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Primordial black holes (PBHs) may form from the collapse of matter overdensities shortly after 
the Big Bang. One may identify their existence by observing gravitational wave (GW) emissions 
from merging PBH binaries at high redshifts z � 30, where astrophysical binary black holes (BBHs) 
are unlikely to merge. The next-generation ground-based GW detectors, Cosmic Explorer and 
Einstein Telescope, will be able to observe BBHs with total masses of 0(10 - 100) M0 at such 
redshifts. This paper serves as a companion paper of Ref. [1], focusing on the effect of higher-order 
modes (HoMs) in the waveform modeling, which may be detectable for these high redshift BBHs, 
on the estimation of source parameters. We perform Bayesian parameter estimation to obtain the 
measurement uncertainties with and without HoM modeling in the waveform for sources with different 
total masses, mass ratios, orbital inclinations and redshifts observed by a network of next-generation 
GW detectors. We show that including HoMs in the waveform model reduces the uncertainties 
of redshifts and masses by up to a factor of two, depending on the exact source parameters. We 
then discuss the implications for identifying PBHs with the improved single-event measurements, 
and expand the investigation of the model dependence of the relative abundance between the BBH 
mergers originating from the first stars and the primordial BBH mergers as shown in Ref. [1]. 

I. INTRODUCTION

An interesting possibility is that a fraction of the merger 
events detected by the LIGO-Virgo-KAGRA (LVK) Col­
laboration may be due to primordial BHs (PBHs) [2-5] 
formed from the collapse of sizable overdensities in the 
radiation-dominated early universe [6-9]. In this scenario, 
PBHs are not clustered at formation [10-15], they are 
born spinless [16, 17] and may assemble in binaries via 
gravitational decoupling from the Hubble flow before the 
matter-radiation equality [18, 19] (see [20-24] for reviews). 
After their formation, PBH binaries may be affected by 
a phase of baryonic mass accretion at redshifts smaller 
than z ~ 30, which would modify the PBH masses, spins 
and merger rate [25, 26]. 
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Analysing the population properties of masses, spins, 
and redshifts of binary black holes (BBHs) in the 
LVK's second catalog [27], several studies constrained 
the potential contribution from PBH binaries to current 
data [26, 28-35]. However, these analyses require precise 
knowledge of the astrophysical BBH "foreground" in or­
der to verify if there is a PBH subpopulation within the 
BBHs observed at low redshifts [33, 36]. Such analyses 
are limited by the horizon of current GW detectors, z ;S 3 
at their design sensitivity [37], and are subject to signifi­
cant uncertainties on the mechanisms of BBH formation 
in different astrophysical environments, such as galactic 
fields [38-48], dense star clusters [49-56], active galactic 
nuclei [57-65], or from the collapse of Population III (Pop 
III) stars [66-69].

Instead, searching for PBHs at high redshifts where 
astrophysical BHs have not merged yet may mitigate most 
of the issues caused by the astrophysical foreground. The 
PBH merger rate increases with redshift [70], while the 
































