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A B S T R A C T 

We investigate the detectability of single-event coalescing black hole binaries with total mass of 100 –600 M � at cosmological 
distances (5 � z � 20) with the next generation of terrestrial gravitational wave observatories, specifically Einstein Telescope 
and Cosmic Explorer. Our ability to observe these binaries is limited by the low-frequency performance of the detectors. Higher 
order multipoles of the gravitational wave signal are observable in these systems, and detection of such multipoles serves to both 

extend the mass range over which black hole binaries are observable and impro v e the reco v ery of their individual masses and 

redshift. For high-redshift systems of ∼ 200 M � we will be able to confidently infer that the redshift is at least z = 12, and for 
systems of ∼ 400 M � we can infer a minimum redshift of at least z = 8. We discuss the impact that these observations will have 
in narrowing uncertainties on the existence of the pair-instability mass gap , and their implications on the formation of the first 
stellar black holes that could be seeds for the growth of supermassive black holes powering high- z quasars. 

Key words: black hole physics – gra vitational wa ves – galaxies: high-redshift. 

1

I  

C  

s  

h  

e  

f  

v  

fi  

f  

o  

A  

&
 

i  

B  

2  

m  

�

1

e  

t  

O  

B  

o  

(  

(
 

f  

a  

b  

d  

E
 

p  

w  

l  

S  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/529/3/2116/7612267 by guest on 23 August 2024
 I N T RO D U C T I O N  

n the three observing runs by the LIGO-Virgo-KAGRA (LVK)
ollaboration, many tens of gra vitational-wa ve (GW) transient

ignals consistent with the merger of binary black holes (BBHs)
ave been detected (Abbott et al. 2019 , 2021a , 2023 , 2024 ; Mehta
t al. 2023 ; Nitz et al. 2023 ). The systems, observed at z � 1, are
ound to have component masses between about 6 and 100 M �. 1 A
ariety of channels have been proposed for their origin: formation as
eld binaries primarily in low-metallicity galaxies at high redshifts,
ormation in dense stellar systems, in active galactic nucleus discs,
r after generations of repeated mergers (see Graziani et al. 2020 ;
bbott et al. 2021b ; Gerosa & Fishbach 2021 ; Mapelli 2021 ; Mandel
 Farmer 2022 , and references therein). 
The next-generation of ground-based GW observatories, specif-

cally the Einstein Telescope (ET, Punturo, L ̈uck & Beker 2014 ;
ranchesi et al. 2023 ) and Cosmic Explorer (CE, Evans et al.
021 ), will open the prospect of detecting the GW signatures of
erging BBHs o v er a wider mass range and deeper redshifts,
 E-mail: FairhurstS@cardiff.ac.uk 
 All masses in this paper are referred to as measured in the source frame. 
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xtending the realm of observations to BBHs out to z ∼ 30, when
he first stars began to shine, and into the intermediate-mass range
 (100 –1000) M � (Kalogera et al. 2019 ; Maggiore et al. 2020 ).
eyond redshift z ∼ 30–40, merging primordial black holes (BHs)
f O(10) M �, formed by quantum processes in the early Universe
Carr et al. 2021 ; Ng et al. 2022 ), may also be detected and studied
Ng et al. 2022 , 2023 ). 

In this paper we study systems with individual masses extending
rom 60 to 480 M �, and total masses of 180 to 600 M �, co v ering
 mass range that is rele v ant for several reasons, as we explore
elow. Measuring such systems is most interesting at cosmological
istances, which is only possible due to the enhanced sensitivity of
T and CE at frequencies below 10 Hz. 
The formation of such hea vy stellar -mass BHs requires the

resence of star-forming regions of zero or extremely low metallicity,
here fragmentation and cooling of the parent gas cloud, and mass-

oss from stellar winds are strongly suppressed (see Bromm 2013 ;
pera & Mapelli 2017 , and references therein). These are conditions

hat occur in the high-redshift Universe, and are expected to result
n a top-heavy mass function where stars heavier than 150 –300 M �
re more common than in the conventionally adopted, Kroupa-like,
tellar initial mass function (IMF) (see Klessen & Glo v er 2023 for
 recent re vie w on the first stars). At the highest redshifts, these
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eavy BHs may represent systems not yet affected by accretion of
as or stars (Stone, K ̈upper & Ostriker 2017 ; Roupas & Kazanas
019 ; Safarzadeh & Haiman 2020 ; van Son et al. 2020 ), and hence
heir masses might reflect their birth conditions. Detecting GWs from 

hese hea vy stellar -mass binaries will let us constrain their merger rate
hich is intimately related to the rate of formation of massive stellar
inary systems in pristine star-forming galaxies (Stacy & Bromm 

013 ; Chon & Hosokawa 2019 ; Mangiagli et al. 2019 ; Mapelli et al.
022 ; Santoliquido et al. 2023 ; Sugimura et al. 2023 ). 
Some of the BBH masses we investigate reside within the so-called 

air-instability mass gap [often referred to as upper mass gap or pair
nstability supernova (PISN) gap]. This gap is between about 65 and 
35 M � where no BH is expected to form in evolution models of
solated stars. This mass gap is attributed to a pair instability, arising
n metal-poor, massive stars between about 130 and 250 M �, which 
eads to a supernova explosion due to uncontrolled 12 C( α, γ ) 16 O
uclear b urning, lea ving no remnant (Farmer et al. 2020 ; Woosley &
eger 2021 ). 
During the third observing run of LVK a short-duration signal, 

W190521, was detected and estimated to be consistent with the 
erger of two BHs with component masses of about 85 and 66 M �

nd total mass of 142 M � (Abbott et al. 2020b , d ). This is the heaviest
H observed in GWs to date, with an intermediate-mass remnant and 
 primary component residing within the pair-instability mass gap . 2 

After submission of this paper, new signals have been extracted 
rom the O3 run public LIGO-Virgo data set, 3 hinting for the presence
f candidate BBHs with median masses of the primary BHs within 
he pair-instability mass gap , and in one case beyond its upper edge
Wadekar et al. 2023 ), making even more compelling the analysis on
he detectability of these systems. 

Detecting the GW signal from high-redshift heavy stellar BBH 

ergers, where one or both components are in the upper mass gap
r straddling it, would be highly informative. Various mechanisms 
ould lead to the formation and coalescence of such binaries, and 
mong them, evolution in isolated binaries (Hijikawa et al. 2021 ), 
ynamical encounters, and mergers in star clusters (Rodriguez et al. 
019 ; Di Carlo et al. 2020a ; Kremer et al. 2020 ), a chain of Nth
eneration mergers. 4 

Estimates of the location and width of the upper mass gap are
t best approximate. Current uncertainties on the reaction rate, on 
otation, and on the presence of rich hydrogen envelopes may shift
he instability interval for the explosion to higher masses, and narrow 

urther the gap (Belczynski 2020 ; Farmer et al. 2020 ; Marchant &
oriya 2020 ; Vink et al. 2021 ; Woosley & Heger 2021 ) or even fill

t entirely (Costa et al. 2021 ). Testing the existence of this upper
ass gap and inferring its properties from GW observations depends 

ritically upon the accuracy with which the masses of the individual 
 Alternative analyses (e.g. Nitz & Capano 2021 ) find that GW190521 could 
nstead be ∼ 170 M � BH with a companion of ∼ 20 M �, suggesting that the 
rimary is already an intermediate-mass BH, with a mass beyond the mass 
ap (Fishbach & Holz 2020 ). 
 The analysis exploits the power of higher order modes, as discussed in this 
aper. 
 There are several proposed channels for the origin of the components of 
W190521-like systems observed at low redshift. For instance: mergers from 

he relics of the first stars (known as Population III stars) (Liu & Bromm 2020 ; 
anikawa et al. 2021 ), isolated binary evolution with no-gap (Belczynski 
020 ), stellar collisions in star clusters (see Di Carlo et al. 2020b ; Renzo 
t al. 2020 ; Arca-Sedda et al. 2021 ; Costa et al. 2022 , and references therein), 
ierarchical mergers (Gerosa & Fishbach 2021 ), and finally primordial BBHs 
Clesse & Garc ́ıa-Bellido 2022 ). 

t  

w  

o
T  

m  

d  

(  

h  

5

i
d
b
a
s

24
Hs are measured from the merger signal. Here and for this purpose
e carry out a parameter estimation on BBHs with component masses
hich touch the edges of the upper mass gap, recognizing that all
f the abo v e arguments become compelling if the redshift of the
bserved systems is z � 10. 
Determining the lowest redshift one can claim the source to be

eyond , and inferring posteriors for the distribution of the component
asses is of paramount importance (Mancarella, Iaco v elli & Gerosa

023 ). A key challenge, then, is to accurately infer both the masses
nd redshift of the binary. There is a well-known de generac y between
easurements of the distance to and inclination of a binary from GW

bservations (Usman, Mills & Fairhurst 2019 ). At high redshifts, 
his de generac y further impacts our ability to infer the masses of
he binary. In GW observations, masses and redshift are degenerate, 
nd only the redshifted masses, m 1, 2 (1 + z), can be inferred from
he signal. Given a cosmological model, the measured distance 
an be used to obtain the redshift and hence the source masses.
o we ver, if the distance is poorly constrained, this leads to significant
ncertainties on the mass. F or e xample, it is not unusual to have an
ncertainty of ∼ 50 per cent in the distance measurement of BBH 

ignals (Abbott et al. 2023 ). At z = 10 this translates to a redshift
ncertainty of ±4 and consequently an uncertainty in the masses of
0 per cent due to redshift effects alone. The ability to accurately 
nfer redshifts and masses is impro v ed by a detector network, which
an provide more accurate localization and distance measurements 
Fairhurst 2011 ; Singer et al. 2014 ; Mills, Tiwari & Fairhurst 2018 ),
s well as the observation of higher order multipoles (HoMs) in
he GW signal which help break the distance-inclination de generac y 
Mills & Fairhurst 2021 ; Fairhurst et al. 2023 ). 

The paper is organized as follows. In Section 2 , we discuss the
bservability of high-mass, high-redshift binaries with a focus on 
he HoMs. In Section 3 , we provide detailed parameter estimation
esults for a number of astrophysically interesting simulated BBH 

erger signals and in Section 4 we summarize our results. We include
wo appendices. Appendix A provides additional figures showing 
etector sensitivity for binaries of varying mass ratio and Appendix B
ives parameter estimation accuracy for low signal-to-noise ratio 
SNR) systems. 

 T H E  I M P O RTA N C E  O F  H I G H E R  O R D E R  

ULTI POLES  

igh-mass, high- z BBH coalescences are intrinsically low-frequency 
W sources. This is illustrated in Fig. 1 , where we show the

requency evolution of the GW strain amplitude for a BBH of (120-
0) M � placed at redshift z = 14, with an inclination ι of 60 ◦ between
he orbital angular momentum and the line of sight. The gravitational
aveform for this signal only extends to 15 Hz and is therefore
utside the sensitive frequency range of current GW observatories. 
he leading GW emission from the source, emitted in the (2, 2)
ultipole at twice the orbital frequenc y, e xtends to only 7 Hz in the

etector, making disco v ery challenging. 5 Although the (3, 3) and
4, 4) multipoles are intrinsically lower amplitude, the y e xtend to
igher frequencies [ ∼1.5 and 2 times the frequency of the (2, 2)]
MNRAS 529, 2116–2130 (2024) 

 We recall that for all BBH observed to date, the (2, 2) multipole, which 
s emitted at twice the orbital frequency, has been the dominant multipole 
etected in the GW signal. Additional multipoles of the GW signal have 
een observed for a handful of events (Abbott et al. 2020a , c ) but, as their 
mplitudes are lower, they are generally not identified for the majority of 
ources. 
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M

Figure 1. Waveform amplitude from a (120,60) M � binary at z = 14, 
inclined at an angle of 60 ◦ to the line of sight. The figure shows the frequency 
evolution of the waveform, and also the individual contributions from the 
three leading multipoles (2, 2), (3, 3), and (4, 4) using the IMRPhenomXPHM 

waveform (Pratten et al. 2021 ). The oscillations in the full waveform are due 
to constructi ve/destructi ve interference between the multipoles. The projected 
noise curves for three future detectors: CE, ET, and A 

# are also shown. The 
signal is represented in such a way that the area between the wave amplitude 
and noise is indicative of the SNR (Abbott et al. 2016 ). 
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nd can therefore contribute significantly to the observed SNR. This
mpro v es the prospects of detecting such a system. Furthermore, the
dentification of these higher order (higher frequency) multipoles in
he signal can significantly impro v e the ability to infer the parameters
f the system, as they enable us to break measurement degeneracies
hat exist with observation of only a single multipole. 

There are several well-known degeneracies in the emitted
ra vitational-wa veform, leading to some parameters being very well
easured, while others being not. For our purposes, we are most

oncerned with a de generac y between the observed distance to and
nclination of a binary, as discussed in Usman, Mills & Fairhurst
 2019 ). When only the (2, 2) multipole is observed, the amplitude
ives a good measurement of cos ι/ d L , where ι is the binary inclination
nd d L is the luminosity distance. Ho we v er, in man y cases, the binary
nclination is only restricted to the range ι ∈ [0 ◦, 60 ◦], leading to a
actor of 2 uncertainty in distance due to this de generac y alone. When
he binary is observed at a high redshift, the measurement of the

asses also becomes degenerate with distance and inclination, and a
actor of 2 uncertainty in distance can lead to a similar uncertainty on
he masses. The observation of a second GW multipole can serve to
reak this de generac y (Abbott et al. 2020a ; Mills & Fairhurst 2021 )
s the relative amplitude of the different multipoles depends upon
he orientation of the binary. 6 

In Fig. 2 , we show the variation of the SNR with binary mass
atio q = m 2 / m 1 (assuming an inclination ι = 60 ◦) and inclination
assuming q = 1/2) in each of the multipoles for a binary of total
ass of 180 M � at z = 14 observed by ET. Here, and throughout this

ection, we use an SNR threshold of 8 for detectability of a signal
nd an SNR threshold of 3 for observability of a specific multipole,
iven that the system has an o v erall SNR abo v e 8. The SNR of the (2,
) multipole is greatest for face-on signals ( ι = 0 ◦) with equal-mass
omponents ( q = 1). For a face-on signal, the (2, 2) multipole is
ircularly polarized and, as the inclination increases, the amplitude
NRAS 529, 2116–2130 (2024) 

 The ratio of the amplitude of the (3, 3) multipole to the (2, 2) scales as sin ι, 
hile the (4, 4) multipole scales as sin 2 ι relative to the (2, 2). 

t  

i  

s  

3  
f both polarizations decreases to a minimum for edge-on systems, ι
 90 ◦, whose emission is linearly polarized. For the other multipoles

onsidered, the SNR vanishes at face-on and peaks at ∼50 ◦ for the
3, 3) multipole and ∼60 ◦ for the (4, 4) multipole. The binary would
e observable in ET at an y orientation. F or inclinations ι� 10 ◦ or 30 ◦

he (3, 3) and (4, 4) multipoles would be identifiable, respectively.
ince this waveform lasts only a few cycles in the detector band,

he contributions from the different multipoles are not orthogonal.
onsequently, the total SNR varies with the merger phase of the
inary. 
The SNR of each different multipole, and the full signal, also

aries with mass ratio. The (2, 2) multipole is largest for equal-mass
ystems and decreases by a factor of 3 by mass ratio q = 1/5, while
he (3, 3) vanishes for equal mass and peaks around q = 1/3. For this
ignal, the SNR in the (4, 4) multipole does not vary significantly
ith mass ratio. The (2, 2) and (4, 4) multipoles would be identifiable

t any mass ratio, and the (3, 3) for binaries with mass ratio below
0.7. Identification of more than one multipole enables an impro v ed
easurement of mass ratio, as well as binary orientation. 
In Fig. 3 , we show the same dependence of SNR with inclination

nd mass ratio for the CE detector. Since CE has sensitivity to the
ignal abo v e 5 Hz, rather than 3 Hz for ET, the o v erall SNR is lower
nd the signal would be marginally observable. Furthermore, a broad
ange both in inclination and mass ratio, where the (3,3) multiple
ives the dominant contribution to the SNR, becomes accessible.
his provides a clear example of a signal where the HoMs enable
etection as well as impro v ed parameter reco v ery. 
Giv en the abo v e discussion, we are interested in identifying the

egions of the mass space where HoMs can contribute to either
he observability or parameter measurement accuracy of high-mass,
igh-redshift binaries. In Fig. 4 we show the sensitivity of the
roposed ET and CE observatories to BBH mergers with mass ratio
f 1:2 as a function of redshift. We show the maximum redshift at
hich a binary can be observed, at an SNR of 8, and also the redshifts

t which 10 per cent, 50 per cent, and 90 per cent of binaries,
v eraged o v er sk y location and orientation, will be observed. The
etector sensitivity is shown for both the (2, 2) multipole, in orange,
nd the full waveform, in blue. At low masses, the (2, 2) multipole
ominates the observable signal and therefore the distance to which
he full waveform can be observed is essentially equal to that of
he (2, 2) multipole. Ho we ver, at high masses, the (3, 3) and (4,
) multipoles contribute more significantly and incorporating them
ncreases the sensitivity of the detectors to these systems. When a
ystem has been observed, the identification of a second multipole,
t SNR abo v e 3, can greatly impro v e parameter reco v ery by breaking
egeneracies between distance and inclination and improving mass
atio measurement. The range of masses and redshifts for which the
inary would be observed with SNR above 8, and with SNR abo v e 3
n at least two multipoles, is shown in black in Fig. 4 . For example,
n ET a 4000 M � system is visible at z ≈ 1 with the (2, 2) multipole
ut up to z ≈ 2 with the full waveform. 

Remarkably, for the majority of binaries with M � 100 M �
bserved by ET, and M � 30 M � observed by CE, a second multipole
ill be observ able. At lo wer masses, it is the (2, 2) and (3, 3)
ultipoles which contain most power, while at high masses it is the

3, 3) and (4, 4) multipoles that are observed, with the (2, 2) multipole
ower occurring at frequencies below the instrumental sensitivity.
he picture is similar at different mass ratios, and figures showing

he sensitivity to binaries with q = 1, 1/2, 1/4, and 1/10 are provided
n Appendix A , for ET in Fig. A1 and CE in Fig. A2 . The most
ignificant difference occurs for equal-mass binaries, where the (3,
) multipole vanishes and we therefore require both (2, 2) and (4,
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Figure 2. The total SNR and SNR in each multipole in ET for a binary of total mass of 180 M �, at redshift z = 14 and o v erhead the detector. Left: variation 
of SNR with inclination of the binary, for a BBH of (120 , 60) M � and the fixed redshift. Right: variation of SNR with mass ratio, for a 180 M � binary with 
inclination of 60 ◦ at the fixed ratio. The total SNR for the system is computed using the (2, 2), (2, 1), (3, 3), (3, 2), and (4, 4) multipoles and individual SNRs 
for the (2, 2), (3, 3), and (4, 4) multipoles are shown. At ι = 0 in the left panel the full waveform SNR is higher than the (2,2) mode due to the contribution of 
the (2, 1) and (3, 2) modes, which are not shown. The total SNR depends upon the phase of the signal at merger, due to non-zero o v erlap between multipoles, 
and is therefore shown as a shaded blue area. In both panels, the horizontal lines indicate SNR = 8, an approximate threshold for detection, and SNR = 3, an 
approximate threshold for observation of a second multipole, given that another multipole has been observed (Mills & Fairhurst 2021 ). 

Figure 3. The same as Fig. 2 but for CE. 
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) multipoles to be observable. This limits the range for which two
ultipoles can be seen and increases the minimum mass at which we
 xpect to observ e two multipoles to ∼ 200 M � in ET and ∼ 50 M �
or CE. None the less, for the majority of high-mass, high-redshift
inaries, we expect to observe multipole multipoles, and therefore 
btain good estimates of both the masses and redshift of the system.
n the next section, we investigate those expectations in detail through 
arameter reco v ery of a series of systems. 

 PARAMETER  R E C OV E RY  F O R  HIGH-MASS,  
IGH-REDSHIFT  BINARIES  

bservation in a single GW observatory leads to large uncertainties 
n the sky location of the binary (Singer et al. 2014 ), and this is
gain degenerate with the inferred distance and redshift. A network 
f detectors with comparable sensitivity can provide accurate local- 
zation (Mills, Tiwari & Fairhurst 2018 ) and therefore impro v ed
edshift and mass accuracy. Binaries with BH spins misaligned 
ith the orbital angular momentum will precess. In principle, the 
bservation of precession can further impro v e parameter estimates. 
o we ver, gi ven that so few cycles of the waveform are visible

n the detectors, the prospects for observing precession are slim 

Green et al. 2021 ). Therefore, in what follows we neglect precession
ffects. 

To illustrate the expected performance of a next-generation GW 

etwork in observing and measuring these binaries, we perform 

 number of simulations and obtain parameter estimates with 
he LALInference (Veitch et al. 2015 ) package and a uniform in
omoving volume distance prior. We simulate four different binary 
ass combinations, denoting (in the source frame) with m 1 ( m 2 ) the

rimary (secondary) mass and with M the total mass. We consider
120 , 60) M � and (90 , 90) M � binaries, chosen so that component
Hs lie in, or close to the upper mass gap, and (240 , 120) M �
nd (480 , 120) M � binaries chosen to probe observability of high-
MNRAS 529, 2116–2130 (2024) 
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Figure 4. Maximum observable redshift of binaries with mass ratio q = 1/2 with next-generation observatories. Left: ET, Right: CE. The shaded regions show 

redshifts at which 10 per cent, 50 per cent, and 90 per cent of sources are observable. The maximum observable redshift of the (2, 2) multipole at SNR = 8 is 
shown in orange, the observability of the full waveform at SNR = 8 is shown in blue, and the observability of the second most significant multipole abo v e SNR 

= 3 is shown in black. The red bars mark the masses and range of redshifts of the q = 1/2 systems we study in detail in Section 3 . 
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edshift intermediate-mass black hole (IMBH) in binaries. 7 In all
ases, we simulate quasi-circular non-spinning BBHs, but allow for
on-zero, aligned spins when performing parameter estimation. 8 This
s important as the de generac y between the binary mass ratio and BH
pins (Hannam et al. 2013 ; Fairhurst et al. 2023 ) greatly impacts the
ccuracy with which mass ratio can be measured. 

The simulated signals are added to data from a three-detector
etwork of observatories with sensitivity matching ET (Punturo,
 ̈uck & Beker 2014 ) and CE (Evans et al. 2021 ). Specifically, we
se a single, triangular ET detector located in Europe and two 40 km
E observatories, one in the USA and one in India. The simulations
re performed at the optimal sky location for the network. Given
he greater lo w-frequency sensiti vity of ET, this leads to the binaries
eing essentially o v erhead ET. The signals are generated at varying
nclination angle, to enable us to investigate the importance of HoMs.

e choose the redshift of the sources to ensure a fixed SNR for all
ignals. In the main text, we use an SNR of 30, while in Appendix B
e investigate quieter signals with an SNR of 15. 

.1 Observing mass-gap objects 

 mass gap in the BH mass distribution is expected due to the
resence of the PISN. Farmer et al. ( 2020 ) investigated the location of
his pair-instability region as a function of the temperature-dependent
ncertainty in the 12 C( α, γ ) 16 O reaction rate. Determining the value
f the 12 C( α, γ ) 16 O reaction rate is extremely important for tracing
he evolution of massive stars. Thus, restricting this rate through
W observations would be of considerable astrophysical interest.
ccording to Farmer et al. ( 2020 ), the width of the mass gap

emains roughly constant as a function of the (unknown) reaction
ate, but the mass range where no BH can form varies. At the
owest rate relative to the median, the mass gap extends from ∼ 90
o ∼ 175 M �. At the highest rate, the location of the mass gap is
NRAS 529, 2116–2130 (2024) 

 IMBH are BHs in the nominal (but loosely defined) range between about 
00 M � and about 10 5 M �. 
 The restriction to non-spinning BBH is solely to simplify presentation – all 
esults presented here could be easily extended to aligned-spin BHs. 

u  

i  

c  

i  

p  

w  
etween ∼ 60 and ∼ 120 M �. Interestingly, there exists a region of
H masses between 90 and 120 M � where we should not expect any
H to form, for any rate . We refer to this region as the forbidden

trip . Consequently, we choose to investigate systems which host
t least one member with mass touching this narrow strip. Then, if
heir masses were to be determined with sufficient accuracy, their
etection could constrain the 12 C( α, γ ) 16 O reaction rate to be at the
xtreme of the allowed range (see fig. 5 of Farmer et al. 2020 ). In
articular, we focus on (120 , 60) M � and (90 , 90) M � binaries which
ave components at the lower and upper range of the forbidden
trip. 

As seen in Fig. 4 , BBHs with masses (120 , 60) M � will be
etectable at a maximum redshift of z ∼ 25, for an optimally located
nd oriented system, with 50 per cent of mergers at z ∼ 17 and the
ast majority of events at z ∼ 10 being detectable. The sensitivity
o (90 , 90) M � systems is comparable. If (90 , 90) M � systems were
o be observed, this will allow us to constrain the strength of the
ncertain 12 C( α, γ ) 16 O reaction rate. In particular, BHs with such
asses would imply the rate to be at the lower end of the explored

ange. A binary with mass (120 , 60) M � would be challenging to
orm through stellar e volution. Specifically, allo wing for variation in
he reaction rate, the mass of the primary would require a very high
eaction rate for 12 C( α, γ ) 16 O, while the mass of the secondary would
e compatible with a value below the median. Therefore, this would
e a system where only one of the two BHs could originate from
tellar evolution and the other would require a different formation
hannel. 

In Figs 5 and 6 , we show the reco v ered parameter accuracies for
oth mass and redshift for (90 , 90) M � and (120 , 60) M � binaries
bserved with SNR = 30. The first thing to note is that these high-
ass, high-redshift systems could be identified with good accuracy

y the next-generation GW netw ork, as w ould be expected due to the
elativ ely large SNRs. F or all ev ents, there is, at most, a factor of 2
ncertainty in the mass of the systems and a 50 per cent uncertainty
n the redshift, with both numbers quoted at the 90 per cent
onfidence interv al. Ho we ver, we also notice a substantial v ariation
n the accuracy of parameter measurement between the systems. The
arameters of systems close to face-on ( ι = 0 ◦ or 30 ◦) are reco v ered
ith significantly larger uncertainties than those which are more
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Figure 5. Inferred posteriors of component masses for binaries of total mass of 180 M � which have components at the lower and upper range of the forbidden 
strip. Results are shown for inclinations of ι = 0 ◦, 30 ◦, 60 ◦, and 90 ◦, with the redshift of the system varied, as indicated in the labels, so that the signals are all 
simulated with an SNR of 30 in the ET–CE network, at the most sensitive sky location for the network. The grey region denotes the pair-instability mass gap 
and the darker grey denotes the forbidden strip where no BH is expected to form for any value of the 12 C( α, γ ) 16 O reaction rate (Farmer et al. 2020 ). Simulated 
values are denoted by a black cross and contours show the 90 per cent credible region. Left: Binary with masses just below the mass gap: m 1 = m 2 = 90 M �. 
Right: Binary with masses that straddle the mass gap: m 1 = 120 M � and m 2 = 60 M �. Greek letter ρ indicates the SNR, throughout the paper. 

Figure 6. Inferred posteriors for the redshift for binaries of total mass of 180 M � which have components at the lower and upper range of the forbidden strip. 
Signals are simulated with varying inclination (in degrees) and redshift ( z), as indicated in the labels, with a fixed SNR of 30 in the ET–CE network, at the 
most sensitiv e sk y location for the network. Symbols ρ� m indicate the SNR in the ( � , m ) multipole HoMs. The black vertical lines indicate the 90 per cent 
credible intervals, violins show the 99.5 per cent range, and the yellow vertical lines show simulated values. Left: binary with masses just below the mass gap: 
m 1 = m 2 = 90 M �. Right: binary with masses that straddle the mass gap: m 1 = 120 M � and m 2 = 60 M �. 
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ighly inclined ( ι = 60 ◦ or 90 ◦). When the binary is close to face-
n, the uncertainty in the component mass posterior is much greater 
nd, for ι = 0 ◦, the 90 per cent mass region for the (120 , 60) M �
inary includes equal masses. As the inclination of the binary is
ncreased, parameter accurac y impro v es significantly: already at ι
 30 ◦ the posterior for the (120 , 60) M � binary is inconsistent with

qual masses, although large uncertainty in the mass ratio remains. 
or binaries inclined at 60 ◦ or 90 ◦ the parameter accuracy is excellent. 
t  
n both cases, the mass ratio is very well constrained and uncertainty
n total mass and redshift is ±(10 –20) per cent . 

We can explain why the results of our parameter accuracy display
he features they do, using our understanding of the importance 
f HoMs discussed in Section 2 . Let us begin by considering the
120 , 60) M � system at z = 14, inclined at ι = 60 ◦, that we have
lotted in Figs 1 , 2 , and 3 . The signal is observed with high SNR
n ET and the (3, 3) multipole is also clearly observed. In CE, the
otal SNR of the system is sufficient for it to be observed, with the
MNRAS 529, 2116–2130 (2024) 
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Figure 7. Inferred posteriors for redshift, mass ratio ( q = m 2 / m 1 ), and 
inclination for (120 , 60) M � binary observed at SNR = 30. Top: parameter 
reco v ery for a system at z = 14 and ι = 60 ◦. Bottom: parameter reco v ery for 
a system at z = 17 and ι = 0 ◦. 
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3, 3) multipole providing the dominant contribution. Since the event
s observed in three detectors, it is relatively well localized, 9 with a
0 per cent localization area of 300 deg 2 . The observation of HoMs
n the waveform enables the accurate inference of both the binary
nclination and mass ratio. Since the sky location, mass ratio, and
nclination are well measured, this enables accurate inference of the
istance to the binary and consequently the redshift of the source. In
he top panel of Fig. 7 we show the reco v ered values for the redshift,
inary inclination, and mass ratio. All three are reco v ered with an
ccuracy better than 10 per cent. 

Next, we consider a comparable system observed face-on ( ι = 0 ◦)
t the same SNR, and at a redshift of 17. In that case, the power in both
he (3, 3) and (4, 4) multipoles vanishes. Consequently, the binary
s no longer observable in CE as it has an SNR of 1. 10 At this SNR,
he CE observatories are unable to provide localization of the source,
ith a 90 per cent localization area of 10 000 deg 2 . Furthermore, the
anishing HoMs means that only the (2, 2) multipole is observed
n ET. Therefore, it is not possible to break the de generac y between
inary orientation and distance, nor to place a tight constraint upon
he mass ratio. The bottom panel of Fig. 7 shows the reco v ered
edshift, mass ratio, and inclination for this system. The mass ratio
s not accurately reco v ered and, indeed, the binary is inferred most
ikely be (close-to) equal mass, although the distribution does extend
o q = 1/2. In addition, the binary orientation is not accurately
eco v ered, with a broad distribution of ι � 25 ◦ – more inclined
ystems are excluded as they would have observ able po wer in the
4, 4) multipole. The mass ratio–inclination distribution does show
 secondary peak close to the simulated value ( q ≈ 1/2 and ι <

0 ◦); ho we ver, the preference is for an equal-mass system. Despite
oth mass ratio and inclination being offset from the true values, the
nferred redshift matches well with the simulated v alue. Ho we ver,
ue to the uncertainties in other parameters, the redshift uncertainty
s now close to 25 per cent . The comparison of parameter accuracy
or these two systems highlights the importance of both a network of
etectors and also observability of the HoMs in accurate inference
f binary properties. 
It is worth noting that our intuition from current GW observations

hat the majority of sources are close to face-on (or face-off) no longer
olds in the next-generation network (Vitale 2016 ). In the nearby
niverse, where sources are approximately uniform in volume, a

ignal observed with a given SNR is most likely to originate from a
istant binary which is close to face-on (or face off) as the number
f sources increases as d 2 L . For a high-redshift source, whose redshift
s past the peak of the redshift distribution – likely around a redshift
f z ≈ 2 at which star formation peaks – this is no longer the case.
ow, the most likely origin is from a binary which is at lower redshift,
here the intrinsic rate is higher, and is either poorly oriented or from
 region of the sky where the detectors have lo wer sensiti vity. Thus,
he results from sources inclined at 60 ◦ and 90 ◦ are more typical of
he observed population. 

Let us return to the implications for probing the location of the
ISN mass gap. For both mass pairs, binaries inclined at 60 ◦ or
0 ◦ are those which provide the best mass measurements. For the
NRAS 529, 2116–2130 (2024) 

 Since these are very low-frequency systems, the localization is poorer than 
or events in GWTC-3 (Abbott et al. 2023 ) as the localization depends upon 
he frequency bandwidth of the signal (Fairhurst 2009 ). 
0 The waveform shown in Fig. 3 corresponds to a binary at z = 14 and we are 
ow considering the same mass binary at z = 17. The larger redshift reduces 
he SNR primarily through redshifting the signal which lowers the frequency 
y 20 per cent. This leads to an SNR which is lower than that shown in the 
gure. 
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90 , 90) M � system, we have m 1 and m 2 measured in the interval
 [70 , 100] M �. So, this system is consistent with both components

ying below the mass gap provided the 12 C( α, γ ) 16 O rate is low. For
he (120 , 60) M � system, we have m 1 ∈ [100 , 140] M � and m 2 ∈
40 , 80] M �. The masses are consistent with one abo v e and one
elow the gap, provided the reaction rate is high. If both signals were
bserved, this would be inconsistent with our current understanding
f the PISN mass gap. 
To investigate the observability at even higher redshifts, we have

imulated a second set of signals, with the same masses and inclina-
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Figure 8. Inferred posteriors for redshift and redshifted mass for a simulated 
(120 , 60) M � BBH merger with ι = 0 ◦ observed at z = 21. 
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ions but with a lower SNR fixed at 15. For these systems, the redshifts
ange from z � 20 for face-on systems to z ≈ 15 for edge on systems.
roadly, the results are consistent with those in Figs 5 and 6 , but with

arger uncertainties due to the lower signal amplitude. In particular, 
or all but the face-on systems, we are able to clearly identify that the
120 , 60) M � binary is of unequal mass, due to the observed power
n HoMs. For the inclined systems, the uncertainty in total mass and
edshift is around a factor of 2 (from 150 to 300 M � and z = 12 to 25).
hus, while it is possible to identify these systems as unambiguously 
igh-mass and high-redshift sources, the uncertainties in masses and 
edshifts make it difficult to perform precision astrophysics. For the 
90 , 90) M � system, it is only at ι = 60 ◦ or 90 ◦ that the parameters
re well reco v ered. These results are shown in Figs B1 and B2 in
ppendix B . 
For the face-on systems, we see an interesting feature whereby 

he binary can be mistaken for a different system with very different
roperties. Fig. 8 shows the inferred redshift and redshifted mass –
 (1 + z) – distributions for a (120 , 60) M � system at z = 21. The

rimary peak is at z = 21 and M(1 + z) ≈ 4 , 000 M � corresponding
o the simulated v alue. Ho we ver, there is a secondary peak around
 = 5, with a redshifted mass around 6000 M � corresponding to 
 binary with mass of 1000 M �. For this system, it is the (3, 3)
ultipole which is consistent with the simulated signal. This provides 

nother example of the challenges which arise when identifying 
igh-mass, high-redshift binaries. The signal would be observed 
nly in ET, and have only one observable multipole. Not only 
oes this lead to poor parameter reco v ery, but also the inability
o distinguish between a 180 M � binary at z = 21 and a 1000 M �
inary at z = 5. Given the GW data alone, it would not be possible to
istinguish between the two scenarios. The relative significance of 
he two will depend upon astrophysical knowledge of the mass and 
edshift distributions of BBHs. Here, we have used priors which are 
niform in comoving volume and component masses. Other choices 
ight lead to different conclusions about the mass and redshift of

he binary. 
In summary, for these two representative sources, and for high 
NRs we would confidently identify the systems as high-mass BBHs 
t high redshift. These could be potential seeds for the growth
f supermassive BHs. The first system of (90 , 90) M � would be
arginally consistent with being a binary formed at the lower 

dge of the mass gap, in correspondence of the lowest value of
he 12 C( α, γ ) 16 O reaction rate, and inconsistent otherwise. The
econd system of (120 , 60) M � would be consistent with one BH
the lightest) originating from the core-collapse of a massive star 
provided the 12 C( α, γ ) 16 O rate is low) and the second, in the midst
f the pair-instability gap, would have a different origin. For a large
raction of the computed rates, the disco v ery of the latter system
ould be inconsistent with the explosion scenario implied by the 
air instability that would predict no BHs, and therefore a different
hannel has to be called for, for both components. 

.2 Observing IMBHs in binaries jumping the gap 

n this section and for concreteness, we consider binaries with masses
240 , 120) M � and (480 , 120) M � which would be observable up to
 ∼ 10, and explore their detectability. While the 120 M � BH would
e at the border of the pair-instability gap, both primary BHs are well
bo v e the gap. 

The formation of such massive stellar BH would either require, 
n the isolated channel, a Kroupa-like IMF extending from solar 
o at least 500 M �, or a top-heavy IMF. Alternativ ely, the y may
ave formed through runaway stellar collisions or hierarchical BH 

ergers in dense, pristine star cluster, by fast accretion, or be the
esult of rotating collapsing massive stars or clouds as in the direct
cenario for BH seed formation (see Volonteri, Habouzit & Colpi 
021 , for a re vie w). Their formation in binaries is uncertain so that
heir detection would be extremely valuable. Thus, for these systems 
e are interested in determining whether the mass of the primary

nd the redshift can be accurately inferred in order to identify them
s early IMBHs. 

Figs 9 and 10 show the accuracy with which we can measure the
asses and redshifts of the events. The broad features are similar

o what we have already observed for the lower mass systems,
amely that the parameter reco v ery is significantly worse for face-on
ystems, due to the vanishing HoMs. Even though the mass ratio
f the systems is 2 or 4, both are inferred to be consistent with
qual-mass (or nearly equal mass) binaries when viewed face-on. 
urthermore, the uncertainty in redshift and total mass is about 
 factor of 2. For the inclined systems, the recovery of masses
nd redshifts impro v es significantly, particularly for ι ≥ 60 ◦. In
hat case, component masses and redshifts are reco v ered with a

20 per cent accuracy. In particular, the mass of the 120 M � BH will
e constrained to be between 90 and ∼ 150 M � for all except for the
ace-on system. This is consistent with a BH abo v e the mass gap and,
ue to uncertainties in the mass measurement, will not significantly 
estrict the 12 C( α, γ ) 16 O reaction rate. In Appendix B , we also show
esults for events simulated at higher redshifts and at a lower SNR
f 15. The results are comparable to those discussed abo v e, with
he masses and redshifts for inclined systems better measured, and 

asses constrained to be unequal. For face-on systems, the parameter 
eco v ery is significantly worse and we again see multiple peaks in
he mass–redshift distributions corresponding to different multipoles 
atching with the signal. 
Remarkably, the next-generation GW observatories have the ca- 

ability to detect and accurately identify mergers involving 240 M �
H at a redshift of 10, and confidently infer a minimum redshift of
, and mergers involving a 480 M � BH at a redshift of 6, and infer
MNRAS 529, 2116–2130 (2024) 
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M

Figure 9. Inferred posteriors for the component masses for heavy binaries. Results are shown for inclinations of ι = 0 ◦, 30 ◦, 60 ◦, and 90 ◦, with the redshift of 
the system varied, as indicated in the labels, so that the signals are all simulated with an SNR of 30 in the ET–CE network, at the most sensitive sky location 
for the network. The grey region denotes the pair-instability mass gap and the darker grey denotes the forbidden strip where no BH is expected to form for any 
value of the 12 C( α, γ ) 16 O reaction rate (Farmer et al. 2020 ). Simulated values are denoted by a black cross and contours show the 90 per cent credible region. 
Left: m 1 = 240 M � and m 2 = 120 M �. Right: m 1 = 480 M � and m 2 = 120 M �. 

Figure 10. Inferred posteriors for the redshift for heavy binaries. Signals are simulated with varying inclination and redshift, as indicated in the labels, with a 
fixed SNR of 30 in the ET–CE network, at the most sensitiv e sk y location for the network. The black vertical lines indicate the 90 per cent credible intervals, 
violins show the 99.5 per cent range, and the yellow vertical lines show simulated values. Symbols ρ� m indicate the SNR in the ( � , m ) multipole HoMs. Left: 
m 1 = 240 M � and m 2 = 120 M �. Right: m 1 = 480 M � and m 2 = 120 M �. 
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11 The so-called ‘light seeds’ explored in the literature (Valiante et al. 2017 ; 
Inayoshi, Visbal & Haiman 2020 ; Volonteri, Habouzit & Colpi 2021 ). 
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 redshift of at least 4. These systems will be interesting to observe
ecause we do not know if BHs of those masses exist, and we can
ope to shed light on their formation routes, either by accretion from
ower mass BHs or by direct collapse of very massive stars. 

 DISCUSSION  

he next-generation of terrestrial GW observatories will have the
ensitivity to identify signals from heavy stellar BHs with masses
traddling the upper mass gap, or even jumping it, up to masses as
igh as ∼ 500 M �, out to z ∼ 10–15. The disco v ery of these systems
NRAS 529, 2116–2130 (2024) 
ay constrain some of the formation processes and possibly the
hape and extension of the IMF, by reducing degeneracies. 

If BHs in the mass range explored in this study do e xist, the y
an contribute, as seeds , 11 to the rapid growth of the population of
uasars observed close to the recombination epoch, at z ≈ 7.5, and
ousing accreting BHs of O(10 8 –10 9 ) M � (e.g. Volonteri & Rees
005 ; Madau, Haardt & Dotti 2014 ; Pezzulli, Valiante & Schneider
016 ; Volonteri, Silk & Dubus 2015 ; Ricarte & Natarajan 2018 ;
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aliante et al. 2021 ; Trinca et al. 2023 ). Whether and how the bridge
etween stellar and supermassive BHs was established is currently 
nknown (Volonteri, Habouzit & Colpi 2021 ). 
The recent disco v ery by JWST of more than 40 new faint accreting

upermassive BHs of O(10 5 –10 7 M �) at 4 < z ≤ 10.6 (see Maiolino
t al. 2023 , and references therein) starts shedding light on the way
upermassive BHs form and grow in the Universe (Schneider et al. 
023 ). In the future, with the Laser Interferometer Space Antenna in
peration (Amaro-Seoane et al. 2017 ), we will detect low-frequency 
Ws from merging massive BHs of O(10 4 –10 6 M �) out to z ∼ 10–
5. By combining and confronting statistically the electromagnetic 
nd GW observations of accreting and merging BHs from the 
resent out to z ∼ 10–15, we hope to shed light on the origin(s)
nd evolution of BHs, from the stellar to the supermassive through 
he intermediate-mass ones and whether a link exists among these 
opulations (Valiante et al. 2021 ; Fragione & Loeb 2023 ). 
In this paper, we focused on the observability of high-redshift 

tellar BBHs with high masses, and, equally importantly, on the 
ccuracy with which their masses and redshifts can be inferred. We 
ave shown that both the observation of systems and the accurate 
easurement of their parameters depend critically on the inclusion 

f HoMs in the GW waveform. At the highest masses and redshifts,
oMs, which extend the signal to higher frequencies than the (2,
) multipole, can significantly increase the sensitive range of the 
etectors. Across a broad range of masses and redshifts, we expect 
o see GW multipoles in signals observed by CE and ET. Observation
f more than one multipole, typically an HoM in addition to the (2,
) multipole, enables the breaking of the de generac y between binary
nclination and distance, as well as a more accurate determination 
f the mass ratio. Additionally, a network of observatories is 
equired for source’s localizations. When a signal is seen in only 
 single detector, the sky location is poorly measured and, since 
he detector response varies significantly o v er the sk y, this leads to
arge uncertainties in the distance. For very high-redshift sources, 
ccurate distance/redshift measurement is vital for the measurement 
f the BH individual masses, as the observed signal depends upon 
 (1 + z). By performing full parameter estimation on a set of

epresentative systems, we demonstrated that it will be possible to 
easure masses and redshifts with an accuracy of 10 –20 per cent , 

or signals at redshifts up to at least 15. Those systems which can be
bserved and accurately measured are typically seen in both CE and 
T detectors, so they are well localized and also tend to be viewed
way from face-on (or face-off) so that more than one GW multipole
s observed. 

We examined systems with masses (120 , 60) M � and (90 , 90) M �,
hich lie in, or around, the pair-instability mass gap . For the best-
easured examples we investigated, at a redshift of 10, we could 
easure redshift and component masses with 10 per cent uncertainly. 
his would, unambiguously, place these sources in the high-redshift 
niv erse and serv e to constrain the, currently unknown, location 
f the pair-instability mass gap . We also investigated mergers of
240 , 120) M � and (480 , 120) M � binaries, which enable us to probe
he observability of early IMBH. It will be possible to observe these
MBH at redshifts up to z = 10 and constrain the redshift to be at
east z = 7. 

The results in this paper complement those in Ng et al. ( 2022 , 2023 )
hich investigate lower mass BH mergers in the next-generation GW 

etwork, and Mancarella, Iaco v elli & Gerosa ( 2023 ) who introduced
he concept of an ‘inference horizon’ which maps the redshift a 
ource can confidently be placed beyond. In all cases, it is shown
hat next-generation GW network provides a unique capability to 
robe high-redshift BH formation. 
The most critical feature of detector sensitivity for observing 
hese systems is the low-frequency sensitivity of the detectors. In 
ur study, we used a low-frequency limit of 3 Hz for ET and
 Hz for CE. Even the relatively small change from 3 to 5 Hz can
ave a profound impact on sensitivity to high-mass, high-redshift 
ources as shown in Figs 2 and 3 . Achieving the instrumental design
ensitivity at low frequencies has been challenging in the current 
IGO and Virgo observatories. As the detailed technical designs of 

he next-generation observatories are finalized, the desire to probe 
he remnants of high-mass stars in the early Universe should be
onsidered as a moti v ation to optimize sensitivity at low frequencies.
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Figure A1. Maximum observable redshift of BBH mergers with ET for mass ratios q = 1, 1/2, 1/4, and 1/10. The shaded regions show redshifts at which 
10 per cent, 50 per cent, and 90 per cent of sources are observable. The maximum observable redshift of the (2, 2) multipole at SNR = 8 is shown in orange, the 
observability of the full waveform at SNR = 8 is shown in blue, and the observability of the second most significant mode abo v e SNR = 3 is shown in black. 
The red bars represent the masses and redshifts of the systems we study in detail in Section 3 . 
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Figure A2. Same as A1 but for CE. 

A

 

s  

n  

S  

a  

(  

1  

s  

s  

2  

s  

d
 

a
b  

3  

e  

r  

a  

w  

s  

a
s  

t  

t  

e
 

t  

i  

a  

l  

i  

c  

h  

s  

F
 

a
b  

s  

w  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/529/3/2116/7612267 by guest on 23 August 2024
PPENDIX  B:  LOW  SNR  S I G NA L S  

In this appendix we present parameter estimation results for
ystems that would have a network SNR of 15 in the ET–CE
etwork described in Section 3 , to complement the results for
NR 30 presented in that section of the paper. Since these events
re at a lower SNR, they are also at a higher redshift, with the
120 , 60) M � and (90 , 90) M � binaries at redshifts between 23 and
5 (depending upon inclination). At these redshifts, the signal is
hifted to such low frequencies that it lies essentially outside of the
ensitive band of CE – the SNR of these events in CE is less than
 in all cases. Consequently, all sources are poorly localized on the
ky, with a typical 90 per cent localization of thousands of square
egrees. 
In Figs B1 and B2 , we show the accuracy with which the masses

nd redshift are reco v ered for the (120 , 60) M � and (90 , 90) M �
inaries. The qualitative results are similar to those for the SNR
0 signals presented in Section 3 , with broader posteriors as
xpected due to the lower SNR. Specifically, the masses and
edshifts are poorly measured for face-on systems, and measurement
ccurac y impro v es for inclined systems (particularly ι = 60 ◦, 90 ◦)
here there is observable power in the HoMs. In the best-case
NRAS 529, 2116–2130 (2024) 

c  
cenarios, masses and redshifts are measured with ∼ 25 per cent
ccurac y. F or all systems other than ι = 0 ◦ the (120 , 60) M �
ystem is clearly identified as having unequal masses. Ho we ver,
he mass distributions are broad enough that limited informa-
ion about the location of the pair-instability mass gap can be
xtracted. 

For the ι = 0 ◦ systems, and ι = 30 ◦ for the (90 , 90) M � binary,
here is a bimodality in the reco v ered redshift. In addition, the
nferred mass distribution is broader than that shown in Fig. B1
nd extends to ∼ 1000 M �. For these events, there is zero (or
imited) power in the HoMs so only a single GW multipole
s observable. The secondary peak at high masses and z ≈ 5
orresponds to a binary configuration where the (3, 3) multipole
as the correct amplitude and frequency content to match the
imulated signal. This is discussed in more detail in Section 3 , around
ig. 8 . 
In Figs B3 and B4 , we show the accuracy with which the masses

nd redshift are reco v ered for the (240 , 120) M � and (480 , 120) M �
inaries. As for the lower mass systems, the qualitative results are
imilar to those for the SNR 30 signals presented in Section 3 ,
ith broader posteriors as expected due to the lower SNR. None

he less, other than the face-on ( ι = 0 ◦) systems, the binaries are
learly identified as unequal-mass systems containing an IMBH with
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Figure B1. Inferred posteriors of component masses for binaries of total mass of 180 M � which straddle, or sit within the upper mass gap. Results are shown 
for inclinations of ι = 0 ◦, 30 ◦, 60 ◦, and 90 ◦, with the redshift of the system varied, as indicated in the labels, so that the signals are all simulated with an 
SNR of 15 in the ET–CE network, at the most sensitiv e sk y location for the network. The grey region denotes the mass gap, whose location varies with the 
12 C( α, γ ) 16 O reaction rate, and the darker grey denotes the forbidden strip (Farmer et al. 2020 ). Simulated values are denoted by a black cross and contours 
show the 90 per cent credible region. Left: Binary with masses just below the mass gap: m 1 = m 2 = 90 M �. Right: Binary with masses that straddle the mass 
gap: m 1 = 120 M � and m 2 = 60 M �. 

Figure B2. Inferred posteriors for the redshift for binaries of total mass of 180 M � which straddle, or sit within the upper mass gap. Signals are simulated with 
varying inclination and redshift, as indicated in the labels, with a fixed SNR of 15 in the ET–CE network, at the most sensitive sky location for the network. The 
vertical lines indicate the 90 per cent credible intervals, violins show the 99.5 per cent range, and the yellow vertical lines show simulated values. Symbols ρ� m 

indicate the SNR in the ( � , m ) multipole HoMs. Left: Binary with masses just below the mass gap: m 1 = m 2 = 90 M �. Right: Binary with masses that straddle 
the mass gap: m 1 = 120 M � and m 2 = 60 M �. 
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inimum mass 200 M �/400 M � for the two system. Redshifts are 
enerally underestimated, likely due to the poor sky localization, and 
ower bounds on the redshift are no better than for the higher SNR
ystems shown in Fig. 10 . 
Again, the face-on systems show significant bimodality with a 
econd peak at much lower redshifts and higher masses. As before,
his corresponds to a system where the HoMs, rather that the (2, 2)
ultipole, are associated with the observed waveform. 
MNRAS 529, 2116–2130 (2024) 
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Figure B3. Inferred posteriors for the component masses for heavy binaries. Results are shown for inclinations of ι = 0 ◦, 30 ◦, 60 ◦, and 90 ◦, with the redshift 
of the system varied, as indicated in the labels, so that the signals are all simulated with an SNR of 15 in the ET–CE network, at the most sensitiv e sk y location 
for the network. The grey region denotes the pair-instability mass gap and the darker grey denotes the forbidden strip where no BH is expected to form for any 
value of the 12 C( α, γ ) 16 O reaction rate (Farmer et al. 2020 ). Simulated values are denoted by a black cross and contours show the 90 per cent credible region. 
Left: m 1 = 240 M � and m 2 = 120 M �. Right: m 1 = 480 M � and m 2 = 120 M �. 

Figure B4. Inferred posteriors for the redshift for heavy binaries. Signals are simulated with varying inclination and redshift, as indicated in the labels, with a 
fixed SNR of 15 in the ET–CE network, at the most sensitiv e sk y location for the network. The black vertical lines indicate the 90 per cent credible intervals, 
violins show the 99.5 per cent range, and the yellow vertical lines show simulated values. Symbols ρ� m indicate the SNR in the ( � , m ) multipole HoMs. Left: 
m 1 = 240 M � and m 2 = 120 M �. Right: m 1 = 480 M � and m 2 = 120 M �. 
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