planck measurements as a function of the ionization efficiency; fusMion = 320, 400 (fiducial),
600, 800, 1200, and 1600 from the top to the bottom (the 1o errors are shown in each 7, bin with a size of 1.25 x 107%). The range of 7, inferred from the Planck
observation is shown (Planck Collaboration et al. 2020). Right panel: The relation between p, and fes1ion is shown for the two cases of 7. = 0.052 and 0.06. The

results are well approximated by Equation (7).

peaks around z ~ 720 and sharply drops at z > z,cion. For each

model, we calculate the cumulative stellar mass density defined
by

o= [ ho1 - 0w©) Lde ©)

Zreion dz
In the left panel of Figure 2, we present the cumulative stellar
mass density as a function of 7, for the cases with different values
of Mion fese = 320, 400 (fiducial), 600, 800, 1200, and 1600 from
the top to the bottom (the 1o errors are shown in each 7 bin with
a size of 1.25 x 107). Note that zo0e = 7.50 4 0.82 is satisfied
for all the cases. For the fiducial case, the cumulative mass density
is as high as p,~ 10’ M. Mpc > and depends on the optical
depth as oc72%. Within the uncertainty of 7. =0.0522 + 0.008
(Planck Collaboration et al. 2020), the value of p, varies
within ~0.1 dex. With higher values of fi. 7ion, the cumulative
mass density decreases so that the resultant optical depth
becomes consistent with that measured by the Planck. In the
right panel of Figure 2, we show the dependence of p, on fi
Nion for the two cases of 7.=0.052 and 0.06. For both
cases, the results are well fitted with a single power law
of p, /(10" My, Mpe™3) = ay(foge Mion/400) "%, where a, = 1.04
(0.929) and b, = 1.21 (1.18) for 7. = 0.06 (0.052). Therefore, we
obtain the relation between the total stellar mass density formed
by the end of reionization and the physical parameters of the
reionization process

p, ~1.04 x 107 M, Mpc—3

X(&)—l.z( Nion )1.2( Te )0.68' (7)
0.1 4 x 103 0.06

We note that the mass density is broadly consistent with
cosmological hydrodynamical simulations for high-z galaxy
formation (e.g., Johnson et al. 2013). The value in Equation (7)
is considered to be the upper bound of the stellar mass formed
at 7 2 Zyeion Since it would be lowered if other rarer but more
intense radiation sources (e.g., metal-free Population III stars
and high-z quasars) could contribute to reionization (Visbal
et al. 2015; Dayal et al. 2020, see also Section 2.3).

Among all the SFRD models consistent with the Planck
result, we show 50 cases with p, = 1.070] x 107 M, Mpc >
(green thin curves in Figure 1), which are characterized with a
functional form of

ap - tanh[(z — Zreion)/dp]
14 [(1+ Z)/bp]cp

®)

p*,reion (Z) =

at Z 2> Zreion» Where we fit the evolution of 1 — Qy,(2) =
tanh[(z — Zwion) /dp], consistent with the Planck analysis. In
this paper, we adopt one of them as our fiducial SFRD model
with a,=0.032 M, yr ' Mpc >, b,=13, ¢,=9, d,=3.74,
and Zejon = 5.5, yielding p, = 1.0 X 107 M, Mp073 and 7. =
0.06 (yellow curves in Figure 1).

2.3. The Upper Bound of the Population III Stellar Mass

Next, we consider the impact of metal-free Population III stars
on the reionization history and give the upper bound of their total
mass formed across cosmic time. Population III stars are predicted
to be more efficient at producing ionizing radiation than metal-
enriched Population II stars (Schaerer 2002, 2003). If Population
I stars form with a top-heavy IMF, the ionization efficiency is
substantially enhanced (e.g., 7on = 5.1 x 10* for a Salpeter IMF
with 10-100 M). Moreover, a fraction of Population III stars
would form in less-massive DM halos with <10” M., where the
escape fraction of ionizing photons is expected to be as high as
Jese = 0.5. Therefore, Population III stars would affect the
reionization history and create an early partial reionization, which
leads to a higher optical depth inconsistent with the Planck result
(Visbal et al. 2015).

We repeat the same calculations but considering an effective
ionization efficiency (fesc7ion) that includes the contribution of
ionizing radiation from both Population II and Population III
stars defined by

. 31 B | 11 100 .
(fose Mion) Pe = Fase Mion 1t T fse Mion Peirs ©)

where f, . foi™, and 7il0" are the cosmic SFRD, escape
fraction, and number of ionizing photons per stellar baryon for
Population II(IIT) stars. When Population II stars dominate the

total SFRD (i.e., p, =~ p, yp), the above equation is approximated
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Figure 3. Cumulative stellar mass density of Population II4+III (solid) and
Population III (dashed) stars for different Population III star formation
efficiencies of fiy = 107%, 1073, and 5 x 107>, With a higher value of fiy, the
total amount of Population II stars gradually decreases because cosmic
reionization is accelerated due to additional ionizing photons from Population
II stars. In contrast, the Population III mass density increases up to
<2 x 10° M, Mpe 2.

as

8
(fose Mion) %ﬁ;m‘iﬂ(l +F p’“‘), (10)
x, 11

where F Efelsli ngln/(f:slc niI(Im) ~ O0(10 — 100), and the ratio of
Ao/ tends to increase with redshift but the functional shape
depends on the prescriptions for Population III star formation. As
a reference, Visbal et al. (2020) shows that the ratio is well
approximated by p, /4. ~ 0.2 (fip /1079)[(1 + 2) /31 at
7 < 30, where fi is the Population III star formation efficiency
from gas clouds. Note that the functional form of p, i /p,
depends on the modeling of Population III star formation.
We here adopt the fiducial model in Visbal et al. (2020); see also
other Population III models described in Liu & Bromm (2020a),
where the SFRD seems consistent with our model with f; = 103
but tends to be higher at higher redshifts (z > 6), leading to a
higher optical depth even with the similar amount of Population
IIT stars.

In Figure 3, we present the cumulative stellar mass density of
Population II+11II (solid) and Population III (dashed) stars for
three values of fi; = 1074, 1073, and 5 x 1073, We here adopt
A =01 =05, 9! =4x10% and n = 5.1 x 10%
With a higher value of fi;, the total amount of Population II
stars decreases gradually so that the total photon budget is
adjusted to be consistent with the reionization history. In
contrast, the Population III mass density increases with fi; but
does not linearly scale with fij; at =10~ because the total mass
budget is regulated. Overall, the mass density of Population III
stars is limited to <2 x 10° M. Mpc > and thus their
contribution to the total stellar mass formed in the epoch of
reionization is at most <2%. Note that the upper bound of the
Population III mass density is broadly consistent with the value
estimated in Visbal et al. (2015), where the optical depth
quoted from the Planck 2015 result (Ade et al. 2016) was used.
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3. Redshift-dependent BH Merger Rates

3.1. Properties of BBH Mergers Implied by LIGO-Virgo
O3a Run

With the updated BBH sample in the GWTC-2 catalog
(Abbott et al. 2021a), the mass spectrum for the primary BH in

merging binaries, d Rgpn/dM,, is found to be characterized by
a broken power law with a break at 39.773%° M., or a power
law with a Gaussian feature peak at 33.57%2 M. The functional

form of the broken power-law mass spectrum is given by

Mfm for Mmin < Ml < Mbreak7
Ml_a2 for Myreax < My < Moy, (1D
0 otherwise,

dRepu
dM,

where a;=1.58, a;=5.59, My, =396 M., and My =
87.14 M, are adopted, Myreak = Mmin + bMp,x is the mass
where there is a break in the spectral index (b =0.43), and
the smoothing function at My, < My < Myin + oy (b=
4.83 M) is taken into account (Abbott et al. 2021a). With the
mass spectrum, the average BH mass is calculated by

Mmax
Mnin

Minax dRppy ’
— dM,
mein am, !

dRpen
M —=22 dM
1, 1

(M) 12)

For the broken power-law mass spectrum that does not evolve
with redshift, the average mass of the primary BH is
(M) =17.5M_, and the average total mass in a binary is
(Miorp) = (1 4+ q@)(M1) =35M[(1 + ¢q)/2], where g is the mass
ratio of the two BHs. In this paper, we adopt this mass
spectrum as our fiducial model (see Section 4.1).

The LIGO-Virgo observing O3a run has well constrained the
mass-integrated merger rate defined by

dR,
Runn() = [ < Sbtau, (13)
The merger rate estimated from the GW events detected
by the LIGO-Virgo 01402403 runs is found to increase
with redshift as Rggu(z) = Repu.o(l + 2)", where Rppuo ~
19.1'%% Gpe 3 yr! and x = 1.879¢ (1.373]) for the broken
power-law (power-law + peak) mass spectrum (Abbott et al.
2021a).

3.2. Modeling the BBH Merger Rate

The redshift-dependent BBH merger rate is given by a
convolution of the delay-time distribution (DTD) W¥(¢) for
binary coalescences and the BBH formation rate pgpy(¢);

1
<Mot,b>
where #(z) is the cosmic time at redshift z and the average mass

in a BBH is assumed to be constant. Here, we adopt a power-
law distribution of the delay time,

Rppu(z) =

1(z)
f pepnHU( — ', (14)
0

) = &(L) fOF fpin < 1 < s (15)

Imin \ Zmin

and P¥(r)=0 otherwise, where tninmaxy 1S the minimum
(maximum) merger timescale for binaries. The normalization of
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Uy is determined so that the integration of Equation (15) from
fmin O Imax 1S unity. We consider the maximum merger time,
which depends on the maximum binary separation, to be
significantly longer than a Hubble time (f,,x > ty). Here, we
adopt fax = 103 ;. We note that the choice of #,,,, iS not
important for n 2 1, which we mainly focus on in the following
discussion. This type of the DTD is inspired by those of the
GW-driven inspirals (n~1; see Piran 1992) and other
astrophysical phenomena related to binary mergers. For
instance, the DTD of type Ia supernovae has n~ 1 and .,
of 40 Myr to a few hundreds of megayears (Maoz et al. 2014
and references therein), and that of short GRBs has n~ 1 and
fmin =~ 20 Myr (Wanderman & Piran 2010; Ghirlanda et al.
2016). Population synthesis calculations reproduce DTDs with
n~1 for BBH mergers that hardly depend on the binary
properties and their formation redshifts (Dominik et al. 2012;
Kinugawa et al. 2014; Tanikawa et al. 2021). Recently,
Safarzadeh et al. (2020) discussed the effects of the delay-time
nature of BBHs on the stochastic GWB amplitude.

For the cosmic BBH formation rate, we consider two
scenarios: (i) BBH formation follows the observed cosmic
SFRD (Madau & Dickinson 2014) for the low-z BBH
population and (ii) BBH formation follows the SFRD given by
Equation (8) for the high-z BBH population. The total stellar
mass densities are p, ~ 5.77]: x 10% M., Mpc > for the low-z
population (Madau & Dickinson 2014, and references therein)
and p, <10"M.,Mpc > for the high-z population (see
Equation (7)). The cosmic BBH formation rate is given by
calculating a mass fraction fygy (=pgpy/p.) of BBHs merging
within #,,, to the total stellar mass. The merging-BBH
formation efficiency fggy is estimated as a product of the
following three fractions:

1. The first one is the mass fraction of massive stars forming
BHs in a given mass budget. Nonrotating stars of zero-
age main-sequence mass M 2> M. =20 M, are expected
to leave remnant BHs via gravitational collapse at the end
of their lifetime (e.g., Spera & Mapelli 2017). The mass
fraction is estimated for a given IMF of dN /dM (occM~%)
by

fA;W*.max MZ_AI\/;dM
f= M, ax » g dN 1y p (16)
S MgdM

*,min

For a Salpeter IMF (o =2.35) with a mass range of
0.1(1)-100 M., we estimate f.~0.074 (0.189)."° How-
ever, as discussed in many previous studies in the
literature, the stellar evolution for such massive stars
would suffer from a significant mass loss unless they are
low-metallicity stars with Z < Z;, ~ 0.1 Z., (Abbott et al.
2016b, and references therein) and the value of f. would
be lower with the metallicity increasing. There are also
several lines of observational evidence that the fraction of
high-mass X-ray binaries increases with redshift and the

10 For the Salpeter IMF, the average mass of massive stars with M > M. is
estimated as (M.,) ~ 37 M, which is larger than the average mass of the
primary BH. We note that if we use (M,) instead of (M) = 17 M, the merger
rate in Equation (14) is reduced by a factor of ~2 and the GWB spectrum is
skewed to lower frequencies, but the total GWB energy density is not affected
(see also Section 4.2). This twofold difference in the merger rate can be
absorbed in the uncertainty of f. by changing M,;, from 0.1-1 M.,
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trend would be explained by the lack of metallicity at
higher redshifts (Crowther et al. 2010; Mirabel et al.
2011; Fragos et al. 2013; Mirabel 2019). Although we do
not specify the metallicity range of the high-z stellar
population, we implicitly assume Z ~ 0.02 Z, consistent
with the production rate of ionizing radiation we adopt in
Section 2.1. We also note that even with Z < 0.1 Z., the
remnant mass of massive stars would be affected by
pulsation-driven winds in the main-sequence and giant
phases (Nakauchi et al. 2020) and by (pulsational) pair-
instability supernovae in the later phases (Spera &
Mapelli 2017; Woosley 2017), although the mass and
metallicity criteria for the mass-loss process depend on
the nuclear burning rate of '*C(c, 7)'°O and the treatments
of stellar convection (e.g., Farmer et al. 2020; Costa et al.
2021).

2. Second, we assume that those massive stars that will
collapse to BHs have a binary companion at a fraction of
Join =2 0.7, which is consistent with the field binary fraction
of O-type stars at the present (fi, ~0.69 +0.09) (Sana
et al. 2012). Local observations suggest that the mass-ratio g
distribution is characterized by a power law of g%, where
B,=—0.1£0.58 (Sana et al. 2012) and §,=0.1£0.3
(Moe & Di Stefano 2017) over 0.3 < g < 1. However, there
are no observational constraints on the ¢ distribution for
low-metallicity massive binaries that are considered to be
the progenitors of BBHs. On the other hand, the power-law
index for BBH mergers is inferred from LIGO-Virgo
detections as 3, = 1.47%2, suggesting a concentration to
g = 1. In this paper, we assume the mass ratio to be unity
q = 1 for simplicity, which provides an upper bound of fzpy
(i.e., a massive star has a massive binary companion at a
chance of fi;,).

3. Third, only a fraction f,,.; of the massive binaries end up
as BBHs merging within #,,,,;x due to shorter initial binary
separations and/or hardening process through binary
interactions. Assuming that Opik’s law is applied to
massive binaries, the cumulative distribution of primor-
dial binary separations is logarithmically flat between
Amin = 10R; and apax = 10° R@,.11 Truncating the dis-
tribution at a ~ 1 au, for which the GW merger timescale
IS ™fmax, the fraction is estimated as fpg >~ 0.26. The
orbital-period distribution of observed O-type stars would
prefer close binaries more than predicted by Opik’s law
(Sana et al. 2012; Moe & Di Stefano 2017), suggesting a
larger value of f,,;. In such close binaries, however, their
orbital evolution is likely affected by binary interactions
(e.g., mass transfer, tidal effect, and common envelope
phases) before they form BBHs and thus the processes
bring large uncertainties for estimating fy,.,. Moreover,
with higher metallicities (Z > Z;,), mass loss from a
binary system makes the binary separation significantly
wider and its merger timescale much longer than #,,,.

Using the three fractions, we calculate the merging-BBH

= ) For the high-z
bin

BBH scenario, we adopt fggy~20.018 for our fiducial case

(fe = 0.074, fiin = 0.7, and fre = 0.3), although a higher value of f.

would be expected for more top-heavy IMF of low-metallicity

formation efficiency as fapy = £ fiue

1 Note that the minimum separation is set so that the primary star does not
fill its Roche lobe at the minimum separation, namely, dmin ~ Ry /0.38 2
8 Ro (R, /3 Ry) (Eggleton 1983).
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Figure 4. Redshift-dependent BBH merger rates for the low-z (blue) and high-z (green) BBH populations. While the merger rate for the low-z BBHs is normalized to
be the observed merger rate at z = 0, the normalization for the high-z BBHs is given by the merging-BBH formation efficiency of fzgyy = 0.018 (see Section 3.2). Left
panel: We adopt the DTD index of n = 0.7 (dotted), 1.0 (solid), and 1.5 (dashed) and minimal merger time of f.,;, = 50 Myr. The redshift dependence of all the
models at lower redshifts (z < 1.5) is overall consistent with that inferred from the LIGO-Virgo observing O3a run (shaded region; Abbott et al. 2021a). Right panel:
100 different rates are generated by assuming that n and 7., are distributed uniformly over the range of 0.7 < n < 1.5 and 10 < f,yi,/Myr < 100. The three cases
shown in the left panel are highlighted with the green thick curves. The merger rates for the high-z BBHs rise to Rggg,peak ~ 1034 Gpc’3 yr7l at z ~ 6-10, which are
~10-100 times higher than those for the low-z BBHs, even though the expected BBH merger rates at z =~ 0 for the both populations are comparable.

stars (see Sections 2.3 and 4.2). On the other hand, the merging-
BBH formation efficiency for the low-z population is determined
so that the local merger rate of the low-z BBHs equals the observed
GW event rates of Rggpo=19.1 Gpcf3 yrfl. This method allows
us to avoid numerous uncertainties in modeling of the metallicity
effect on the stellar evolution and binary interaction. The
cumulative low-z stellar mass density reaches p, ~ (0.5 — 1.6) x
108 M, Mpc ™ by z > 2-3 before the cosmic noon, when metal
enrichment of the universe has not proceeded yet but low-
metallicity environments with Z < Z; still exist. Therefore, the
merging-BBH formation efficiency for the high-z population needs
to be at least 220 times higher than that for the low-z population so
that both the populations lead to a comparable GW event rate in
the local universe (assuming that the two populations follow the
same mass spectrum and DTD). We also note that if metal-poor
environments are not required for BBH formation, the ratio of the
two efficiencies is boosted up to ~300. This higher contrast is
required because the total stellar mass for the low-z population
(without the metallicity condition) is ~60 times higher than that of
the high-z population and a larger number of the low-z BBHs can
merge at z >~ 0 with shorter coalescence timescales.

It is worth giving an analytical formula of the merger rate at
7220 for the high-z BBH population. We approximate their SFRD
as p, ~ p,6(t — to) because their formation has terminated in a
short duration and the detailed star formation history does not
matter as long as those stars form at sufficiently higher redshifts;
we adopt #p >~ 680 Myr ( < #) corresponding to the cosmic time
at z =~ z9% Therefore, the merger rate is simply expressed by

R ~ fléBH p*\IIO ( t )”
BBH — 7 .. | ——
<M0t,b>tmin

Tmin
JoBH A% 1 forn=1, (17)
(Mot,b)ln(tmax /tmin) t
J3BH Px (n — Ditgax

—n
t
- - (—) forn = 1,
(Mot,b) tmintmax - tmaxtmin Imin

where 1~ t3( > 1) is considered. Using Equation (17), the local
rate is estimated as Rggy =~ 29 Gpc_3 yr_1 for n=1 (fgga=

0.018, p, = 10" M, Mpc >, (M) = 35 Mo, tmin = 50 Myr, and
fax = 10° 119).

3.3. Redshift-dependent Merger Rates of the Two BBH
Populations

In Figure 4, we show the redshift-dependent BBH merger
rates for the low-z (blue curves) and high-z (green curves)
BBH populations. In the left panel, each curve is generated by
setting #,;, = 50 Myr and n = 0.7 (dotted), 1.0 (solid), and 1.5
(dashed). The redshift dependence of all the models at lower
redshifts (z < 1.5) is overall consistent with that inferred from
the LIGO-Virgo O3a run (Abbott et al. 2021a; 90% credible
intervals shown by the gray shaded band). The merger rates for
the high-z BBHs are well described by Equation (17) and could
explain most GW events observed at z > 0 in terms of the rate,
only if the merging-BBH formation efficiency is as high as
feBH == 2% (note that the merger rate scales with the value of
fBBH)-

In the right panel, we show the BBH merger rates for the two
populations extending the redshift range up to z = 16. For each
model, we generate 100 different rates by assuming that the
power-law index n and the minimum merger time are
distributed uniformly over the range of 0.7 <n< 1.5 and
10 < fiin/Myr < 100 (the three cases with f,;, =50 Myr
shown in the left panel are highlighted with green thick
curves). For the low-z population, the merger rates have peaks
of RggH,peak ~ 30-100 Gpc*3 yr*1 at the epoch when the
cosmic star formation rate is the highest, and decreases toward
higher redshifts. In contrast, for the high-z population, a vast
majority of the BBHs merge in the early universe at 7~ 6-10
and a small fraction of them (binaries with wider orbital
separations at birth) merge within the LIGO/Virgo detection
horizon. For the high-z BBH population, the shape of the
merger rate depends on the DTD index more sensitively. For
the canonical case (n = 1; solid), the merger rate increases to
Riprpeak ~ 10° Gpe 2 yr ! at 7~ 6-10, which is >10 times
higher than for the low-z BBHs, even though the expected local
rate is similar to that for the low-z BBH population. With the
larger DTD indices (n = 1.5; dashed), most BBHs merge at
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Figure 5. Summary of the dependence of the merger rates for the high-z BBHs

at z=0 (solid) and z=8 (dashed) on the DTD index n. Each curve

corresponds to the case with different minimum merger time: f.;, = 10

(purple), 50 (green), and 100 Myr (blue).

higher redshifts at a peak rate of ~6 x 10° Gpc ™ yr™ !, but the
rate quickly decays toward z~0 because the total mass of
BBHs is fixed. With the smaller DTD indices (n = 0.7; dotted),
most BBHs do not merger within a Hubble time and thus both
the peak and local rate are significantly lowered.

In Figure 5, we summarize the dependence of the high-z BBH
merger rates on the DTD index n. Here, we focus on the merger
rate at z =0 (solid curves) and z =8 (dashed), when the rate is
maximized. Each curve corresponds to the case with different
minimum merger time: f,,;, = 10 (purple), 50 (green), and 10 Myr
(blue). As also seen in Figure 4, the local merger rate is
maximized at n >~ 1 because a good fraction of BBHs formed at
2> Zeion Merge within a Hubble timescale. With a shorter 7,,,;,,, the
local rate decreases but the peak rate at z ~ 8 increase, reflecting
the conservation of the total BBH mass budget. The local rate
depends on #,;, only when the DTD index is larger than unity,
i.e., the normalization of the DTD determined by the choice of
tmin- Overall, the merger rates for a wide range of the DTD
parameters explain the local GW event rate inferred from the
LIGO-Virgo O3a observing run (gray region). The peak merger
rate increases with the DTD index but approaches Rggy ~
10*Gpe 2 yr ! at n > 1.3. We note that the apparent maximum
rate corresponds to the case where all the BBHs immediatel
merger at birth: Rgpy ~ fypy A/ (Mot = 1.6 X 10*Gpe 2 yr .

Finally, we briefly mention the merger rate of BBHs originating
from Population III stars. As discussed in Section 2.3 (see
Figure 3), the upper limit of the mass density for Population III
stars is limited below p, ;<2 x 10° M., Mpc >, which is ~2%
of that for the normal Population II stars. Therefore, even if
Population III BBHs follow the DTD with n~ 1.0, the merger
rate of Population IIl BBHs at z~0 would be as small as
Repr,m =~ 0.5 (fypy /0.018) (Mo p) /35 Mo)™" Gpe™? yrl.
This indicates that they could contribute to the local GW events,
only if Z40% of all the mass in Population III stars would be
converted into BBHs merging within a Hubble time. Recently,
Kinugawa et al. (2021) claimed that BBHs originating from
Population III remnants could explain the local GW event rate at
M, >30M., which is responsible for ~10Gpc >yr ' and
requires fgpy ~ 0.5 for (M) =50 M, (note that they adopt
q =0.7). Such a high merging-BBH formation efficiency could be
provided for a top-heavy IMF (e.g., a flat IMF with a mass range
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of 10-100 Mc; f. ~ 0.96), a high binary fraction fii, >~ 1, and fi,
2 0.5 (e.g., the distribution of primordial binary separations prefer
close binaries; see also Inayoshi et al. 2017). Dynamical capture
of BHs in dense metal-free clusters would also form tightly bound
BBHs (Liu & Bromm 2020b).

4. Gravitational Wave Background

We next calculate the spectrum of a GWB produced from
BBHs that merge at the rates shown in Figure 4:

PN = [

meax dRBBH dEgW ﬂ dM] dZ
Zmin Mmin dMl '

df. )dz 1+z’
(18)

(Phinney 2001), where f and f, are the GW frequencies
observed at z=0 and in the source’s rest frame, i.e.,
fr=f+2), and p, is the critical density of the universe. We
set the minimum redshift to z.,;, = 0.28, the detection horizon
of LIGO-Virgo.'? The GW spectrum from a coalescing BBH is
given by

dEpy (rG)3M2/3
df, 3!/

where Ej, is the energy emitted in GWs, M, = (MM,)>/>/
(M, + M,)'/3 is the chirp mass, M, is the secondary mass, and
Zpn is the post-Newtonian correction factor (Ajith et al. 2011).
We here consider merger events of equal-mass binaries to be
consistent with previous works (Abbott et al. 2016a, 2019),
which differ from the conditional mass-ratio g distribution of
q% B, = 1.4733 for the broken power-law mass spectrum)
inferred from the observed merger events (Abbott et al. 2021a).
We note that assuming g =0.7, the GWB amplitude shown
below is reduced at most by a factor of ~1.3 (=~80%) at
/<100 Hz. This level of small reduction would be absorbed in
the uncertainties of 3, and other model parameters characteriz-
ing the primary mass function. We also assume that the orbits
of BBHs that contribute to a GWB are circularized by the time
they move into the LIGO-Virgo band and thus the GWB
spectrum in the inspiral phase scales with frequency as
Qe (f) x £?/3. While binary-single interactions can produce
high-eccentricity events, they are likely to constitute a
significant fraction of all events only in the AGN disk models
(e.g., Samsing et al. 2020; Tagawa et al. 2020).

TPNs 19)

4.1. The Mass Function of BBH Mergers Consistent with
Locally Detected GW Sources

First, we consider BBH mergers whose mass function
follows the broken power law provided by the most updated
samples of locally detected GW sources (see Equation (11)).
We assume that the mass function shape does not evolve with
redshift, while the mass-integrated merger rate evolves as
shown in Section 3.2.

12 Given the GW sensitivity curve, the size of the observational horizon for a
BBH merger depends on the masses of the two BHs. For simplicity, we adopt
one single value of the redshift within which BBHs are individually detected.
However, the choice weakly affects the estimation of a GWB only for the low-z
BBH population if z;, > 0.3 is set. In this sense, the calculated GWB
amplitude for the low-z BBH population corresponds to an upper limit.
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Figure 6. The stochastic GWB spectra produced by the low-z (blue) and high-z
(green) BBH populations that follow the merger rates shown in Figure 4. For
each case, the shaded region shows the expected GWB amplitude for different
DTD parameters, namely, 1.0<n < 1.5 and fy, =50Myr. The three
sensitivity curves of the O3 run (dotted), the HLV design (dashed), and the
envisioned A" (dotted—dashed) are shown.

In Figure 6, we present the stochastic GWB spectra for the
low-z and high-z BBH populations, along with the three
sensitivity curves of the O3 run (dotted), the HLV design
(dashed), and A" (dotted—dashed). 13 The BBH merger rate for
each population is shown in Figure 4. The shaded regions show
the expected GWB amplitude for different DTD indices at
1.0<n< 1.5 (the solid curves for n=1.0). The minimum
merger time is set to f,;, =50 Myr for the two populations
since the GWB amplitude hardly depends on the choice as long
as fyn 18 much less than ~10 Gyr.

For the low-z BBHs, regardless of the model uncertainties,
the spectral shape of the GWB is characterized by a well-
known (lowest Newtonian order) power law of (2q,,(f) o fz/ 3
at f < 100 Hz and peaks at higher frequencies (for comparison,
see Abbott et al. 2016a). The GWB amplitude is as low as
Qgw ~ 4147187 x 10710 at f= 25 Hz, where the LIGO-Virgo
detectors are the most sensitive. As already pointed out in
Abbott et al. (2021b), the weak GWB signal is not detectable at
the LIGO-Virgo design sensitivity, but requires the envisioned
A" sensitivity to be detected.

For the high-z BBHs, the GWB amplitude is as high as
Qow ~ 1.487139 x 107 at f=25Hz. The GWB spectrum is
significantly flatter at f > 20-30 Hz from the value of 2/3 and
peaks inside the frequency window of the LIGO-Virgo
observations. This characteristic spectral shape predicted by
Inayoshi et al. (2016b) still holds in this modeling where the
most updated properties of merging BBHs provided in the
GWTC-2 catalog is used. Note that the detailed properties of
the spectral flattening depends on model parameters as seen in
previous studies (Inayoshi et al. 2016b; Périgois et al. 2021).
Even if the constraint from cosmic reionization is taken into
account, the GWB signal is still detectable at the HLV design
sensitivity. Moreover, if the DTD index is larger than unity, the
unique feature of the GWB spectrum can be detected with the
HLYV design sensitivity. In addition, the detection of this level

13 HLV stands for LIGO-Hanford, LIGO-Livingston, and Virgo; https://dcc.
ligo.org /LIGO-G2001287 /public.
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of GWB would indicate a major contribution by the high-
redshift BBH population to the local GW events.

The existence of such individually undetectable BBH
mergers beyond the detection horizon also serve as a source
of GW events that can be gravitationally lensed by the
foreground structures (e.g., Dai et al. 2017; Oguri 2018;
Contigiani 2020; Mukherjee et al. 2021). However, Buscicchio
et al. (2020) recently showed that even assuming a merger rate
at z > 1 high enough to produce a GWB detectable at the HLV
design sensitivity, the lensing probability for individually
detected BBH mergers is as small as <107> over 2 yr of
operation. Therefore, if the high-z BBHs contribute to the
production of a GWB at the predicted level, we will be able to
detect the GWB before a lensed GW source is detected.

4.2. The Upper Bound of GWBs Produced from High-z BBHs
with More Top-heavy Mass Function

As an alternative model, we consider a high-z BBH
population that follows a mass function more top heavy than
the broken power-law one adopted in the fiducial model. This
is motivated by the absence of high-mass BBH detections at
low redshifts indicating that the astrophysical BBH mass
distribution evolves and/or the largest BBHs only merge at
high redshifts (Fishbach et al. 2021). Moreover, a top-heavy
mass function is expected from cosmological simulations of
high-z star formation (e.g., Hirano et al. 2014), BBH formation
channels (Kinugawa et al. 2014; Inayoshi et al. 2017), and
possible subsequent growth processes via gas accretion in
protogalaxies and/or disks in AGN (Safarzadeh & Haiman
2020; Tagawa et al. 2020; see also Inayoshi et al. 2016a).

In Figure 7, we present the GWB amplitudes for three high-z
BBH populations whose merger mass function is given by
the broken power-law function with M,,;, = 3.96 M, (green;
fiducial case), My, = 10 M, (purple), and My, = 30 M,
(blue). For the top-heavy models, the average mass of the
primary BH is (M) =26 and 47 M., respectively, which are
used for estimating the merger rate (see Equation (14)). The
shaded region presents the expected GWB signal in each
model, associated with the possible range of the DTD index;
the solid curve is for n =1.0 and the highest value at lower
frequencies is for n = 1.5. Note that for the top-heavy models,
the contribution from BBHs with 3.96 M, < M; < M, to the
GWB is not included in Figure 7.

With the higher minimum mass, the peak frequency of the
GWB moves to a lower value and thus the flattening of the
spectrum becomes more prominent compared to the fiducial case
(green). The peculiar spectral indices are substantially lower than
the canonical value of ~2/3 expected from lower-z and low-mass
BBH mergers. Even with the constraint from cosmic reionization,
the expected GWBs for the two top-heavy models are as strong
as Qg ~3.8 x 107 at f=25Hz for My, =10 M, and Qg ~
4.5 x 107° at f =20 Hz for My, = 30 M, which are well above
the detection thresholds with the HLV design sensitivity. A
detection of such a unique spectrum with the design sensitivity
would allow us to extract information on a top-heavy-like mass
function of the high-z BBH merger population.

It is worth providing an analytical expression of the GWB
upper bound constrained by the history of cosmic reionization.
Here, we consider the total GWB energy density calculated
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Figure 7. Same as in Figure 6 but with different top-heavy merger mass
functions with M,;, = 3.96 (green, fiducial case), 10 M., (blue), and 30 M,
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the high-z BBHs follow more top-heavy mass functions than in the local
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characteristic flattening is detectable at the HLV design sensitivity.
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(20)

where the GW radiative efficiency is approximated as a
constant value of 7,,, > 0.1, which is valid for g > 1/3. Using
Equations (14) and (17), the above equation is approximated as

Eow Now SBBH Ps g

d Z. @1
peC Pe l+g¢
where
4 —
7, = f A Gl O (22)
tottmn 1+ 2

which is numerically calculated as 7; 5 ~ 0.164, 7,y ~ 0.110,
and Zy7 ~ 0.031. Here, the SFRD is approximated
o= p 0t — to), to(~680Myr) corresponds to the cosmic
time at z ~ zri?fg, and the typical mass ratio does not evolve
significantly. In conclusion, we obtain the upper bound on the

total GWB energy density

Lo 8.0 x 109 24— ("g—w)( I”)

p.C 14+4)J\0.1/\0.1

% (J%BH) Py )
0.02 )\ 107 M., Mpc—3

We note that the total GWB energy density is independent of
the merger mass function. Depending on the GWB spectral
shape, which does depend on the mass function of BBH
mergers, a fraction of the total GWB energy is distributed in the
frequency band where the ground-based GW detectors are
sensitive.

(23)
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Figure 8. The relation of the GWB amplitude at f= 25 Hz and the local BBH
merger rate for the low-z (blue region; 0.7 < n < 1.5) and high-z BBH (green
curves; fgpu/0.018 = 0.5, 1.0, and 2.0) population. The GWB amplitude for the
high-z BBHs increases with the DTD index (denoted by the numbers in the figure),
while the local merger rate is maximized for n ~ 1.0-1.2. In the fiducial case
(fspu = 0.018; thick curve), the GWB is detectable at the design sensitivity when
the DTD index is in 1.0 < n < 1.5, where the expected local merger rate agrees with
the observed GW event rates (magenta region; Rgpo = 19.173%% Gpe 3 yr).
The current upper limit obtained from the LIGO-Virgo O3a observing run (Abbott
et al. 2021b) gives a constraint of fgpy < 0.04.

4.3. The Relation between {2, Rgpy o, and Reionization
Parameters

In Figure 8, we summarize the relation of the GWB amplitude
at f=25Hz and the local BBH merger rate for each population
with different model parameters. For the low-z BBH population
(blue region), the expected GWB amplitude is assumed to be
proportional to the local merger rate. For a given local merger rate,
the GWB amplitude increases with the DTD index
0.7<n<15), but it is not detectable at the HLV design
sensitivity. For the high-z BBH population (green curves), the
GWB amplitude increases with the DTD index (denoted by the
numbers in the figure), while the local merger rate is maximized
for n ~ 1.0-1.2, where the distribution of BBH mergers is spread
logarithmically in time and thus a good fraction of BBH mergers
occur at z~~0. As shown in Figure 5, the local merger rate
decreases for smaller and larger DTD indices because most
mergers will be pushed into the future (n < 1) or occurred well
before z~0 (n>1). In the fiducial case (fggy = 0.018; thick
curve), the GWB is detectable at the design sensitivity when the
DTD index is in 1.0 <n < 1.5, where the expected local merger
rate agrees with the observed GW event rates (magenta region;
Repro = 19.178%? Gpe =3 yr=!). Therefore, once this level of
GWB will be detected in the O5 observing run, this would indicate
a major contribution of the high-z BBH population to the local
GW events. If the merging-BBH formation efficiency for the high-
z population is substantially less than ~1%, the high-z BBH
population neither produces a GWB detectable at the design
sensitivity nor explains the local merger rate. In this case,
the low-z BBH population dominates the local event rate and a
GWB owing to the low-z BBH population would be detected at
the envisioned A" sensitivity. Additionally, the current upper
limit of the stochastic GWB obtained from the LIGO-Virgo
03a observing run (Abbott et al. 2021b) gives a constraint of
fBBH g 0.04.
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The constraint on fggy from the GWB detection would also
be expressed as the relation between the number of BBHs
(g =1 is assumed) and ionizing photons produced from the
same stellar mass budget. From Figure 8, we obtain

#BBH _ fun  mph.
#phOtOH 1 +fl‘)in Mion <M'> ’

-1

~32 x 10—64(—<M'> ) ( Jesc )(—ng’”“z ) (24)

20 M, 0.1 J\1.5 x 107

where (M.) is the average BH mass for a given IMF, other
parameters are fixed to their fiducial values, and the DTD index is
set to n = 1.0. Note that we here neglect the extra numerical factor
Of (fase Mion/400)°2. Therefore, a detection of the GWB at the
HLYV design sensitivity ({2g, 2 1.4 X 10~? at f=25 Hz) indicates
the existence of a high-z stellar population that forms a few BBHs
per ~10** ionizing photons.'* This would give us an insight on the
properties of BBH’s stellar progenitors (e.g., IMF and metallicity).

4.4. Primordial Binary BHs

Finally, we briefly discuss a GWB produced by BBHs whose
formation rate does not necessary follow the cosmic star formation
history (e.g., primordial BBH population; see a recent review by
Carr et al. 2020). The time dependence of the merger rate is
calculated as Rggy o 3437 at 7 < 1000 (Nakamura et al. 1997,
Sasaki et al. 2016), and the expected GWB amplitude (f'= 25 Hz)
owing to primordial BBHs is as weak as oy ppn S 10, which
is below the HLV design sensitivity, even assuming that all the
GW events locally observed originate from the primordial BBH
population. This upper bound corresponds to the case where
PBHs constitute a fraction of DM, namely, Qppp/Qm >~ 2 X 1073
(see more arguments in a review paper by Sasaki et al. 2018).

5. Summary and Discussion

In this paper, we consider the GWB produced by BBH mergers
originating from the high-z universe at the cosmic dawn. Since
overproduction of ionizing photons from stellar progenitors of
those BBHs is constrained by the Planck measured optical depth
of the universe to electron scattering, the total stellar mass formed
during the epoch of reionization has an upper bound. Using a
semi-analytical model of the reionization history, we quantify the
critical stellar mass density for a metal-enriched Population II
stellar 7population that lead reionization dominantly as
px=2 10" M. Mpc > (see Equation (7)). This value is lowered if
other rarer but more intense radiation sources (e.g., metal-free
Population III stars) could contribute to reionization.

Under this constraint from the reionization history, the
merger rate for the hi§h—z BBH population becomes as high as
Regn~5—30Gpc  yr ' at z=~0 for a wide range of the
parameters of the DTD for BBH coalescences, where the
merging-BBH formation efficiency is assumed to be as high as
Jesu EPpen/p) = 0.02. Since a vast majority of the BBHs
merge in the early universe, the merger rate increases to
Rppy ~ 10>~ Gpc_3 yr_1 at 7~ 6-10 for the DTD index of
1.0<Sn<1.5. As a result of their frequent mergers, the
amplitude of the GWB produced by the high-z BBH population
can be Qg ~ 14875 x 10 at f=25Hz, where the

14 This efficiency of #BBH/#photon shown here (¢ = 1 is assumed) is ~10
times higher than that given in Figure 2 of Inayoshi et al. (2016b), where the
binary mass ratio follows a flat distribution.
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Advanced LIGO-Virgo detectors are the most sensitive. The
GWB spectrum is significantly flattened at f=> 20-30 Hz from
the value of 2/3 and peaks inside the frequency window of the
LIGO-Virgo observations. Note that the flattened spectrum was
predicted by previous studies (Inayoshi et al. 2016b; Périgois
et al. 2021) but the conclusion still holds even with the BBH
properties updated from the LIGO-Virgo O3a observing run
and with the new Planck estimated value of 7.. This strong and
characteristic GWB signal is detectable at the Advanced LIGO-
Virgo design sensitivity. The detection of this level of GWB
would also indicate a major contribution of the high-z BBH
population to the local GW events.

We also consider a high-z BBH population that follows a mass
function more top heavy than in the local universe, motivated by
the expected nature of high-z star formation (e.g., Hirano et al.
2014), BBH formation channels (Kinugawa et al. 2014; Inayoshi
et al. 2017), and possible subsequent growth processes via gas
accretion (Inayoshi et al. 2016a; Safarzadeh & Haiman 2020;
Tagawa et al. 2020). With a mass spectrum with a higher
minimum mass, the peak frequency of the GWB moves to a lower
value and thus the flattening of the spectrum becomes more
prominent; namely, the spectral index becomes negative at
f>20Hz. Even with the constraint from cosmic reionization, the
GWB strength becomes as strong as ()5, ~4 X 107° at
f=20-25Hz. A detection of such a unique spectrum with the
design sensitivity would allow us to extract information on a top-
heavy-like mass function of the high-z BBH merger population.

Finally, we discuss the relation of the GWB amplitude and
the local BBH merger rate in Figure 8. In our fiducial case,
where the merging-BBH formation efficiency is set to
feeu = 0.02, the GWB produced by the high-z BBHs is
detectable at the design sensitivity and then those BBHs merge
within the Advanced LIGO-Virgo detection horizon at a rate
comparable to the observed rate. If the high-z BBHs form at a
low efficiency of fgpy <0.01, the high-z BBH population
neither produces a GWB detectable at the design sensitivity nor
explains the local merger rate. In this case, the low-z BBH
population dominates the local event rate and a GWB owing to
the low-z BBH population would be detected at the envisioned
A" sensitivity. In addition, the current upper limit of the
stochastic GWB obtained from the LIGO-Virgo O3a observing
run (Abbott et al. 2021b) gives a constraint of fggy < 0.04.
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